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Executive summary

1 Motivation

Roberts (1986) contrasted present (1980) and future (2010) water demands for southern Africa for
various economic sectors. With a predicted increase of 52.2% in water usage, there is no doubt of the
importance of high-rainfall catchments in terms of water capture. One of the most important factors
affecting water supply from a catchment is the evaporation from the climax grassland community.

The impact of a large establishment of new commercial forests on agricultural and natural

(especially wetland) communities must be assessed. In spite of the importance of evaporation in these

different communities, there is very little research being done in southern Africa on the processes and

measurement techniques of evaporation.

There have been very few attempts at evaporation measurements in the Drakensberg catchments.

Henrici (1943) measured transpiration of grasses in the sour mountain grassveld of the Drakensberg

and compared these with the water loss of indigenous forests. As far as could be ascertained, our initial

measurements using the Bowen ratio energy balance method for evaporation measurement (BREB) in

the Drakensberg catchments was the first in a mountainous region, although recently the adequate

performance of the BREB method on a 22° slope has been verified by Nie et al. (1992).

Until such time as the available models are tested, there may be a reluctance by decision makers to
fully utilise the potential of model calculations. However, evaporation measurements are difficult and
usually only lysimetric methods give sufficient accuracy (at great cost). The choice of the experimental
site was strongly influenced therefore by the fact that a lysimeter with a drainage system had been
constructed for use as a source of absolute measurement as part of another project.

2 Objectives

2.1 Project aims
A. Investigation of Bowen ratio and eddy correlation micrometeorological methods for the

measurement of evaporation and comparison with: (a) each other; (b) traditional micrometeorological

calculations of evaporation; (c) lysimetric measurements of evaporation.

In the case of most of these techniques, because of the roughness of the terrain, it will be necessary
to assess the stability of the atmosphere and obtain a measure of advection.

B. Seasonal measurement of evaporation.

C. Comparative evaporation measurements between different sites.

D. The effect of some management practices (for example, burning and residue placement) on
evaporation.

(a) Comparison between Bowen ratio estimates of evaporation for a grassland and a riparian zone
community.

(b) Effect of fire on the evaporation of grassland and wetland communities.
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(c) Investigation of the eddy correlation technique and comparison with Bowen ratio and lysimetric

measurements of evaporation at the same site for a range of weather conditions.

(d) Quantification of surface roughness, turbulence, advection and fetch.

2.2 Background

This project was primarily concerned with the measurement of evaporation using a variety of
micrameteoroiogical techniques. This involved checking the function of sensors developed overseas
and developing methods for checking collected data. After these methods had been developed, the aim
was to use these measurement systems for the routine field measurement of evaporation.

2.3 Investigation of the Bowen ratio micrometeorological methods

2.3.1 Baseline comparisons

Prior to our study, the Bowen ratio method for the measurement of evaporation had not been used in

South Africa.

It was our intention to use two Bowen ratio systems adjacent to each other to investigate the quality

of evaporation measurements and identify possible errors.

2.3.2 Field measurements of evaporation and sensible heat

We wished to compare the Bowen ratio technique with other evaporation techniques and use it for a

variety of surfaces (grassland and vines) and compare our measurements with (i) traditional

micrometeorological calculations of evaporation; (ii) lysimetric measurements of evaporation.

2.3.2.1 Alternative methods for evaporation measurement

We investigated whether or not it would be possible to determine sensible heat from measuring air

temperature gradients only and not both air temperature and water vapour pressure gradients.

2.3.2.2 Seasonal measurement of evaporation

In the process of testing our techniques, we wished to obtain seasonal measurements of evaporation in
Catchment VI of Cathedral Peak.

2.4 Investigation of the eddy correlation micrometeorological methods

2.4.1 Laboratory investigations

Our aim was to identify the factors limiting accurate measurement of evaporation and sensible heat
using the eddy correlation technique

2.4.2 Field investigations

We wished to compare the eddy correlation technique with the Bowen ratio technique. We also wanted
to use the eddy correlation technique above a variety of surfaces (bare soil, maize, grassland and vines).

2.4.2.1 Placement height investigations

We wished to quantify fetch by measuring sensible heat, using the eddy correlation technique, by
varying the measurement to fetch height ratio. This was accomplished by varying the placement height
instead of varying the fetch distance.

Executive summary
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2.4.2.2 Surface temperature technique for sensible heat measurement

We investigated the possibility of using surface temperature and air temperature measurements in
conjunction with profile measurements of wind speed to calculate sensible heat and made comparisons
with eddy correlation measurements of the same.

2.4.2.3 Stability quantification

Our aim was to quantify stability using field measurements above a short grassland surface and eddy

correlation measurements supplemented by profile measurements of wind speed.

2.5 Calibration considerations

For energy balance techniques, a limiting factor is the accuracy of the net irradiance measurements. We
wanted to develop an inexpensive calibration methodology for net radiometers.

3 Results and conclusions

3.1 The logistics of calculating flux densities from raw Bowcn ratio data

We detailed accurate expressions for the calculation of so-called "temperature dependent constants"
used in energy and mass transfer expressions. Such constants affect the value of the calculated Bowen
ratio and the resultant latent and sensible heat energy flux densities.

3.2 The rejection criteria for the exclusion of out-of-range and "bad" or doubtful data

We successfully used rejection criteria based (a) on the accuracy limits of water vapour pressure and air
temperature differences between two levels; (b) on the feet that the measured averaged water vapour
pressure between the two levels cannot exceed the saturation value corresponding to the measured air
temperature. For case (a), if the upper and lower limit inequality is satisfied then there is a high possibility
that the Bowen ratio will be very near -1 and therefore the calculated flux will not have numerical meaning.
Data fulfilling this inequality are therefore excluded from further processing. The majority of the Hata
during clear days were not rejected, and all datum points rejected were done so justifiably when checked.
The method had the additional benefit of calculating condition-sensitive daily totals. It thereby negates the
requirement of calculating daylengths and adjusting calculations according to those daylengths. The
procedure is sensitive to the times of day when reasonable fluxes occur, rejecting points other than these
good data points. This allows an 18-hour-day set of data to be used at all times, so avoiding having to
decide when to start and stop Hata collection for each daylength.

3.3 Error considerations of the Bowen ratio energy balance method

From error analyses, the relative error in evaporation has been found to be most sensitive to net
irradiance measurement errors. With accurate net radiometers, most of the error arises from the soil
heat flux determinations, even though their contribution relative to net irradiance is small. This is due
partly to the accuracy of the net radiometers and to the difficulties encountered with soil heat flux
density determinations. The soil heat flux-related errors introduced by contact between soil and sensor,
depth positioning and spatial dissimilarity are constant, while those arising from uncertainties in the
calculation of the stored heat energy content in the layer above the flux plates (due mainly to changes in
soil water content) change with time.
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3.4 Evaporation measurement comparisons and advective influences using Bowen ratio,
lysimetric and eddy correlation methods

A study in KwaZuIu-Natal involving Bowen ratio and eddy correlation aerodynamic measurements,
equilibrium and Priestley-Taylor evaporation calculations and lysimetric measurements showed good
comparison between Bowen ratio and lysimetric measurements and equilibrium evaporation
calculations for the measurement period of the data. Priestley-Taylor evaporation calculations
overestimated the evaporation by as much as 20 % compared to the other techniques whereas eddy
correlation measurements underestimated the evaporation significantly. The influence of advection on
Bowen ratio evaporation measurements, calculated from Bowen ratio and lystmeter data, appeared to
be relatively insignificant but variable. The total daily evaporation amounts for two Bowen ratio
systems compared favourably with each other, lysimeter evaporation and with equilibrium evaporation,
but less so for 20 min intervals.

3.5 Comparisons of vineyard sensible heat measured using eddy correlation and Bowen
ratio systems

The placement of an eddy correlation (EC) system, in a wide row system such as in a vineyard with
limited fetch, is problematical. Sensible heat measurements in a vineyard were obtained using two EC
and four Bowen ratio (BR) systems. We compared EC and BR measurements of sensible heat and
evaporation. Sensible heat estimates from the two EC systems agreed with each other when the two EC
systems were placed 1 m directly above adjacent N-S canopy rows 3 m apart. There were differences in
EC sensible heat for EC systems placed directly above row and between row (above soil) positions.
The EC sensible heat directly above the row was much greater than that at the between row position
(1.5 m away). We attributed these differences to the lack of air mixing between the above row and
between row positions. The standard deviation of the vertical wind speed at the between row position
was also much greater than that at the above canopy position. Our measurements demonstrate that
sensible heat and the vertical turbulent intensity above the row compared to that between the canopy
rows are different. These findings illustrate that due consideration should be given to the lateral
placement of sensors for row crops for sites with limited fetch. At the 95 % level of significance, there
was no statistical difference between BR and EC sensible heat measurements when the EC systems
were placed 1 m directly above adjacent N-S canopy rows. Our data suggests that the BR sensible heat,
due to the nature of the BR calculation method, was very sensitive to the measured net irradiance. The
EC sensible heat measurements were not sensitive to net irradiance since the EC technique is absolute
and independent of net irradiance and soil heat flux density measurement errors.

3.6 Placement height of eddy correlation sensors above a short turfgrass surface

Variation in measured sensible heat flux density Ff, with sensor height above short turfgrass during
mainly unstable conditions was investigated using the eddy correlation (EC) technique. Our data
showed that EC-measured sensible Fh at 0.25 and 0.38 m above the turfgrass were 15 and 10 % lower,
respectively, man that at the 1.00-m height. There was no statistical difference in the EC Ff, at 0.50,
1.00 and 1.25 m. An analysis of "footprints" showed that at least 90 % of the measured Fh at a height of
0.5 m was from our experimental site, decreasing to less than 70 % at the 1.5-m height. Sensor
placement at the 0.5-m height would result b little reduction, as did occur at heights less than 0.50 m,
in the covariance between vertical wind speed fluctuation and air temperature fluctuation due to
small-sized eddies being contained between the separation distance of the sonic anemometer
transducers. We speculate that measurements closer than 0.5 m to the surface differed from those at
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_--l,00 m due to small-sized eddies near the surface being contained between the sonic separation

distance and therefore not completely detected by the sonic anemometer,

3.7 Calibration of net radiometers and infra red thermometers

Using a radiator, the net radiometer (long wave) calibration factors were reproducible. Net radiometer
(long wave) calibration factors were similar to the manufacturere short wave calibration factor obtained
four months previously for new net radiometers. Long wave calibrations over a wide irradiance range
were possible. Calibration of infra red thermometers (IRT's) for a wide temperature range was
possible. The calibration slope for the same IRT for different calibration runs is reasonably
reproducible. Most IRT's overestimated surface temperature for temperatures greater than 25 °C. We
recommend calibration of IRT's if surface temperatures greater than 35 °C are recorded.

3.8 The "footprints" of eddy correlation and other micrometeorological measurements

Sensible heat flux density measurements were obtained during mainly unstable atmospheric conditions
using the eddy correlation (EC) technique at eight different heights between 0.25 and 2.0 m above a
short grassland canopy surface. Calculations based on fetch showed that the lowest four heights were
within the equilibrium layer whereas the heights at or greater than 1.25 m were above the equilibrium
layer. The greater Ff, measurements above the 1.25-m height, compared to the lower heights, were
probably from advected Ff, from nearby tar roads and buildings. There were no statistical differences
between the sensible heat measurements at the 0.5, 1.0 and 1.25 m heights. Measurements of
atmospheric stability were obtained by calculating the ratio of height z above surface to the
Monin-Obukhov length. Most measurements were obtained under unstable conditions when mixed
convection prevailed. Our measurements show that it is possible for EC sensors to be placed as low as
0.50 m above the surface, during unstable periods, without significant difference from the F^
measurements at a height of 1.00 m. Data were obtained with a pan filled with soil placed 0,27 m
below the fine wire thermocouple of an EC system placed 1.00 m above surface. These data
demonstrated that the reduction in the sensible heat was not due to acoustic reflections from that
surface. Possibly, the reduction was due to small-sized eddies near the surface being contained between
the sonic separation distance. An analysis of "footprints" showed that, for our unstable conditions, at
least 0.96 of the measured Fh at a height of 0.25 m was from our experimental site. This fraction
decreased to less than 0.7 at the 2.0-m placement height. Calculations showed that the fetch
requirement for micrometeorological measurements above a forest canopy was more stringent than for
a grassland canopy.

3.9 Comparison between a surface temperature and eddy correlation method for sensible
heat determination above a grassland surface

Aerodynamic techniques for the measurement of evaporation from surfaces have some advantages over
conventional methods. Two aerodynamic evaporation (AE) measurement methods including the eddy
correlation method (a single level measurement technique), and an infra red surface temperature
method (requiring a profile of wind speed) are used. The AE measurements are more portable
compared with fixed lysimetric measurements. Hourly or subhourly AE measurements are possible
compared to daily measurements for the neutron probe. Aerodynamic measurements need to represent
processes at the canopy surface, have fetch limitations and may be affected by advection.
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3.10 Measurement of sensible and latent heat using eddy correlation techniques

The KH20 and CA27 sensors of the eddy correlation technique used for the measurement of latent and
sensible heat respectively were evaluated under laboratory and field conditions. Our investigations
showed that the KH20 hygrometer underestimated the mean water vapour density. We showed that it
was possibie to apply a correction to this underestimation provided that an accurate humidity sensor
was used to simultaneously measure the mean water vapour density.

3.11 Determination and use of a generalized exchange coefficient, £

A method of obtaining a reliable estimate of a generalized exchange coefficient K for any site was
found. If used correctly, this method would result in considerable savings in instrumentation and
therefore expense. All that would be required to calculate the sensible heat flux density, is a K value
and a single differential temperature measurement. From this, in conjunction with an estimate of the
available energy, the amount of evaporation could be calculated for the site.

3.12 Seasonal comparisons of total evaporation in a Drakensberg catchment

Evaporation in Catchment VI is a significant fraction of both the energy and water balance. It
represents more than 65 % of net radiation over the 39-month period and more than 90 % of the rainfall
over the same period. The total evaporation over the 39 months was 3330.7 mm and the rainfall total
was 3618.4 mm. The evaporation for a riparian zone, for the month of January 1992, was about 30 %
greater than that upslope. Apart from the soil heat, each term of the Bowen ratio equation used to
calculate the evaporation contributed to greater evaporation values at the riparian location compared to
that upslope. The term that showed the most marked difference between the two sites was the soil heat
flux, which decreased evaporation for the riparian location compared with that upslope.

4 Extent to which contract objectives have been met

While many of the elements of the project were more demanding than was originally anticipated, the
objectives were satisfactorily achieved. Some additional aspects were investigated that had not been
originally planned, and this necessitated more detailed research. In the evaluation of the eddy
correlation sensors, particularly the KH20 humidity sensor, it became clear that certain limitations
restricted routine use of this equipment Poor performance of this sensor resulted in a concentration on
the CA27 sonic anemometer and fine wire thermocouple. The limitations of the Bowen ratio technique
have been thoroughly investigated. The Bowen ratio estimates of evaporation during winter (when the
water vapour pressure gradient was small) were not satisfactory and in particular following burning.
Measurement comparisons are reported on in Chapter 9. Besides these comparisons, few comparisons
were made between different sites due to insufficient equipment (although measurements have been
made at Cathedral Peak at different points in a catchment as part of a WRC-funded Division of Water,
Environment and Forest Technology, CSIR project). Originally, we had planned to use the Bowen ratio
technique to identify fetch limitations. However this was fully investigated by Heilman et al. (1989)
using the Bowen ratio technique and hence we used the eddy correlation technique to pursue this
aspect.
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5 Useful contributions in the report
• Thorough investigation of the Bowen ratio technique;

• investigation of the limitations of the eddy correlation technique;

• use of the Bowen ratio and eddy correlation techniques in the following systems: climax grassland
sites (Cathedral Peak, Catchment VI), maize canopy (Cedara), grassland site (Pietermaritzburg and
College Station), vineyard site (Lamesa), bare soil site (College Station);

• a method for determining the effect of placement height on flux measurements has been published
in an international journal;

• a surface temperature method for determining sensible heat for a grassland surface was found
adequate;

• a method for calibrating net radiometers (and infra red thermometers) was developed;

• a method for determining sensible and latent heat using a generalized K value and air temperature
gradients was developed;

• comparative measurements of evaporation between a riparian zone and an upslope zone;

• seasonal comparisons of evaporation for Cathedral Peak Catchment VI;

• four papers published in Agricultural and Forest Meteorology (two in 1994, one in 1995 and one in
1996) on Bowen ratio and eddy correlation measurements of sensible and latent heat far a bare soil
surface, mixed grassland surface and a vineyard;

• one paper, on the "footprints" of micrometeorological measurements, was published in the South
African Journal of Science;

• numerous (national and one international) conferences were attended and the results of our
investigations were presented.

5.1 Project publications and conference presentations

1. Heilman, J.L., K.J. Mclnnes, R.W. Gesch, RJ. Lascano, and M.J. Savage, 1996. Effects of
trellising on the energy balance of a vineyard. Agricultural and Forest Meteorology 81: 79-93.

2. Heilman, J.L., K.J. Mclnnes, M.J. Savage, R.W. Gesch and R.J. Lascano, 1994. Soil and canopy
energy balances in a west Texas vineyard. Agricultural and Forest Meteorology. 71:99-114.

3. Mclnnes, K.J., Heilman, J.L. and M.J. Savage, 1994. Aerodynamic conductances along a bare
ridge-furrow tilled soil surface. Agricultural and Forest Meteorology 68:119-131.

4. Metelerkamp, B JR., 1992. Measuring the [evaporation] loss. Natal University Focus on Water 3,19.

5. Metelerkamp, B.R., 1993. The use of the Bowen ratio energy balance method over a grassed
surface for the determination of total evaporation. M. Sc. Agric. thesis, University of Natal.

6. Metelerkamp, B.R, and MJ. Savage, 1994. A back-calculation method for determining all terms
of the Penman Monteith equation using Bowen Ratio measurements II: Feasibilty over a
commercial timber crop. Southern African Society for Crop Production, Cedara, Natal. 42.

7. Metelerkamp, B.R. and M.J. Savage, 1994. Reference evaporation in real-time from an automated
weather station. Southern African Society for Crop Production, Cedara, Natal.

8. Metelerkamp, B.R., M.J. Savage and C.S. Everson, 1993. Seasonal comparisons of evaporative
flux density in a Drakensberg catchment under a biennial veld burning regime. In S A. Lorentz,
S.W. Kienzle and M.C. Dent (eds). Proceedings of the Sixth South African National
Hydro-logical Symposium, Volume 1: 35-42.
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9. Monnik, K.A. and M.J. Savage, 1993. Eddy correlation estimate of total evaporation over maize.
Abstracts of the Tenth Annual Conference of the South African Society of Atmospheric
Sciences. P 41.

10. Monnik, KA. and M.J. Savage, 1994. Eddy correlation estimate of total evaporation over maize.
Southern African Society for Crop Production, Cedara, Natal. P 46.

11. Monnik, KA., M.J. Savage and C.S. Everson, 1995. Comparison of eddy correlation estimates of
evaporation with Bowen ratio and equilibrium evaporation, Proceedbgs of the Southern
African Irrigation Symposium, 167-171.

12. Salisbury, F.B. and M J. Savage, 1996. Energy transfer. In F.B. Salisbury (ed) Units, Symbols and
Terminology for Plant Physiology: A Reference for Presentation of Research Results in the
Plant Sciences, Chapter 7, 65-71. Oxford University Press, Oxford.

13. Savage, M.J., 1996, Basic thermodynamic quantities. In F.B. Salisbury (ed) Units, Symbols and
Terminology for Plant Physiology: A Reference for Presentation of Research Results in the
Plant Sciences, Chapter 4,45-54. Oxford University Press, Oxford.

14. Savage, M.J., 1990. Aerodynamic Bowen ratio measurements and comparison with equilibrium
evaporation used in CERES models. Presentation delivered to the Department of Agronomy as
part of a seminar session organized for the Department of Agriculture and Water Supply (to
coincide with a visit by Professors Jones and Boote fiom the University of Florida, USA).

15. Savage, M.J., 1991. Energy and water relations techniques in the soil-plant-atmosphere
continuum. Dohne Research Station, Dohne, Cape. Invited seminar.

16. Savage, M.J., 1992a. Evaporation measurement using aerodynamic and sap flow techniques.
Department of Agronomy and Soil Science, Washington State University, Pullman,
Washington, USA.

17. Savage, M.J., 1992b. Water flux and water potential measurement techniques. Invited seminar
delivered to the Department of Horticultural Sciences (cosponsored with Plant Physiology),
Texas A & M University, College Station, Texas, USA.

18. Savage, M.J., G.S. Campbell and J.L. Heilman, 1993. Field use aspects and laboratory calibration
of net radiometers and infra-red thermometers. Abstracts of the Tenth Annual Conference of
the South African Society of Atmospheric Sciences. P 45.

19. Savage, M.J., C.S. Everson and B.R. Metelerkamp, 1990. Determination of evaporation for
Catchment VI of the Natal Drakensberg using the Bowen ratio technique. South African
Agrometeorology and Remote Sensing Conference, Department of Agriculture and Water
Supply, Cathedral Peak, Natal Region. Invited paper presentation.

20. Savage, M.J., C.S. Everson and B.R. Metelerkamp, 1995. Evaporation measurement comparisons
and advective influences using Bowen ratio, lysimetric and eddy correlation methods.
Proceedings of the Southern African Irrigation Symposium, 160-166.

21. Savage, M.J. and J.L. Heilman, 1993a. Aerodynamic measurement of evaporation. In S.A.
Lorentz, S.W. Kienzle and M.C. Dent (eds). Proceedings of the Sixth South African National
Hydrological Symposium, Volume 1: 63-70.

22. Savage, M.J. and J.L. Heilman, 1993b. Field use aspects and laboratory calibration of net
radiometers and infra-red thermometers. South African Society of Atmospheric Sciences,
Midrand, Transvaal.

23. Savage, M.J., J-L. Heilman and K.J. Mclnnes, 1993. Comparison between a surface temperature
and eddy correlation method for sensible heat transfer above a grassland surface. Abstracts of
the Tenth Annual Conference of the South African Society of Atmospheric Sciences. P. 41.

24. Savage, M.J., J.L. Heilman, KJ. Mclnnes and R.W. Gesch, 1992. Evaporation and turbulence
measurements in a vineyard. Abstracts of the 84 th Agronomy Meetings, Minneapolis,
Minnesota. P 22.

25. Savage, M J , J.L. Heilman, K.J. Mclnnes and KW. Gesch, 1993. Evaporation and
micrometeorological measurements in a vineyard using the eddy correlation technique.
Supplement to Journal of the South African Society for Horticultural Sciences 3, 20.

26. Savage, M.J., J.L. Heilman, KJ. Mclnnes and R.W. Gesch, 1995. Placement height of eddy
correlation sensors above a short grassland surface. Agricultural and Forest Meteorology 74,
195-204.
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27. Savage, M.J., J.L. Heilman and KJ. Mclnnes, 1994. Placement height of eddy correlation sensors
for sensible heat measurement and other micrometeorological aspects. Southern African
Society for Crop Production, Cedara, Natal. P57.

28. Savage, M.J., KJ. Mclnnes and J.L. Heilman, 1996. The "footprints" of eddy correlation sensible
heat flux density, and other micrometeorological measurements. South African Journal of
Science 92, 137-142.

29. Savage, M. J., Metelerkamp, B. R., Everson, C. S.,1994. A back-calculation method for
detennining all terms of the Penman Monteith equatian using Bowen Ratio measurements I:
Theory and application. Southern African Society for Crop Production, Cedara, Natal. P 58.

30. Savage, M.J. and K. A. Monnik 1993. Sensible heat transfer in a vineyard. South African
Agrometeorology and Remote Sensing Conference, Department of Agriculture and Water
Supply, Stsllenbosch, Western Cape Region. Invited paper presented by KA. Monnik.
Awarded best paper of the conference.
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6 Future research

6.1 General comments

One of the the major limitations to real economic growth of South Africa is water resources. Research
in the field of evaporation measurement (and the consequential microrneteorological aspects) needs to
be continued for the benefit of all in South Africa. Lack of research interest and funding in this crucial
area will impact on, for example, land management controversies such as the use of sugar cane as
opposed to afforestation.

6.2 Bowen ratio methodology

Our research has concentrated on energy and water movement exclusively and therefore has ignored
the important aspect of plant productivity in terms of the amount of water used. We believe that the
Bowen ratio research needs to be extended to research on a Bowen ratio carbon dioxide and water
vapour system. This research would allow such a Bowen ratio CO2 system to determine water use
efficiency in real-time. Such a system is already commercially available. Interestingly enough, the
method is based on the generalized K coefficient research of Chapter 3 (Section 3.7). This important
research should continue,

A more user friendly data rejection methodology, than that described in Chapter 3, should be
finalised and made available.

Lindroth and Halldin (1990) pointed out the inappropriateness of inferring gradients from difference
measurements at only two points above a grassland surface. Given this and the cost of the present
Bowen ratio system commonly used, it would be prudent to investigate the manufacture of multi-level
(aspirated) wet and dry-bulb psychrometers. In conjunction with the measurement of net irradiance and
soil heat flux density, a complete description of the surface energy balance would then be possible.

6.3 Eddy correlation methodology

While a one-dimensional sonic anemometer can yield much information, it is desirable to use a
three-dimensional system that is also waterproof. Such a system is commercially available.
Measurements in three dimensions theoretically allow both flux measurements and the quantification of
turbulence and stability.

Currently, the fast responding KH20 hygrometers have been shown to be inadequate for eddy
correlation research. Research on an alternative to these hygrometers should be pursued. It is however
possible to use a fast responding infra red gas analyser for the measurement of carbon dioxide and
water vapour concentration.

6.4 Effect of surface management on evaporation

The limitations of the techniques for the measurement of evaporation following burning, for example,
can be used to develop alternative methodology to measure evaporation (and the surface energy
balance) following surface modification. This research should also involve footprint determination.

6.5 Remote sensing

It appears possible to use remote sensing techniques (Chapter 5) for the determination of sensible heat
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if measures of aerodynamic resistance are also possible. In view of the possibility of "areal" measures

of sensible heat, it may then be possible to also calculate surface evaporation from estimates of net

irradiance and soil heat flux.

6.6 Technology transfer
It is proposed that a variety of methods be used to transfer some of the technology of the research

investigated here: small workshops, conference workshops and e-mail interest groups. A cooperative

effort should perhaps be coordinated in some way by the FRD and the WRC. Technology transfer

forums should encourage young scientists as much as possible. These processes would quickly permit

the transfer of the technology described in this report to historically disadvantaged Universities.

Much of the research described here has already benefited students, researchers and technical staff

at the University of Natal, University of the Orange Free State, Texas A & M University and the CSIR.

Most of the material has already been presented at local and international conferences (see Section 5.1

of the Executive Summary).

It is envisaged that there will be further publications from this report.
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Fig. 3.13 The 20 min variation in 57" (K) as afunction of day (215 to 218, 1990) for Cathedral Peak
Catchment VI for the times 05h00 to 19hOO (each small tick interval is 140 min). The
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for the condition expressed in Eq. 3.32 (viz., that the Bowen ratio p is around -1). The upper
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limit curve is defined by 57= -5e/y + 2 £(6) and the lower by 57= -6e/y -
Rejection of air temperature and water vapour pressure data occurs if 57 is within the lower
and upper limit - 74
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O5hOO to 19hOO. Each day indication corresponds to midday. Each small tick interval is 140
min. The right-hand y-axis indicates the wind speed (m s"1). Since the sensible heat flux
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Each point is for a 20 min period. The UNP system was in a riparian zone and the CSIR
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Chapter 1

Introduction

1.1 Abstract

The impact of population pressures on the limited water resources of South Africa justifies the
investigation on the measurement of evaporation. The direct measurement of evaporation may provide
valuable data for many useful purposes. The physical processes of evaporation and transpiration are
discussed as are evaporation measurement techniques. Techniques associated with micrometeorolog-
ical measurements, such as the Bowen ratio and eddy correlation techniques, are the basis of the work.
Aspects such as fetch, which affect evaporation measurements, are introduced. The objectives of the
study, together with the project aims are presented. A summary structure of the report, on a chapter-by-
chapter basis, is outlined.

1.2 Motivation for this study

A change in the land use pattern of an area, such as a doubling of forest production, would alter water
use patterns and the water balance of a catchment. Since evaporation is an important component of the
water balance, the direct measurement of evaporation may provide valuable data for many useful
purposes. Some of these purposes include:

• validation of daily evaporation models;

• provision of data which may be compared with cruder methods of evaporation calculation;

• provision of important data from which different land use and seasonal effects on evaporation may
be investigated;

• provision of important data from which the effect of manipulation of the surface may be
investigated;

• provision of actual evaporation data for the independent evaluation of various modelling strategies;

• provision of actual evaporation data for the evaluation of management strategies, such as the
doubling of plant production, at the catchment level.

In the process of studying evaporation measurement techniques, using the Bowen ratio and eddy
correlation measurement methods, other techniques (such as a surface temperature technique), have
been investigated. We have gained experience in the use of many micrometeorological measurement
techniques. We have also taken the opportunity of obtaining valuable data that enables the stability of
the atmosphere to be determined. A number of micrometeorological parameters have also been
determined in this study through the investigation of evaporation measurement.

Life, as we know it, could not exist without water. In the course of evolution, living organisms have
become absolutely dependent on water in many ways. Three factors affecting the future progress and
development of South Africa must include overpopulation, the impact of Aids and limited water
resources. In particular, agriculture, by the year 2010 will have to make do with less water at a far
higher price. Certainly, the impact of the Reconstruction and Development Programme on the limited
water resources of South Africa needs serious investigation.

Chapter 1 Introduction
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1.2.1 United Nations study

The United Nations (UN) has reported recently that the world's population is set to increase from 5.7
billion to a staggering 10 billion by the middle of the next century. Global figures however conceal the
diverging fortunes of different regions. Africa's population growth of 2.9 % a year is the highest in the
world, easily outstripping Asian and Latin American growth of less than 2 %. The UN report flags a
long list of economic, social and environmental concerns that follow from its projections. It warns that
population growth will place huge strains on the supply of natural resources such as forests, fish and
clean air. The UN report points out that the improvement in food production has been unevenly
distributed; in Africa during the past decade, food decreased by 5 % while the population increased by
a third. The UN report concludes that while production should be sufficient to meet all needs for the
foreseeable future, poverty translates global adequacy into national and local shortages. Water, as much
as food, may prove an increasing source of friction between countries and regions, the UN suggests.
Rapidly industrializing countries such as China are facing intense demand for water supplies from
industry as well as from rural populations. The UN warns that developing countries should brace
themselves for huge internal migrations as surplus rural labour moves to the towns to look for work.
The report estimates that 1.3 billion people will be added to the workforces of Asia, Africa and Latin
America between 1995 and 2020. It adds that cities are likely to contain half the world's population by
the end of the century.

1.2.2 Crop production

In terms of crop production, agriculture will have to concentrate on production at a higher water use
efficiency against the background of a decreasing agricultural land area. While the aspect of water use
efficiency is not addressed directly in this report, it is a natural continuation to this subject of study.
Given an increase in population, water resources are not going to became more available at the same
rate. Population pressures also degrade the quality of water, making it less available for useful
agricultural, industrial, municipal and other purposes.

1.2.3 The physical processes of evaporation and transpiration

Evaporation is defined as the physical process whereby a liquid or a solid substance is transformed to
the gaseous state. In meteorology, evaporation is usually restricted to the change of liquid to gas/vapour
without change in temperature while sublimation is used to describe the change from solid to gas. The
liquid that will be considered in this report is water.

The evaporation of water exists everywhere in the hydrological cycle, from raindrops, and from
land and water surfaces. When water evaporates from a surface, there is a release of energy from the
surface. Thus evaporation is a cooling process. Whilst part of this energy remains latent in the
atmosphere, it is again released when water vapour condenses. This is an ongoing process as the
average tenure of a water vapour molecule in the atmosphere is about nine days. Thus water vapour is
an energy carrier, and energy must be available to cause the water to evaporate. Evaporation is referred
to as a latent process. That part of heat energy flow which produces a temperature change is often
referred to as sensible heat to distinguish it from latent heat. The word "latent" is derived from the Latin
word lateo meaning hidden. The reason for the choice of the word "latent" to describe the evaporation
process is because there is no temperature rise during the evaporation process even though a cooling
effect at the surface is evident. The energy available for evaporation to occur must be available at the
evaporating surface. At 30 °C3 1 kg of water will remove 2.43 MJ energy from the evaporating surface
if all the water evaporates. The sources of this energy in the hydrological system are:
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• sun {solar energy);

• heat energy carried into the area by wind (advected energy);

• heat energy stored in land masses;

• heat energy stored in water.

The most important of these energy sources is solar energy, but advected energy, which bcludes
what is referred to as Berg winds in South Africa, may often be considerable. It does not follow that the
amount of water vapour in the atmosphere is always increasing, in the presence of energy. There are
occasions when energy is available for evaporation, but because the air is saturated, there is a balance
between water evaporating and atmospheric water condensing. In this case then, the relative humidity
(RH) of the atmosphere is 100 %. It is obvious, therefore, that for evaporation to occur, there must be a
source of liquid water (if evaporation occurs from ice, this is termed sublimation), there must be
sufficient energy available, and there must be a water vapour pressure difference between the
evaporating surface and the atmosphere above the surface. The specific latent heat of vaporization, Lv

(MJ kg"1), is the heat energy per unit mass needed to change a substance from the liquid to the vapour
phase without changing its' temperature. The quantity Lv is temperature dependent. Thus at lower
temperatures more energy per unit mass is required to evaporate the water.

1.2.4 Evaporation measurement techniques

The scientific study of evaporation and transpiration processes dates to the time of Aristotle who
concluded in the fourth century BC that "wind is more influential in evaporation than the Sun." Today,
the hydrologic approach for estimating total evaporation (evaporation plus transpiration) is widely
used. Often, this is the most practical approach. The disadvantages in this approach (Slatyer 1967) are
the low level of measurement accuracy and the difficulties of determining total evaporation during
rainy periods. Even with careful measurements, it is difficult to detect soil water changes with an
accuracy better than ± 2 mm of water. Furthermore, the errors associated with the water balance
approach invalidate it for estimating daily total evaporation.

Over an extensive uniform stand of level vegetation, fluxes of momentum, heat energy, water
vapour and carbon dioxide are constant with height in the lowest parts of the turbulent boundary layer,
roughly corresponding to the lowest 15 %. Bulk rates of exchange between the canopy and the air
flowing over it can be determined by measuring vertical fluxes in this part of the boundary layer,

1.2.4.1 Fetch

Simply, fetch is the distance of traverse across a uniformly rough surface (Fig. 1.1). A maize crop may
be regarded as a typical rough surface. If we wish to measure evaporation above a maize crop then due
consideration must be given to the fetch. Adequate fetch would ensure that the evaporation from the
maize is being measured and not the evaporation from areas adjacent to the maize.

1.2.4.2 Lysimetry

Lysimeters are large containers, filled with soil, water and other chemicals and whole plants, which can
be weighed at regular time intervals. These devices allow the water loss from such containers to be
measured for very short time intervals and longer (- minutes to days or longer). The main component of
water loss is due to transpiration through plants and evaporation from the exposed soil surface.
Lysimeters are regarded as the standard for evaporation measurement. However, lysimetric techniques
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West 4 5 6 East

Smooth surface Rough surface

Discrete change from
smooth to rough canopy

Fig. 1.1 Change in surface roughness on moving from the field depicted on the left {a short grassland
canopy) to a 1-m tall maize canopy on the right. The various wind directions would determine the
position of sensors (at points 1,2 or 3 and 4, 5 or 6) placed above the respective canopies

are expensive, destructive (in the sense that usually a relatively large volume of disturbed or sometimes
undisturbed soil is placed in a container usually of metal construction) and non-portable. These
disadvantages serve as a justification for the alternative techniques we used in this study. We do
however compare our measurement techniques with the lysimeter technique.

1.2.4.3 Micrometeorological techniques

Three methods of determining fluxes above a uniform stand of vegetation from micrometeorological
measurements in the boundary layer were used in this report, one direct and two indirect methods. The
direct method, known as "eddy correlation" (Swinbank 1951, Verma et al. 1992) requires simultaneous
measurement of rapid fluctuations of vertical wind speed (w1) and air temperature (T1) for the
determination of sensible heat. The covariance of these two fluctuations is a direct measure of the
sensible heat at the point of measurement. The Bowen ratio method {Bowen 1926), an indirect method
of determining fluxes, relies on the measurement of mean air temperatures and water vapour pressures
and their gradients in the atmosphere. The second indirect measurement method we used involved the
temperature difference measurement between canopy surface and overlying air and the measurement of
wind speed. The canopy surface temperature was measured using infrared thermometers.
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1.2,4.4 Transpiration

Transpiration may be measured directly using a variety of techniques. One of these, a sap flow

technique, forms the basis of WRC project (K348).

If evaporation could be measured using above-canopy surface techniques, they would be more
portable than lysimetric techniques. However, such measurement techniques have not been fully
researched. The height placement of sensors placed above surfaces, in relation to lbs fetch distance, is
important. Fetch may be simply defined as the distance across a uniformly rough surface. The fetch
often depends on the wind direction (unless the shape of the uniformly rough surface is circular). To
make the discussion more practicable, consider two surfaces, one a short grassland surface next to a
1-m tall maize surface (Fig. 1.1). At the interface between these two surfaces, there is a change in
turbulent boundary layer conditions. If one wanted to measure sensible and latent heat above the 1-m
canopy, under conditions were there is no dominant wind direction, one would place the above-canopy
sensors in the middle of the field of maize (indicated by the 5). If the wind direction was always from
the west one would place the sensors at the position marked with a 6. Similarly, if the wind was
predominantly from the east, one would place the sensors at position marked 4. These positions would
maximize the fetch. Maximizing the fetch ensures that the measured entities emanate from the 1-m
canopy and not the shorter or other canopies. For the short grassland surface, one would use positions 1
or 3 depending on whether the wind direction was predominantly from the west or east respectively or
position 2 if there is no dominant wind direction.

The complexity of the above-surface measurement techniques becomes evident when one considers

that the aim is to estimate sensible and latent heat exchange at the canopy surface under situations

where the atmosphere between canopy and measurement point(s) is a non-static fluid. Furthermore, it is

through this fluid that various gases and radiation (solar and terrestrial wavelengths) with variable

concentration and amounts are transferred and/or transported.

1.2.5 Objectives

1.2.5.1 Original project aims

A. Investigation of Bowen ratio and eddy correlation micrometeorological methods for the

measurement of evaporation and comparison with: (a) each other; (b) traditional micrometeorological

calculations of evaporation; (c) lysimetric measurements of evaporation.

In the case of most of these techniques, because of the roughness of the terrain, it will be necessary
to assess the stability of the atmosphere and obtain a measure of advection.

B. Seasonal measurement of evaporation.

C. Comparative evaporation measurements between different sites.

D. The effect of some management practices (for example, burning and residue placement) on
evaporation: (a) comparison between Bowen ratio estimates of evaporation for a grassland and a
riparian zone community; (b) effect of fire on the evaporation of grassland and wetland communities;
(c) investigation of the eddy correlation technique and comparison with Bowen ratio and lysimetric
measurements of evaporation at the same site for a range of weather conditions; (d) quantification of
surface roughness, turbulence, advection and fetch.
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1.2.5.2 Background

This project was primarily concerned with the measurement of evaporation using a variety of
micrometeoroiogical techniques. This involved checking the function of sensors developed overseas
and developing methods for checking collected data. After these methods had been developed, the aim
was to use these measurement systems for the routine field measurement of evaporation. A detailed
breakdown of the objectives of the study is given.

1.2.5.3 Investigation of the Bowen ratio micrometeoroiogical methods

1.2.5.3.1 Baseline comparisons

Prior to our study, the Bowen ratio method for the measurement of evaporation had not been used in

South Africa.

Our aim was to use two Bowen ratio systems adjacent to each other to investigate the quality of

evaporation measurements and identify possible errors.

1.2.5.3.2 Field measurements of evaporation and sensible heat

We wished to compare the Bowen ratio technique with other evaporation techniques and use it for a

variety of surfaces (grassland and vines) and compare our measurements with:

(a) traditional micrometeoroiogical calculations of evaporation;

(b) lysimetric measurements of evaporation.

1.2.5.3.3 Alternative methods for evaporation measurement

We investigated whether or not it would be possible to determine sensible heat from measuring air

temperature differences only and not both air temperature and water vapour pressure differences.

1.2.5.3.4 Seasonal measurement of evaporation

In the process of testing our techniques, we wished to obtain seasonal measurements of evaporation in

Catchment VI of Cathedral Peak.

1.2.5.4 Investigation of the eddy correlation micrometeoroiogical methods

1.2.5.4.1 Laboratory investigations

Our aim was to identify the factors limiting accurate measurement of evaporation and sensible heat

using the eddy correlation technique.

1.2.5.4.2 Field investigations

We wished to compare the eddy correlation technique with 1he Bowen ratio technique. We also wanted to use
the eddy correlation technique above a variety of surfaces (bare soil, maize, grassland and vines).

1.2.5.4.3 Placement height investigations

We wished to quantify fetch by measuring sensible heat, using the eddy correlation technique, by
varying the placement height to fetch ratio. This was accomplished by varying the placement height
instead of varying the fetch distance.
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1.2.5.5Surface temperature technique/or sensible heat measurement

We investigated the possibility of using surface temperature and air temperature measurements in
conjunction with wind speed profile measurements to calculate sensible heat and made comparisons
with eddy correlation measurements of the same.

1.2.5.6Stability quantification

Our aim was to quantify stability using field measurements above a short grassland surface and eddy
correlation measurements supplemented by profile measurements of wind speed.

1.2.5.7 Calibration considerations

For energy balance techniques, a limiting factor is the accuracy of the net irradiance measurements. We

wanted to develop an inexpensive laboratory calibration methodology for net radiometers (and infra red

thermometers).

1.3 Structure of the report

There is a List of Symbols and List of Figures and Tables following the Executive Summary. This may

prove particularly useful to the reader. The definition of a particular term may not be sufficient in this

list so the reader may find a fuller definition in the body of the report.

The main emphasis of this study was on the use of techniques for the measurement of evaporation,
with emphasis on the Bowen ratio and eddy correlation techniques. Chapter 2 is a review of the
literature with particular emphasis on the Bowen ratio technique, A very brief discussion on the
practical considerations of the Bowen ratio and eddy correlation techniques also appear in this chapter.
The use of the Bowen ratio and eddy correlation techniques are discussed in Chapters 3, 4 and 5. These
chapters therefore represent a major section of the report. Most of the detail of the Bowen ratio
technique appears in Chapter 3 and the eddy correlation technique is discussed in Chapter 4.

Chapter 5 describes the use of a variety of techniques for the measurement of evaporation. The
evaluation of these techniques included: Bowen ratio, lysimetric, surface temperature and eddy
correlation methods and the influence of advection on Bowen ratio measurements.

Chapter 6 describes laboratory methodology for the calibration of net radiometers and infra red
thermometers. The net radiometer is an important instrument central to the techniques used in Chapters
3, 4 and 5. The infra red thermometer is used as part of a surface temperature technique for determining
sensible heat (Chapter 5).

Chapter 7 applies the Bowen ratio methodology (Chapter 3) and eddy correlation methodology

(Chapter 4) to a vineyard.

Chapter 8 considers the placement height of eddy correlation sensors above a short turfgrass
surface. This work, has already been published in the international literature. This chapter also
considers the so-called "footprints" of measurements at a certain placement height which has been
published in the South African literature.

The final chapter, Chapter 9, is an application of the measurement techniques described in this
report. We report on seasonal comparisons of total evaporation in a Drakenberg catchment over a
three-year period. We conclude in this chapter that the Bowen ratio energy balance method is suitable
for the long term monitoring of total evaporation of a grassland surface.
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The equipment information cards for the Bowen ratio and eddy correlation techniques are contained
in Appendices 1 and 2 respectively. These appendices contain detailed information on the use and
checking of the equipment and would be particularly useful to users of such equipment.

For the convenience of the reader, the first mention of a table or figure is indicated in bold type. The
decimal point system has been used throughout and there has been strict adherence to the International
System of Units (Savage 1979, Salisbury 1996, Salisbury and Savage 1996).
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Chapter 2

Bowen ratio energy balance method

2.1 Abstract
The quantification of the flux and total amount of evaporative water loss from natural and agricultural
lands may be accomplished by various means. The Bowen ratio and eddy correlation methods are two
methods that can be used in conjunction with sensors attached to a datalogger and computer to provide
hourly or sub-hourly evaporation estimates and many other micrometeorological data, both for local
irrigation scheduling and monitoring of remote sites. The ratio of sensible to latent heat flux density,
defined as the Bowen ratio, is measured as the ratio of the time-averaged vertical air temperature and
water vapour pressure differences by differential thermometry and psychrometry respectively. The
vertical flux density of water vapour, LVFW (W m'1) may be calculated from 20 minute averages of
measurements of the Bowen ratio, and of the major components of the energy balance. Excluding
stored canopy and biochemical energy and advection, these comprise net irradiance, soil heat flux
density and energy flux density stored in the soil. The exclusion of advected energy from the energy
balance can lead to underestimations in the calculation of iy Fw of up to 45 %. Both sensible and latent
advection should be quantified and included in the method. The Bowen ratio method is based on the
assumption of Similarity Principle between the exchange coefficients for latent and sensible heat which
has been found to apply only under certain circumstances. The ongoing controversy over this
assumption and the history of modifications to correct for various atmospheric conditions are reviewed.

The eddy correlation is an absolute technique that can be used for the measurement of sensible and
latent heat flux density and therefore, theoretically, the other components of the energy balance and the
net irradiance need not be determined.

2.2 Introduction

The importance of evaporation, especially in a country such as South Africa, should not be understated.

An excellent summary of this importance appears in the publication "Opportunities in the Hydrologic

Sciences" (1991, 337 pages, ISBN 0 309 042445, available from: National Academic Press, 2101

Constitution Avenue, N.W. Washington, D C 20418 USA):

"Water vapour has been termed the working fluid of the atmospheric

heat engine as through evaporation and condensation it drives

atmospheric and oceanic circulations and thereby redistributes solar

energy. The overall planetary temperature is influenced strongly by

water vapour as it is the primary greenhouse gas. Through fluvial

erosion and sedimentation, water, together with tectonics, shapes the

land surface. Water is the universal solvent and the medium in which

most changes of matter take place, and hence it is the agent of

element cycling and is also essential for life. Large investments have

been made in water resources management to provide the levels of

potability and availability of water currently expected in developed

countries, yet relatively little has been invested in the basic

science underlying water's other roles in the planetary mechanisms. In
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the modern scientific establishment, however, although hydrologic

science, has a natural place as a geoscience alongside atmospheric,

ocean, and solid earth sciences, its niche is vacant. This is so

because until now there has not been a practical need to build a

comprehensive understanding of the global water cycle. !Ehe whole

process has been driven by narrowly focused issues of engineering

hydrology, and so the patches of small-scale application-related

scientific knowledge have not merged into the coherent whole needed to

understand water's function on a more global scale.

It is for these reasons that all hydrological studies, be they

ground, surface or atjnospherically based, should be seen and carried

out taking cognizance of all the related disciplines. If this is done,

then studies based on catchment-size scales may be extrapolated to a

much larger scale by identifying the range of area to which the results

are applicable, or may be adapted."

Accurate hourly absolute estimations of water loss by evaporation are required in both irrigated

agricultural areas and natural ecosystems for irrigation scheduling and hydrological monitoring

respectively.

The loss of water in the gaseous phase is a large component of the water loss from an area and may
be estimated by measuring, inter alia, the flux density of water vapour by various means.
Meteorological methods have the advantage over lysimetry and large scale hydrological modelling in
that they are non-destructive, continuous, mobile and rely less on empirical factors. They also are
capable of measuring evaporation for periods from as short as 12 minutes upwards, in areas from field
to sub-regional size. Although initial costs are quite large, accuracy is high and a wealth of data are
collected. The measurements usually need only be supplemented by one or two instruments to supply
data as a complete meteorological station.

The Bowen Ratio Energy Balance method, abbreviated BREB, is another meteorological method that
has been employed for the quantification of evaporation over vegetated surfaces. It has traditionally
been employed as a research tool over flat and only moderately hilly (Garratt 1984), extensive crop
surfaces to determine crop responses to various treatments, most commonly water stress. Currently
work is being undertaken to test a more practicable and remote application in the KwaZulu-Natal
Drakensberg catchments. The site has slope and weather conditions not previously reported on in the
literature, and thus new.ground is being broken in these respects. The BREB method is also commonly
tested and used over uniform crops such as wheat, soybean and sometimes row crops such as maize,
but less often over natural grasslands such as the climax veld of the Drakensberg catchments.

2.3 Surface radiation and energy balance exchange

Energy flux density available at the earth's surface is mainly sensible F}, (results in temperature change
with no phase change of water) or latent L^F^ (results in a phase change of water usually from liquid to
vapour with no temperature change). Managers of farms or ecosystems are attempting to, wittingly or
unwittingly, alter these energy terms. Bowen (1926) realized the relative significance of the terms and
considered the ratio .F>/ZVFW to be important for partitioning the energy balance into its various
components. This ratio is, now more commonly known as the Bowen ratio p.
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Of the other meteorological methods, the profile (or aerodynamic) and the combination methods
require various measures of air temperature, resistance to water vapour flow, and surface roughness
and other height parameters such as canopy height h. An alternative evaporation measurement
technique, the eddy correlation method, may require daily attended operation and equipment that is
sensitive, delicate and expensive (Tanner 1963, Sharma 1987).

Advection is usually not routinely accounted for when using the Bowen ratio profile method to

calculate sensible and latent heat energy flux densities from a surface. Rosenberg (1969) found that

evaporation in spring can exceed net irradiance by up to 80 % and that it was due to strong local and

regional advection. Net irradiance is the sum of the incoming short and long wave irradiance, less the

short wave reflected and long wave emitted by the surface:

J-^-^+Af-A. 2.1

(commonly referred to as the radiation balance equation). The available energy flux density in J s'1 m'3

or in W m'2 is the difference between the net irradiance and the amount Fs stored by and entering (or

leaving) the soil surface:

available energy = lm -Fs = LvFw+Fk + t, Fc,

(net irradiance lmt minus soil heat flux density Fs both in W m'2), at a vegetated surface is partitioned
into sensible (Ff,) and latent (Lv Fw) energy flux densities, and photosynthetic flux density E, Fc where E,
is the quantum yield (J kg'1) and Fc is the flux density of carbon dioxide in kg s"1 m'2). The sensible heat
component with units W m2 is Fh. The vapour flux density (Fw in kg s'! m'2), multiplied by the specific
latent heat of vaporization, Lv (in MJ kg'1) is the latent heat flux density, in W m'2. The shortened
energy balance equation neglects advection, physically and biochemically (photosynthetically) stored
heat flux densities in the canopy as they are considered negligible (Thorn 1975):

^=LVFW+Fh + Fs 2.2

(commonly referred to as the energy balance equation). The sign convention here is that during the day
the net irradiance (Eq. 2.1) is positive with terms on the right hand side of Eq. 2.2 leaving the earth's
surface being regarded as positive. This convention has been used throughout in this work. The
alternative convention requires that terms leaving the surface are negative and that:

^t^vFw + Fh+Fs = 0. 2.3

This sign convention results in negative latent and sensible heat values under normal daytime

conditions.

Under non-advective conditions, the amount of evaporation is strongly correlated to the amount of
available energy, and the available energy differs only in small amounts from the net irradiance.
Questionable results from the application of the Bowen ratio method are very often ascribed to
insufficiently accurate instrumentation. Bertela (1989) points out that most authors are merely aware of
the problems introduced by advection, but attach more importance to the accuracy of measurements.
He used the unpublished data of Pampoloni and Faloscia (1985) to show examples of occasions when
the Bowen ratio failed due to advective energy inputs and showed a method to identify and quantify
these.
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2.4 Introduction to stability parameters

The effect of the stability of the atmosphere on the turbulence encountered in the region of the entity

fluxes needs to be characterized.

2.4.1 The Richardson number

One measure of atmospheric stability is the Richardson number (Ri), given by:

r u ^ 2 4

T &uT (Mi-uJ2 T (du)2

fe2

where g is the acceleration due to gravity (m s"2), T is the average air temperature between the two

levels (K), 0 is the potential temperature (K), and u is the wind speed in the predominant direction of

flow (m s"!). For the first few meters above ground, an air temperature gradient dT'dz may be

substituted for the potential temperature gradient d& 'dz (Rosenberg 1974).

The Richardson number is a dimensionless measure of the intensity of mixing (turbulence), and

provides a simple criterion for the existence or non-existence thereof in a stably stratified environment.

A large positive value of Ri > 0.25 is indicative of weak and decaying turbulence and that the

environment is tending towards a stable condition.

Since the Richardson number is a non-dimensional ratio describing conditions in the surface layer
over uniform terrain, it can, according to Monin-Obukhov Similarity theory, be equated directly to z/l
(defined in following section) in unstable air (Panofsky and Dutton 1984). The properties of z/l are
described in Table 2.1. It is however influenced by height, and thus other indices, such as the
Monin-Obukhov length and related parameters are preferable (Arya 1988).

2.4.2 The Monin-Obukhov length

In stratified turbulent flow any dimensionless characteristic is determined by: the height z-d, the shear

stress at the surface xm the air density po, and the production rate of turbulent energy resulting from the

work of buoyancy forces. These four quantities can be expressed in terms of the three basic dimensions

of time, length and mass, combined into one dimensionless variable, C, (pronounced zeta) proposed by

Monin and Obukhov (1954),

Table 2.1 Qualitative interpretation of z /I and therefore of Ri (after Panofsky and Dutton 1984)

z/l

Strongly negative
Negative but small

Zero
Slightly positive
Strongly positive

Description

Heat convection dominant
Mechanical turbulence dominant

Purely mechanical turbulence
Mechanical turbulence slightly damped by temperature stratification
Mechanical turbulence severely reduced by temperature stratification
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where I is Obukhov's (1946) stability length (Brutsaert 1982) or "buoyancy length scale", defined by

its originator Obukhov (1946) as "the characteristic height (scale) of the sublayer of dynamic

turbulence".

The relevance of this is that, in magnitude, I represents the thickness of the layer of dynamic
influence near the surface in which shear or friction effects are always important. On strongly
convective (windless free-convective) days, I » -10 m (i.e. small and negative), I« -100 m on windy
days, and approaches infinity with purely mechanical turbulence (Brutsaert 1982). At night, or with
downward heat flux, I is positive, and when turbulence ceases, C, ->• 0.

Closest to the surface (i.e. z < \l |) shear effects dominate, and buoyancy effects are insignificant,
whereas the latter dominates when z> \l |. Thus the ratio (z-d)/l is important in assessing the
relative importance of buoyancy versus shear effects in the stratified surface layer, similar to the Ri
number, to which it can be related (Panofsky and Dutton 1974). Under stable conditions, (z-d)/l
varies linearly with height showing the increasing importance of buoyancy above the surface (Arya
1988).

The differential form of the wind profile equation can be written in generalized form as (Brutsaert

1982):

*=_!^.O 2.5
dz k(z-d)

where du/dz is horizontal wind speed gradient in the vertical direction, it. is the friction velocity

(ms"1), and k is von Karman's constant (£ = 0.41) and dm is a dimensionless stability function for

momentum with a value larger or smaller than unity in stable and unstable conditions respectively. The

height above ground z, and d, the zero-plane displacement height, are both in metres.

The dependence of Om h on stability is generally expressed as a function of terms that depend on
the ratio of the production of energy by buoyancy forces to the dissipation of energy by mechanical
turbulence. The subscripts m j w and refer to momentum, sensible heat, latent heat and any entity g
respectively. The Richardson number Ri (Eq. 2.4), and the Monin-Obukhov parameter C, are generally
used.

The dependence of O on stability is a unique function of C, (eg. Dyer 1974):

m ", dz
or

59

Fh
 a dz

where Fh is the sensible heat flux density, po (abbreviated p) is the density of air, cp is the specific heat
capacity of dry (unsaturated) air and 39 /dz is the potential temperature gradient.

From flux gradient relationships

(where x is the momentum flux density or shearing stress), and the wind profile equation (Eq. 2.5), it
can be shown that:
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Km = ku^-d)-Vj, 2.6

and

Kh = ku.(z-d)'<e],\ 2.7

Kw = ku,{z~d)-<^, 2.8

and

Kq = ku,(z-d)-GrK 2.9

Wind speed profiles consisting of at least three measurement heights are required to determine these

functions.

The conclusion reached by Verma et al. (1978) was that the underestimation of evaporation under

regional advection was a result of Ow differing from Oh under stable conditions.

The Richardson number Ri has the advantage that it contains only gradients which can be measured
experimentally. However, it varies with elevation. The Monin-Obukhov theory seems daunting due to
the number of hard-to-visualize [dimensionless] variables, and is less easily measured, but is
independent of height, and can be used to correct flux-gradient equations.

2.5 Description of various micrometeorological methods, excluding Bowen ratio, of
evaporation measurement

2.5.1 Aerodynamic and energy balance methods

Traditionally, research into turbulent transport in the lower atmosphere has been confined to studies of
the vertical fluxes of momentum, sensible heat, and watEr vapour over a horizontally-uniform flat area.
The simplifications gained by applying these conditions have been so attractive that they have led to the
assumption of a constant flux layer (see Section 2.11) in which the transport of the components
mentioned varies so little with height that the height variation can be ignored (Haugen et al. 1971).
Although such conditions rarely if ever exist, much theory is still based on these premises, and data is
assumed to have conformed to the logical expectations (Haugen et al. 1971). Denmead (1984) was of
the opinion that:

"micrometeorological approaches to quantifying processes which
influence evaporation have not been very fruitful because of their
reliance on flux-gradient.relationships."

In defense of using the flux-gradient approach for evaporation measurements, the alternatives all
have their weaknesses: chamber systems cannot mimic the natural environment; heat pulse and
radioactive isotope tracer techniques avoid environmental problems but require knowledge of the
plant's leaf area index, the pathway water takes in the stem and the planting density. Combination
methods whilst avoiding surface measurements, require many difficult measurements and a large
sample number. The water balance approach is used on a much larger, catchment-sized scale, and is
thus not capable of even a "daily-total" time scale.

As the BREB method is a micrometeorological method which falls into both the aerodynamic and

energy balance techniques, these two separate types will be discussed first.
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2.5.1.1 Aerodynamic methods

The pure aerodynamic methods require the determination of a turbulent transfer coefficient for the
entity (the eddy diffusivity mentioned above), as well as the vertical gradient of the entity. The
turbulent transfer coefficient for water vapour, Kw, is usually related to that for momentum, Km, which
can be derived from measurements of the mean vertical gradients of wind speed. To allow for
departures from a 1:1 relationship between the two coefficients, a dimensionless empirical factor <£>w

related to the atmospheric stability is used, i.e.

so that

_?c de

y &

where Ow is smaller than, equal to or greater than unity for stable, neutral and unstable conditions

respectively (Arya 1988) (Section 2.4.2).

An alternative aerodynamic method based on the correlation of eddies carrying water vapour and
sensible heat, the eddy correlation (EC) method, has "promised real progress" (Denmead 1984), but our
experience has shown for unattended use, the method has failed to deliver to date mainly due to
instrumentation problems.

2.5.1.2 Energy balance methods

The energy balance methods require the measurement or estimation of all the terms in the energy
balance equation but one, the latent heat flux density LVFW . This is calculated as the balance between
net irradiance and sensible heat flux density plus the soil heat flux density. Soil heat flux density may
be measured or assumed zero over longer time periods, while the heat flux density stored in the canopy
(physically and biochemically) is usually assumed negligible in the short term, especially in short
canopies such as grasses. The sensible heat flux density is measured directly by one of the aerodynamic
methods, and the remainder of the energy flux density must be the latent heat. Thus, LVFW is being
indirectly determined with an energy balance method, but an aerodynamic (or eddy correlation) method
has been used to measure Ff,. It makes more sense, therefore, to combine the two types of method
more completely and avoid several of the problems associated with the aerodynamic and energy
balance techniques when used alone.

2.5.2 Combination methods

2.5.2.1 TheBowen ratio energy balance method

The BREB method combines the aerodynamic and energy balance methods to determine how the
available energy is partitioned. Measurements of the profile gradients of air temperature and water
vapour pressure are combined with a measurement of the amount of available energy flux density to
quantify the two unknown flux densities, while the two [unknown] exchange coefficients are assumed
equal, and their ratio therefore unity. These methods require a greater degree of accuracy in the
measurement of the gradients. The dependence on the accurate measurement of the available energy
flux density term, although large, is not increased compared to energy balance methods alone.

2.5.2.2 ThePenman-Monteiih equation method

For completeness the Penman-Monteith equation is briefly discussed (described by Monteith 1965 and
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Thorn 1975 and based on Penman 1948). By definition:

a = —-—

or from Eq. 2.2

a = J^L.. 2.10

The term a represents the fraction of evaporation (that is, latent heat energy flux density) relative to the

total available energy flux density lmt -Fs(=LyFw+Fh) {cf. Eq. 2.2),

The Penman-Monteith equation for the determination of canopy evaporation is derived from a

different combination of the aerodynamic flux and energy balance methods, and has been represented

by Thom (1975) in fundamental form as:
A r + y r

ct = " ' . 2.11

The resistance rs is the canopy resistance (s m"1) (also referred to as the bulk stomatal resistance)

and ra (s m"1) is the aerodynamic resistance. The resistance ri = pcp fie/[y (LvFv + Fh)] is referred to as

the isothermal resistance (s m"1) where 5e is the water vapour pressure deficit (Pa): 5e = es - e where es

is the saturation water vapour pressure at the measured air temperature at a known height above

ground, and e is the water vapour pressure at the same height.

The temperature-dependent constants A and y of the Penman-Monteith equation are usually
represented on the psychrometric chart by the magnitude of the slope of the saturation water vapour
pressure vs temperature curve and the slope of the wet bulb temperature line of the psychrometric chart,
respectively (both terms having units Pa K"1).

Unlike net irradiance, it is not practical to measure aerodynamic and surface resistances continually
or even on a daily basis. The "fundamental equation" (Eq. 2.11) in this form can be applied to various
sets of environmental conditions for which certain of the types of resistances may be assumed
negligibly small compared to the others (Thom 1975).

2.5.2.3 The "equilibrium conditions" case

The "equilibrium" condition is defined by Slatyer and McIIroy (1967) as that created by air that has
been in contact with a wet surface over a very long fetch, so that it may tend to become vapour
saturated. Under these conditions, they reasoned the only large resistance is ra, when compared to rt

and rs reducing Eq. 2.11 to:

equilibrium * , „ ' £.1/.

The significance of this dependence of ^.equilibrium solely on temperature means that at air temperatures
6, 18 and 26 °C, aequmrtum has the value 0.50, 0.67 and 0.75 respectively. Thus, the fraction of the
available energy partitioned into evaporation is found by simply substituting aegH);/&rtum from Eq. 2.12
into Eq. 2,10 and solving £OTLVFW egu,7,&rtum:

L F .... - = —^— -(I -F) 213
V w equilibrium A + v n e ' s *-•*•'

This is the ideal set of circumstances as, in order to calculate an evaporative flux, no resistances

need to be measured. Unfortunately the method can only be used to compare equilibrium- and

BREB-determined evaporation values when "equilibrium" conditions exist, i.e. during the calm and wet
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periods (humid atmosphere and wet canopy) of any year, and not during the more crucial and dry

periods which are difficult to measure. As a measurement tool it is therefore not much use outside of

the rainy season in southern Africa,

Priestley and Taylor (1972) found that actual evaporation from oceans, bare soil and vegetation was

about 26 % greater than Lv Fw equihbrium.

^v-r'wPrieslley^-Taylor" ^•^•<3-L
v^w equilibrium = 1 ' / 0 £ + y ' ^net~ts>' - i - i 4

This estimate of the actual evaporation has been shown to be reliable for humid regions but has not

been tested in arid and semi-arid regions such as are found in southern Africa.

2.6 Bowen ratio theory

Bowen (1926) was the first to attempt to show that "the process of evaporation and diffusion of water
vapour from any water surface into the air above it is exactly similar to that of the conduction or
"diffusion"of specific heat energy from the water surface into that same body of air", Bowen expanded
on work by Cummings (1925) on evaporation from lakes to take into account factors previously
ignored, namely conduction and convection. By relating conduction and convection to the amount of
evaporation by a factor "R" in his original paper, Bowen (1926), included these important parameters
in an indirect way:

where he defined C as conduction and convective heat energy flux density, both in W m'2. Conduction
implies heat transfer through a solid, and convection that through the fluid, air, above that solid
providing the heat. Bowen's definition of advection as used here is contrary to the modern definition of
heat energy introduced by horizontal differences in air temperature and water vapour pressure. Water
vapour flux density Lv Fw is defined more fully below in Eq. 2.16. The factor R is a function of vapour
pressure and air temperature gradients between the evaporating surface and the bulk air respectively,
and the psychrometric constant as follows:

R = 46[(Tw-Tay(.ew~ea)]P/Fo

where Tw and Ta are the temperature of the water surface (or body evaporating water), and air (°C), ew

and ea are the water vapour pressures of the evaporating surface (usually saturated), and the air above it
(Pa) respectively. The atmospheric pressure at sea-level is /"„, while P is the environmental pressure (in
Pa). The factor 46 is the temperature-dependent psychrometric "constant" taking the density and
specific heat capacity of air, as well as the latent heat of vaporization into account, and has units Pa K*\

This method uses surface measurement of temperature to calculate the saturated water vapour
pressure at the surface. These are used with measurements at a point away from the surface to calculate
the factor R. The surface temperature of water is easy to measure, and the air is saturated at the surface.
With vegetation, a representative surface leaf temperature is extremely difficult to measure, and the
exchange of latent energy across this interface far more complex than from the simple and flat water
surface. For this reason the single layer measurement Penman-Monteith, and double layer Bowen ratio
methods were developed, both of which have no directly measured surface variables.

According to Fick's Law, the flux density of any entity is equal to the product of an exchange
coefficient and the entity concentration gradient. In general:
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2.15

where O is the flux density of q (s"1 m'1), pdr is the density of the medium (moist air is approximately
1.12 kg m'3), Kq is the turbulent exchange coefficient (m2 s'1), and dq'cz is the mean concentration
gradient of the quantity q over the time period of measurement. This general equation can be modified
to describe the flux density of any particular entity such as those involved in the energy exchange at a
surface.

According to Fick's Law of Diffusion, the latent heat energy flux density Lv Fw (W m"2) is given in

finite difference form by:

LvFw = (poirc/y)Kw5e/bz = (pairc/y)Kv(e2-eiy(z2~z]) 2.16

where pair is the air density, cp the specific heat capacity of dry air at constant pressure, y the

psychrometric constant (66 Pa K*1 at sea level), Kw the exchange coefficient for latent heat transfer, and

?2 and ?] the time-averaged water vapour pressures at heights z2 and zL respectively. In this report, d is

taken as the actual finite difference of the term following. The term 5 is taken to be an approximation of

the difference of the term to follow (see Notation list). Hence, for example, 5e is an approximation of

de. Indeed, 5e is referred to as a finite difference approximation of de.

Similarly, the sensible heat energy flux density Fh is given in finite difference form by:

f f * ! ) 2.17

where K^ is the exchange coefficient for sensible heat transfer (m2 s'1), T2 and T\ are the time-averaged
air temperatures at heights z-i and z\ respectively.

Following Bowen (1926), we consider the ratio p:

Hence p can be determined from a measurement of air temperature and water vapour pressure at two

levels in the atmosphere. Ignoring photosynthesis and advection, the surface energy balance is given

by:

^t V w h s 2.2

where Ine; is the net irradiance and Ft is the soil heat flux density. Combining the latter two expressions:

) 2-1 8

P) 2.19

where p = y ( r 2 - f I ) / ( i ' 2 - ? I ) . 2.20

if it is assumed that K/, = Kw. The equality of these two exchange coefficients,

Kh = Kw, 2.21

is often referred to as the Similarity Principle.

The available energy Inet -~ Fs, (net irradiance Iml minus soil heat flux density Fs bath in W m"2), at a

vegetated surface is partitioned into sensible (Fft) and latent (LVFV) energy flux densities. The sensible
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heat component with units W m'2 is, from Fick's Law (Eq. 2.15):

2.22

and Fw, the vapour flux density in kg s'1 m'2), multiplied by the specific latent heat of vaporization,

(in MJ kg"'), to yield the latent heat flux density, in W m"2:

2.23

where pa is the air density, cp is the specific heat capacity of air at constant pressure, approximately
1004 J kg'1 K'1, Kh is the turbulent exchange coefficient for sensible heat transfer (m2 s'1), Kw is the
turbulent exchange coefficient for latent heat transfer (m2 s*1), y is the psychrometric constant
(approximately 66 Pa K'1), representing the magnitude of the slope of the wet-bulb temperature line on
the psychrometric chart, T is the mean air temperature over the sampling period (°C or K), ? is the mean
water vapour pressure (Pa), 8z is the vertical displacement between measurement positions, taken in
finite difference form as Az (m), yielding vertical differences AT and A? over Az where AT is the
change in mean air temperature due to an increase in the energy content of air per unit volume, by an
amount AE. The sensible heat concentration gradient per unit volume dT'dz (more correctly AT'Az), is
defined to be the change in energy content of air per unit volume per unit vertical distance:

The ratio of the sensible to latent heat flux density was defined by Bowen (1926), and has since

been known as the Bowen ratio:

or in full:

P = [(p cp JQ-af/fe] /[(p cp KwYy).de/dz]

which may be simplified, by taking finite differences as representing the concentration gradients

(Panofsky 1965), to:

e,)] 2.25

where the subscripts 2 and 1 refer to the upper and lower levels respectively, and where these air

temperatures and water vapour pressures are actually time averaged values, T2, T\, ?2 and ?j.

Generally, the exchange coefficients Kk and Kv are unknown. However, Rider (1954) showed that
their ratio is not too far from unity. Hence, assuming this principle, the Similarity Principle (see Section
2.7.3), the Bowen ratio equation is further simplified to:

P = F/LvFw = y[(f2~fiy(e2-el)]. 2.20

The sign of p depends upon the direction of the two fluxes, since any energy gains by the surface
are considered positive whilst losses are negative. Typical daily summer p values lie between 0 and 2
but may far exceed 2 in winter. The magnitude of p depends upon the proportion of the available
energy directed into evaporation and sensible heat transfer. The value of p is thus seasonal due to the
larger sensible component in winter, while in summer the availability of water results in the majority of
the heat being lost by the latent heat exchange in the evaporative process. The flux density of LVFW is
strongly correlated to the available energy except under conditions of advective increases or
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when lower night time temperatures increase canopy resistance (Rosenberg 1969).

The latent heat flux density LVFV may be obtained by combining Eq. 2.20 and the shortened1

energy balance equation:

^el v ^ h s 2.2

and rearranging into the form LVFW = {Inel-Fs) /(I + p) 2.18

where Inet is the net irradiance, and Fs (or S) is the soil heat flux density both in (W m"2). Tanner and
Pelton (1960) found that changes in lnet and Fs are strongly coupled, and from this base (in conjunction
with surface temperature and a water balance), less accurate but larger scale estimates of evaporation
can be made.

2.7 Assessment of the assumptions in the Bowen ratio technique

2.7.1 The use of the shortened energy budget equation

Heat stored in the plant is of relative consequence only when the energy budget is very small (Tanner
1960a). Biochemically consumed energy is also considered negligible, and these two amounts are thus
not included in the energy balance calculation (Thom 1975).

2.7.2 The use of finite differences as a measure of entity gradients

Finite differences are taken as being an adequate indication of gradients in air temperature and water

vapour pressure (Panofsky 1965):

for small Az for small values of dz« 1 to 3 m. Because of this, and the prohibitive expense of
measuring at more than two heights, the procedure is accepted as standard practice in flux-gradient
based techniques.

When measurements are made over rough surfaces where gradients are small or at heights of more
than a few metres over any vegetated surface, it is important to allow for the decrease in air temperature
with height that arises from adiabatic expansion and subsequent cooling when a parcel rises (Bnitsaert
1982). That is, the dry adiabatic lapse rate

r = - (ejv&)=- g/Cp» -i°c/ioo m.

All air temperatures in vertically-oriented gradient measurements should be replaced by potential
temperature Q = T~T, and temperature gradients dT/dz by dQ/dz = (dT/dz)-T. The correction is
unnecessary only in a neutral atmosphere (in which case 0 is constant with height), however, with
measurements taken over the order of 1 m the amount is insignificant and may be ignored (Brutsaert
1982).

1 The shortened energy balance equation neglects advection, physically and biochemically
(photosynthetically) stored heat in the canopy as they are considered negligible (Thom 1975)
(Section 2.3)
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2.7.3 The assumption of Similarity

Under conditions of neutral atmospheric stability, it has commonly been assumed that the exchange
coefficients for momentum, sensible heat and water vapour are the same (Rider and Robinson 1951,
Rider 1954, Tanner 1963, Dyer 1967 and Swinbank and Dyer 1967). The justification for this
assumption is that all the processes involved occur across and through the same interface and have to
do with the same set of vapours in the same atmospheric layer presumably moving in the same
direction. This is not always the case. Under unstable conditions Kj, exceeds Kw because there is
preferential upward transport of heat (Monteith 1963). Measurements (reviewed by Dyer 1974)
supported the view that Kf, = Ky> = Kq in unstable conditions. Dyer (1974) inferred that Km = K{, = Kw,
but that there were few measurements to confirm his assumption.

At high levels of evaporative flux, values of p are small, and an assumption of equality of Kh and Kw

when the two are not markedly different will not lead to serious error in the estimate of LVFW. When
the surface is dry and LVFW small, p values are large and a given departure ofK^K^ from unity can
lead to almost as large errors in the estimate o£LvFv (Denmcad and Mcllroy 1970). Pasquill (1949)
showed theoretically that under stable conditions K^K^, while under unstable conditions Kk>Kw,
with Kh = 2Kwat Ri = 0.1. The Richardson number (ft):

&= (g'T) (dd/dzY(du/dzf,

where g is the acceleration due to gravity (m s'2), T is the average air temperature between the two
levels (K), and 9 the potential temperature (K), the others as previously defined, is one measure of
atmospheric stability. The Richardson number is however, influenced by height and thus other indices
such as the Monin-Obukhov length and related parameters are preferable. Rider and Robinson (1951)
also accepted K/, = KW but added that this stood irrespective of height, while Rider (1954) accepted the
same irrespective of conditions. He calculated the ratio of K}/Kw with 51 profile measurements to be
1.14 ± 0.06. Thus when the assumption of Similarity is applied it evidently results in the
underestimation of the Bowen ratio resulting in overestimated sensible and underestimated latent heat
flux density components (Motha et al. 1979b). Rider (1954) further noted that corrections to this
equality are required for unstable atmospheric conditions.

Tanner (1963) found from his literature review that K}/Kv was believed to be less than unity for
inversion conditions and greater than unity for the lapse case. He further found that most workers (at
that time) believed the error in assuming Kft=Kw (= K^ is negligible if-0.03 < Ri < 0.03, where Km is
the transfer coefficient for momentum. Tanner concurred with this by stating that Kf/Kw is most likely
to approach unity when winds are strong and friction contributes much mare to the turbulence than
buoyancy (that is the Richardson number is therefore small). The error is further reduced by measuring
close to the surface where frictional effects are most pronounced. Pruitt and Aston (1963) agreed that
Kh=K^ under unstable conditions, but proposed that the ratio Kf/Kw lay between 1.2 and 1.3 for Ri = 0
and between 2 and 3 in very stable conditions.

Dyer (1967) and Swinbank and Dyer (1967) concluded that the transfer mechanisms for heat and

water vapour transfer were identical, and therefore that .Kj, = ii^, under lapse conditions. Webb (1970)

and Oke (1970) showed that under nocturnal inversion conditions, because air temperature and water

vapour pressure fluctuations were highly correlated in stable conditions, Kh = Kw, although Swinbank

and Dyer (1967) observed the same under unstable conditions. Webb (1970) also defined the critical Ri

value at which the change from neutral to stable conditions occurs as Ri = 0.2. These conclusions were
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all reached without consideration of sensible heat advection and were drawn, presumably, not under
potential evaporation, or at least relatively high and unrestricted evaporative conditions. Potential
evaporation is defined as the evaporation that would occur from a continuously moist surface with
regional characteristics but with an area so small that the fluxes of heat and water vapour have no
significant effect on the evaporability of the over passing air (Morton 1971). The evaluation of
atmospheric exchange coefficients should be made under conditions that do not confound the
measurements. A limited supply of water will decrease the absolute flux density of the entity under
consideration, yet its -RT value will not have changed. This is because the exchange coefficients (or eddy
diffusivities), are only dependent on the aerodynamic resistance, eddy size and turbulence or flow
properties. Further, they show no apparent dependence on molecular properties such as the mass
density and temperature, as predicted in simple molecular diffusivity theory (Arya 1988). Another
limitation of present eddy diffusivity theory is that down-gradient transport is absent in for example, a
convective mixed layer where the potential temperature gradient becomes zero. This would imply
infinite or even zero values of K/, indicating that K theory becomes invalid in this case. Thus the
development of a molecular basis can go no further, and an alternative approach needs to be applied.
Denmead and Mcllroy (1970) found that Kh=Kw in the range -0.026 <Ri< 0.001 in unstable
conditions, close to the ground for wheat under non-potential evaporation conditions. They further
found no significant variation in the ratio K^Ky, under differing stabilities. Campbell (1973) concluded
that Kh-Kv= 1 for the stable range which he defined as 0 <Ri< 0.5. In the strongly stable case,
(Ri« 0.5), Kh > Kw and applying the assumption^, = Kw will lead to an error of some 10 % in p and at
least as much in Lv Fw. For the stable range (-2.5 < Ri < 0.05), Campbell (1973) found that the ratio is
close enough to unity to cause errors of less than 10 % in LvFw, He concluded by urging the
development of a non-empirical stability-dependent correction factor to account for the assumption's
inaccuracies when used on the Bo wen ratio energy balance method under dry conditions.

Over forest canopies the roughness lengths are large, and workers have reported that the

dimensionless functions, especially those for heat and momentum, are different from those obtained

over surfaces of low roughness, (eg. Thorn 1975, Denmead and Bradley 1985). The lack of Similarity

has been found by Grip et al. (1979), amongst others, to be the cause of poor results using the BREB

method above forests. Not observing an adequate height to fetch ratio is more likely to have been the

problem, since the fetch requirement is much greater with the high measuring positions above tall

forests.

Munro (1985) found that over forests Kh differs from Kw in a manner consistent with the radiatively
controlled variation in zero-plane displacement d (or source) of sensible heat. They proposed a
modification of the influence functions (®h^) to include surface effects, as well as stability effects,
thereby correcting for different surface influences, zero-plane displacements and combinations of the
two. The results showed that although some radiatively-induced changes in the source of sensible heat
were possible, this was no reason to abandon or modify the BREB technique over forests as traditionally
employed. Table 2.2 summarizes the Similarity Principle controversy historically.

2.8 The assumption of Similarity as affected by advection

Due to the inadequate performance of the Bowen ratio method in semi-arid conditions, Blad and
Rosenberg (1974) questioned the use of the assumption of Similarity under advective conditions. They
concluded that the principal reason for the underestimation of LVFW under advective conditions is the
erroneous assumption of Similarity. They proposed that increasing the value ofKh/Kw to between 1.2
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Table 2.2 History of the limits of the Similarity Principle according to stability conditions and the
Richardson number Ri

Authors/s

Pasquill(1949)

Rider and Robinson
(1951)
Rider(1954)

Tanner(1963)
Pruitt and Aston (1963)

Dyer (1967)
Dyer and Swinbank
(1967)
Webb (1970)

Oke(1970)

Denmead and McHroy
(1970)

Campbell (1973)

Conditions for which:

Kh = Kv
 Kh>Kw

Stable Unstable

Stable Unstable

Stable Unstable

Strong wind

Unstable K/Kw = 1.25; Ri = 0

and very stable
Lapse conditions

Lapse and unstable
conditions

Nocturnal inversion
conditions

Nocturnal inversion
conditions

-0.026 < Ri < 0.001 Found no variation
(unstable) under differing

stabilities

All except stable range 0 < Ri < 0.5 (stable
range)

Comments and
conditions

\Kh\ = 2\KJ;Ri = 0A

Irrespective of height

K/Kw= 1.14 ±0.06

Neutral to stable change
at/?/= 0.2

Close to ground and
non-potential

evaporation conditions

and 1.5 would be enough to correct for periods of moderately intense temperature inversions, but noted

that additional studies under very stable daytime sensible heat advection conditions were required.

Based on his theoretical analysis, Warhaft (1976), indicated ihatKh/Kw may depart from unity when

the gradients of air temperature and water vapour pressure are opposite in direction, or when r (the
™ 7*' Q*

cross correlation coefficient of the temperature and humidity fluctuation), is small. Some experimental

data gave qualitative support to this, but he noted that further measurements under varying conditions

of stability were required.

Under advective conditions the sensible heat is directed towards the crop or surface, as defined by

the temperature difference between canopy and overlying air. The crop then attempts to compensate by

increasing the evaporative flux to repartition the heat load from sensible to latent. It is possible that the

increased load of advected heat to the plant may inhibit normal, pre-loaded, evaporative cooling as a

stress-delaying mechanism. This may be in addition to the fact that the plant may already have been at

peak vapour flux, either determined physiologically or, (not considered in the above cases), due to soil

water restrictions, and thus incapable of an increase. The latent heat flux density may then appear to

remain the same and the sensible heat flux density to be increasing, when in fact the latent flux density

decreases marginally. This is to be expected as energy balance must be satisfied in the short term. The

exchange of sensible heat will then appear to be more efficient due to the increase in magnitude and not
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due to a larger sensible heat exchange coefficient. From the absolute magnitude of the flux density

components and their directions, Motha et al. (1979b), showed that the latent flux density actually does

decrease as the positive sensible flux density (to the surface) begins to increase (Fig. 2.1).

Differences in flux densities do not necessarily imply changes in their respective exchange

coefficients. Since the exchange coefficients are essentially determined by the stability state of the

atmosphere, implying that they are dependent on the wind and turbulence regimes, estimations of

Kh/Kw should only be done under potential evaporation conditions. This will exclude any plant

resistance or other evaporative inhibitions from the measurements. It will also maximize the flux

density and ease the task of taking the fine measurements required to measure exchange coefficients.

Whether these potential flux densities are maintained under conditions of strong sensible heat advection

for long enough to complete measurements is questionable. It is therefore important to state their

objectives clearly and under what conditions their conclusions apply. Both Verma et al. (1978) and

Motha et al. (1979b) showed that Kh over alfalfa under conditions of sensible heat advection was

generally greater than Kw. Verma et al. (1978) were the first to publish coefficients for the regression of

the ratio Kk^Kv on various parameters. They found a strong correlation with AT/Ae which is negative

under advective conditions, as the downwards sensible heat is opposite in direction to the latent heat

under these conditions. Regression on LvFwLYs/{Inet-Fs) yielded no distinct relationship although

some correlation was reported. The lysimetrically determined latent heat flux density LvFwLYS

becomes smaller under advective conditions.

Brakke et al. (1978) used the empirical correction derived by Verma et al. (1978) to calculate a

modified Bowen ratio (see below), and corrected flux density, LvFwMREB (the modified Bowen ratio

energy balance estimate of latent heat flux density), to closely estimate LvFwLYS along the 1:1 line,

except for occasions of very high latent heat flux density (Fig 2.2). These high flux density periods

-2S0-

-125-

125-

250-

375-

A July 13,1977
X July 18,1977
O July 19,1977

1000 1200 1400
Solar time

1600

Fig 2.1 Daily patterns of sensible heat flux, (A), and water vapour flux, (B), over a well-watered alfalfa

crop as a function of time of day for July 13,18 and 19,1977 (after Motha et al. 1979b)
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Fig. 2.2 The absolute value of LVFV estimated by the M2BREB {"modified modified" Bowen ratio
energy balance) method compared with \LV F^ measured lystmetrically (after Brakke etal. 1978)

ostensibly occur most commonly under strongly advective conditions for which the adjustment does

not cater. A mare detailed and quantitative measure of atmospheric conditions is therefore required.

For -0.8 °C kPa'1 <(A77Ae)<-0.1 °C kPa"1, a quadratic equation in A77Ae was used to calculate

K/Kw = 2.95 + 3.72 (AT/Ae) +1.72 (AT/Aef

and thus the modified Bowen ratio formula is:

$(MBREB) = y [2.95 + 3.72 (AT/Ae) + 1.72 {AT/Aef] (AT/Ae)

and is used to calculate the "modified modified" L? FW(M2BREB) amount.

Eddy correlation techniques involving latent heat and sensible heat flux densities measurements

provide an alternate method for the determination of the coefficients which Mothaer al. (1979b) used

under conditions of strong regional advection. Their results were in agreement with the results obtained

above using the Bowen ratio energy balance method, but corrections were not reported. The diurnal

variation in the ratio Kj/K^ from three day's measurement showed an increase in sensible heat flux

density. The intensity of sensible heat flux density adverted was gauged by the magnitude and diredton

of the heat flux density. In the afternoon, (although with a concurrent decrease in net irradiance), there

was an increase hi fhsKj/K^ ratio, up to approximately 3. This implies that£"A increases with respect

to Kw under such advective conditions and that either the transport of sensible heat flux density is

enhanced, the transport of latent heat is inhibited, or a combination of the two occurs. Mothaer a!.

(1979b) also examined the components of Kh and Kw and concluded that the sensible components

increased with respect to latent components, indicating that sensible heat flux density transfer istnore

efficient than latent heat transfer, as indicated by the ratio of the correlation coefficients (r^rwe), and

the ratio of the standard deviations (a/oe). Again, the magnitude of the latent flux may have been

inhibited here, and conclusions about the size of exchange coefficients should not be drawn except
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under potential evaporation conditions.

2.9 Measurement of the exchange coefficients
The measurement of K), and Kw is accomplished either by direct comparison with lysimetric

measurements, or indirectly, with eddy correlation measurements.

2.9.1 Lysimetric comparisons
The most direct method of testing the validity of the assumption of Similarity (and of checking any

system mat measures latent heat flux density), is by direct comparison with a lysimeter. Denmead ad

Mcllroy (1970) measured IKl and Fs directly, and the latent heat flux density by lysimetry

(Lv FW(LYS)), while Ff, was calculated as the remainder of the sum in the energy balance equation (from

Eq. 2.3). The lysimeter Bowen ratio value p^rs was then calculated from these results and compared

with fiBR values from gradient measurements done in the normal way. The points conformed well to

the assumption Kf,=Kw (Fig. 2.3), in spite of some apparently random scatter. A wide range of

stabilities was considered with no significant variation infius^BR and no dependence on the stability

conditions. "With no outside interference such as advective inputs or other dissimilarities betweenhe

two systems, a 1:1 ratio between ftrsand p5jR was found implying equality between Kh and Kw

PasquUl (1949) using a similar procedure, found ibaHK^t* K^, but this may well have been due to

the size and nature of his mini-lysimeters (Denmead and Mcllroy 1970), but also most probably due to

sensible heat advective conditions as these results suggest.

Verma et al. (1978) evaluated the exchange coefficients under advective conditions taking

2.5-1

2.0-

0.0-

1:1 line (implyingKh=Kw)

0.0 0.5 1.0 1.5 2.0 2.5

Fig. 2.3 Comparison of $BR and fiLrs, Dots are for data obtained by Denmead and Mcllroy's. Triangles
represent data from PasquUl (1949) (after Denmead and Mcllroy 1970)
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advection flux density A into account in the fuller energy budget equation:

4r 2-26

where A = Aw+A/, is the sum of advection latent and sensible heat flux density. Hence Kf, and Kw may
be computed from Eqs 2.22 and 2.23 using LvFwLrs as the actual LyFw value, thereby obtaining a
correction factor for advection in the form of the K^Ky, ratio.

2.9.2 Eddy correlation measurements

The Kh and Kv ratios were computed by Motha et al. (1979b) by substituting the turbulent flux
densities of sensible heat and latent heat determined using the eddy correlation technique:

Fh = pcpw'T' 2.27

?=L,w'q' 2.28

and gradients of air temperature and vapour pressure (as represented by Bowen ratio-measured finite
differences) in Eqs 2.16 and 2.17. In Eqs 2.27 and 2.28, w ', T' and q' are respectively the fluctuation
in vertical wind speed, air temperature and absolute humidity. The term w' T', for example, is the
covariance between w ' and T'. The conclusions that Motha et al. (1979b) drew agreed qualitatively
with those of others that Kf, exceeded Kw under strongly advective conditions but they gave no
quantitative adjustment.

The advantage of the eddy correlation technique is that it is, theoretically, an absolute technique and
therefore the other components of the energy balance need not be determined. The eddy correlation is a
very useful technique in that it also allows for the measurement of other flux densities such as the flux
density of carbon dioxide, ammonia etc. if fast responding sensors for the measurement of the
concentration of carbon dioxide, ammonia, etc. are available.

2.10 Limitations of the Bowen ratio system

2.10.1 Theoretical limitations

Due to the formulation of the theory, the calculation of Xyiv tends to infinity as the Bowen ratio
approaches - 1 . This may be seen by examining the (1 + P) denominator, which may not be zero, in Eq.
2.18. A value of p ~ > - l (and hence Fh'LvFw = ~\ or Fh = ~LvFw or Fh + LVFW = Q (c/ Eq. 2.3))
occurs in the early morning and late afternoon periods when the available energy approaches zero due
to the decrease in net irradiance Im. Rainfall events during the day have the same effect but at these
times the latent heat flux density is low, and so these periods may be, and commonly are, ignored.
When p is between -1.25 and -0.75, the heat flux densities are assumed negligible and are therefore
neither calculated nor included in daily total calculations (Tanner 1960). Proof of the small flux
densities at these times is the small difference between the measured net radiant flux (that is, integrated
net irradiance) and the flux totals calculated for any day.

Condensation of dew on sensors, (thermocouples, air intakes and net radiometer), precludes any
meaningful measurement of negative or positive flux densities: that is, evaporation and condensation
respectively. This is because the air temperature thermocouples will be measuring the wet bulb
temperature and the air around both the Bowen ratio equipment air intakes will be approaching
saturation water vapour pressure.

Chapter 2 Bowen ratio energy balance method



-Evaporationmeasurement-above vegetated surfaces -28—
using micrometeorological techniques Savage, Everson and Metelerkamp

2.10.2 Practical limitations

The measured differential in water vapour pressure and air temperature across the vertical distance

chosen must, of necessity, be larger than the resolution of the individual sensors for meaningful results.

If the difference approaches the resolution, the measured differences tend towards zero and random

"experimental error" values occur. Towards the drier periods this implies that the displacement

between the measuring arms must be increased to stay above these resolution limits. This measured

difference should be used as one of the criteria for rejection of periods of calculations of p, LVFW and

The condensation of dew on to the sensors prevents reasonable measurement often until lOhOO

when it has all evaporated, and after dew-fall as early as 16h00. After rain-events similar limitations

apply. The loss of data at these low fluxes due to the atmospheric conditions after rain is not as serious

as the morning losses of data. This is because the average cloudless morning latent heat flux density

should usually far exceed the inter- and post-rain evaporative flux densities, which represent mainly the

evaporation of the most recent precipitation. The evaporation of intercepted water is important

however, as it reduces soil evaporation.

2.10.3 Boundary layer limitations

The principle of profile-based theories according to Brutsaert (1982), requires a uniform upwind fetch

of some 50 to 100 m at the least for measurements to be taken up to 1 m above ground. This implies

that to take all wind directions into account, the measurements must be done in the center of an area of

uniform cover large enough to allow the development of an internal boundary up to the measurement

height. The internal boundary layer is defined by Brutsaert (1982) as the region of the atmosphere

affected by a step change in the surface conditions.

During periods of low P values (when the latent heat flux density approaches [radiative] ground

heating), fetch requirements decrease from the often quoted overly pessimistic values of 100:1 to as

low as 20:1 (Heilman et al. 1989). Heilman et al. (1989) also concluded that the Bowen ratio and its

variability increased with measurement height, and that, for Bermuda grass, significant boundary-layer

adjustment occurred within the first 15 m of fetch. Table 2.3 summarizes the history of the maximum

placement height to fetch distance ratio.

The measurement of water vapour pressure and air temperature gradients must be done in the

transition zone of the internal boundary layer (Fig. 2.4), in order to correctly assess the respective

fluxes. The transition zone ends where the effects of the surface are no longer felt. The vertical profiles

of water vapour content, wind speed and air temperature approach a new equilibrium with the active

surface. Only once the boundary layer stops growing upward has the air layer become representative of

the new surface. It is only here that horizontal gradients have disappeared and the flow of air reverts to

a non-advective profile (Rosenberg 1974, Oke 1978, Brutsaert 1982). The height of this fairly indistinct

level sets the limit to the maximum gradient-sensor height. The extent of the uniform upwind fetch and

the type of surface change (rough to smooth vs smooth to rough, and moist to dry etc.) will determine

the thickness of the internal boundary layer. Measurement of the extent of the boundary layer is

difficult as it fluctuates depending on both the atmospheric stability conditions and the stage of crop

growth, (via the influence of zo, where zo « 0.13 x h where h is the canopy height). Perhaps due to this

fact, an intermediate layer, the inertial sublayer, has also been defined (Raupach and Legg 1984), and

further confounds an absolute definition of the outer limit of the boundary layer (Fig. 2.4),
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Table 2.3 Height to fetch ratios used in different aerodynamic measurement experiments

Author/s
Elliot (1958)
Priestley (1959)
Lettau (1959)
Brooks (1961)

Dyer (1963)

Panofsky and Townsend (1964)
Dyer (1965)
Rosenberg etal. (1983)

Heilmanefo/.(1989)

Heightfetch
Height = 0.75 fetch08

1/20
1/50

1/100 (and greater)

0.5/70 (fetch = 140 m)

1/170 (fetch = 170 m)
2/420 (fetch = 210 m)
5/1350 (fetch = 270 m)

1/330 (fetch = 330 m)

1/10
1/200
1/100
1/20

Comments and conditions
For fetch greater than 10 m

Inadequate

Add 8 times obstacle height to
fetch

These heighfcfetch
ratios are

for a 90% profile
adjustment

Add 2.5 times obstacle height to
fetch for a 95 % adjustment

Adequate for most measurements

Periods with larger P values will
require larger fetch

The internal equilibrium sublayer is the lower portion of the boundary layer which has once again

come into water vapour pressure, air temperature and momentum equilibrium with the surface (Fig.

2.4), defined by Brutsaert (1982) as the region where the momentum flux, density is within 10 % of the

value at the surface. The roughness of the surface governs the thickness of the internal equilibrium

sublayer and, thus, the lowest height setting of the lower measuring arm for adequate horizontal spatial

homogeneity. More accurately, the minimum sensor height is governed by the vertical amplitude of the

surface roughness. As a rule of thumb, five times the roughness structure may be used as the lowest

measuring height (where horizontal patchiness of air temperature and humidity are smaller than the

sample height) (Tanner 1963, Brutsaert 1982), The measurement of the roughness structure or elements

is taken from z0 to the top of the average structure extending above z0 (Brutsaert 1982). Garratt's

(1978) data indicated a minimum level of three to five times the roughness elements. Consequently, the

minimum level should be set conservatively high to decrease the margin for error. This

recommendation will however need to be viewed against the available fetch should this be limited.

Brutsaert (1982) does caution that for forests 10 m or more tall, the height requirement of Garratt

(1978) for Similarity may be prohibitive. Brutsaert (1982) quotes personal communications with C. B.

Tanner (1976) that indicate that Bowen ratio measurements taken too close to the top of the canopy

may cause serious errors in the application of the method over forests. To avoid the error, Brutsaert

(1982) recommended the measurement of air temperature and water vapour pressure at more than two

levels to test the Similarity and the constancy of the Bowen ratio with altitude.

Tall row crops will increase the height of both the lower and upper arm settings considerably, and

therefore the boundary layer considerations set the limit to the type of vegetation over which the

Bowen ratio can successfully be employed.

Due to the attenuating nature of the water vapour pressure and air temperature gradients, the points

at which gradient differences are measured must be as close to the ground as possible, with the greatest

possible displacement between the two points, the limits being set by the above two constraints.
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Fig. 2.4 Diagrammatic representation of the two-dimensional internal boundary layer problem (after
Rosenberg 1974, Oke 1978, Brutsaert 1982, Raupach and Legg 1984 and Heilman et at. 1989). Notation: d
is the zero-plane displacement (the mean height of momentum absorption by the rough surface) (Thom
1972), h is the mean canopy height and tiierefore the roughness-element height, and z0 is the roughness
length. Also shown are typical macro-scale profiles of air temperature T and specific humidity q. The inner
layer is characterized by strong gradients, the convective mixed layer by the lack thereof, and the top of the
PBL by a step
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The thickness of the internal boundary layer 8, may be calculated using the Munro and Oke (1975)

equation for stable conditions:

8=x0Bz°o
2 2.29

where x is the fetch (m) and zo is the momentum roughness length of the surface (m). Instability will

increase boundary layer thickness (Heilman etal. 1989).

2.11 A description of atmospheric conditions and the planetary boundary layer

2.11.1 Introduction

In laminar boundary layers, the transfer of momentum, mass and sensible heat is determined by the

vertical atmospheric concentration gradient profiles, as well as by diffusivities associated with

molecular agitation. Laminar conditions are, however, almost always displaced by a turbulent

boundary layer found above vegetated surfaces during the sunlight hours. In turbulent transfer theory,

the same transfer principles are thought to apply, but the diffusivities are associated with turbulent

eddies (which are larger by many orders of magnitude) {eg. Arya 1988).

The terminology in the literature pertaining to the various atmospheric layers is extremely

ambiguous, and needs some general clarification. The atmospheric or planetary boundary layer

(PBL) is that layer of air in the immediate vicinity of the earth's surface in which significant exchanges

of momentum, heat and mass occur (eg. Arya 1988). Sharp variations in the properties of flow of

variables such as wind velocity, air temperature and mass concentration also occur in the boundary

layer. The PBL extends upwards to a fairly sharp boundary between the irregular, turbulent motions

within, and the considerably smooth laminar flow of the free atmosphere above the PBL to a height of

the order of 103 m varying from 100 to 2000 m (Elliot 1958, Bratsaert 1982 (Fig. 2.4), Arya 1988).

Of more interest to micrometeorologists is the inner or internal boundary layer IBL which is

defined by Brutsaert (1982) as the region of the atmosphere affected by a step change in the surface

conditions. In other words, it is the height up to which a disturbance (a step change in surface cover)

has been propagated (see Fig. 2.4), and is thus the appropriate layer in which to perform

micrometeorological measurements. It may extend from 1 m (in extremely stable nocturnal inversion

conditions) to 500 m (in convective, unstable conditions).

Most work on boundary layer theory deals with wind speed (or momentum) profiles as these are

more easily measured than the entities of heat and water vapour which are then commonly assumed to

follow the same rules.

Measurement of the extent of the IBL is difficult as it fluctuates depending on the atmospheric

stability conditions, the fetch and the stage of crop growth (via the influence of the momentum

roughness length of the surface, zo, where zo « 0.13 h, where h is the canopy height) (Brutsaert 1982).

The depth of the turbulent boundary layer, 6, is however mainly related to the extent of the uniform

upwind fetch. The thickness of the internal boundary layer 5 is dictated by wind speed profiles or

momentum transfer considerations, and oftentimes the subscript m notation is used (much as the

roughness length zo should strictly be denoted zom). The depth or extent of the inner layer, then, may be

calculated using the Munro and Oke (1975) power equation (Eq. 2.29) for stable conditions.

This equation was developed for neutral stability, but its use under unstable conditions would be
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expected to increase boundary layer thickness (Munro and Oke 1975, Heilman et at. 1989). The

momentum roughness length may be obtained from wind speed profiles, or from the approximation

zo » 0.13 h (Tanner and Pelton 1960) (Table 2.4).

Using these values in Eq. 2.28, with a range of fetches, we note that the boundary layer thickness is

most dependent on the fetch and only slightly dependent on the roughness of the cover, as is evident

from Table 2.5. The IBL makes up about 15 % of the total atmospheric boundary layer ABL, but of this

15 %, most is made up of a transition zone2. This layer is in the process of reaching complete

equilibrium with the characteristics of the new surface over which it is now flowing.

Air flowing from smooth-to-rough surfaces must decelerate from the ground upwards due to the

increased shear stress caused by the greater surface roughness (as indicated by the roughness length zo),

and the wind speed profile therefore deviates from the logarithmic wind speed profile.

The lowest portion of the transition zone which has become fully adjusted is termed the

equilibrium sublayer (6'), which implies that the wind speed profile is now fully logarithmic (Munro

and Oke 1975). This layer which has come into water vapour, air temperature and momentum

equilibrium with the new surface over which it is flowing (Fig. 2.4) has been defined by Bmtsaert

(1982) as the fully turbulent region where the turbulent fluxes do not change appreciably from their

value at the surface, i.e. the momentum flux density is within 10 % of the value at the surface.

The extent of this equilibrium sublayer has been found to be approximately 10 and 5 % for air

Table 2.4 Typical values of roughness length zo for canopy heights h between 8 and 1540 mm
calculated using zo « 0.13 h

Canopy height h (mm)

Roughness length zo (mm)

8 20 50 100 200 500 770 1540

1.0 2.6 6.5 13 26 65 100 200

Table 2.5 The extent of the IBL (5), in the body of the table, as a function of fetch (x) and surface
roughness zo calculated using Eq. 2.29

Fetch x(m)
5
15
30
70

300
5000

1.0
0.9
2.2
3.8
7.5

24.1
228.7

2.6
1.1
2.7
4.6
9.1
29.2

276.8

Roughness

6.5

1.3
3.2
5.5
10.9
35.0

332.5

13
1.5
3.7
6.4
12.6
40.2
381.9

length zo(mm)

26

1.7
4.2
7.3
14.4
46.2

438.7

65
2.1
5.1
8.8
17.3
55.5

526.9

100
2.3
5.5
9.6
18.9
60.5

574.3

200
2.6
6.3
11.0
21.7
69.5

659.8

In the transition zone the shear stress is expected to vary with height, which is in contrast to early
theories which assumed equilibrium in the transition zone, thereby leading to the misnomer for
this layer - the equilibrium sublayer
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flowing from relatively smooth-to-rough and rough-to-smooth transitions respectively (Bnitsaert 1982),

and is thus estimated from:

= 0.1.x z0 . 2.30

The major portion of the equilibrium layer is the upmost inertial sublayer where an assumption of

constant stress is not too far from the truth, for the first few tens of meters (Bnitsaert 1982).

Flux-gradient type (K-theory) models that are based on assumptions of constant shear and require

measurements to be made within this layer. Bnitsaert (1982) pointed out that constant shear and stress

imply that the wind speed profile has adjusted to be fully logarithmic, and the flux densities are

therefore nearly constant with height However, it has been found possible to successfully fonnulate

Similarity hypotheses without this constant stress assumption (Bnitsaert 1982), thereby strengthening

the argument in favour of the assumption of Similarity used in the BREB method.

In the lower portion of the inertial sublayer under non-neutral conditions, is found the dynamic
sublayer in which water vapour and sensible heat may be considered passive admixtures, and so do not

affect (and are not affected by) the flow of air and momentum. Under neutral conditions, the whole

equilibrium sublayer takes on these characteristics. It follows that for other than neutral conditions, in

the majority of the equilibrium layer, the movement of water vapour and sensible heat are actively

strengthened or suppressed depending on the atmospheric conditions. Instability leads to eddies which

are larger in their vertical than their horizontal dimension. This aids buoyancy, compared to stable

conditions where vertical movements are damped by the opposite set of circumstances (eg. Thorn

1972).

In the upper portion of the inertial sublayer, the surface-defined scales of surface roughness element

height h, breadth /, and separation D, are not dynamically significant, and so the friction velocity «„

(which scales the constant momentum flux density), and the element height itself are the only factors

which control the flow (eg. Thorn 1972).

Very close to the roughness elements of the surface, the turbulence structure is influenced by the

wakes generated by the elements, establishing a roughness sublayer (Raupach and Legg 1984) as

illustrated diagrammaticaliy in Fig. 2.4. This roughness sublayer is influenced by factors such as the

distribution and structure of foliage elements and the spacing between plants (thus no simple

expression for an exchange coefficient for any entity K is possible without including h, I and D).

It is well known (Corsin 1974) that gradient-diffusion models such as are applied in the BREB

method can only be justified when the length scale of the turbulence is much smaller than the length

scale over which mean gradients must change appreciably. In inhomogeneous turbulence such as is

found in this layer, these two length scales are of the same order (Tennekes and Lumley 1972), so

measurements should not be taken within this layer. In the literature, the roughness sublayer has also

been termed the canopy, interfacial, viscous or internal equilibrium sublayer. The roughness sublayer is

the lower portion of the boundary layer where the viscosity and the molecular nature of Kh and Kw must

be taken into account Over a rough surface it extends to a height of approximately 1.5 to 3.5 h

(Bnitsaert 1982).

The description of the boundary layer affected by the surface conditions may best be illustrated by

schematic representations of the profiles of wind speed, air temperature and water vapour pressure. The

wind speed profile before and after a rough-to-smooth change in surface roughness caused by taller
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Fig. 2.5 Schematic showing the development of the inner boundary layer and the associated
modification of the wind speed profile after a step change in surface roughness. The wind speed is a
function of height as well as of the friction velocity, utJ and u«2, and of the surface roughness zol and
zo2 which change with the variations in surface roughness (after Arya 1988)

vegetation is shown (Fig. 2.5). The wind speed over the smooth surface («j) is a function of the

roughness height zol and friction velocity u#I that describe that surface (as well as height above

ground). The modified flow (u2) is a function of the modified parameters zo2 and w.2 (as well as height

above ground).

The profiles of air temperature (T) and water vapour pressure (e) as a function of fetch over a dry

to wet change in surface cover, as well as of height are shown (Fig. 2.6). The profiles at positions 2 and

3 show the inadequacy of measurement of profiles wife insufficient time to adjust to the new

conditions. Only at the greatest fetch distance (extreme right of Fig. 2.6) would gradient measurements

have become representative of the profile.

2.11.2 Boundary layer limitations on the placement of sensors

Campbell (1973) pointed out that Bowen's ratio was that of the ratio of turbulent sensible and latent heat

fluxes and the measuremenis must therefore be carried out only in the turbulent region of the PBL. Campbell

(1973) further noted mat the atmosphere is laminar close to the surface for varying thicknesses, and this

may differentially affect the transfer of heat or water vapour. Thus, if the laminar layer is thin, little

difference will be evident, but under windless free-convection conditions, the growth of this layer may

selectively hinder transport.

Since the roughness characteristic of the surface governs the thickness of the internal equilibrium

sublayer, it establishes the lowest height setting of the lowest measuring sensor • used in

aerodynamically based studies to obtain adequate horizontal spatial homogeneity. The minimum sensor

height is governed by the vertical amplitude of surface roughness, with the implication that the rougher
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Fig. 2.6 Schematic showing the adjustment of atmospheric water vapour pressure (e) and air
temperature (7) profiles as air passes over a discrete change in surface conditions. The vertical scale is
greatly expanded compared to the horizontal (after Webb 1965)

the surface the further removed from the surface the sensors must be. As mentioned previously, as a

rule of thumb, five times the roughness structure3 may be used as the lowest measuring height (where

horizontal palchiness of air temperature and water vapour pressure measurements are smaller than the

sample height) (Tanner 1963, Brutsaert 1982). Garratt's (1978) data indicated a minimum level of three

to five times the roughness element height. Consequently the minimum level should be set

conservatively high to decrease the risk of error. Under limited fetch conditions, most workers have

however used a minimum level that is much lower than that suggested by Garrat (1978).

The principle of profile-based theories, according to Brutsaert (1982), requires a uniform upwind

fetch of some 50 to 100 m at the least for measurements to be taken up to 1 m above ground. This

implies that to take all wind directions into account, the measurements must be done in the center of an

area of uniform cover large enough to allow the development of an internal boundary up to the

measurement height (Fig. 1.1). Furthermore, it is required that wind over the fetch has come into

equilibrium wilh the evaporating surface and is thus representative of the energy flux density

conditions at the point of measurement. A further prerequisite is that the sensors are placed within that

boundary layer, and in the "safe" region of the atmosphere as indicated in Fig. 2.7. Thus, it would

seem that although it is desirable to measure exclusively within the equilibrium sublayer, conditions

within the entire internal boundary layer are suitable for flux-gradient measurements.

The measurement of the roughness structure or elements is taken from zo to the top of the average
structure extending above zo (Brutsaert 1982)
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Fig, 2.7 Diagrammatic representation of the "safe region" for flux-gradient measurements

During periods of low p values (when the evaporative energy flux approaches [radiative] ground

heating - which implies no advectian), fetch requirements decrease from the often-quoted

overly-pessimistic values of 100:1 to as low as 20:1 (Heilman et al. 1989). They also concluded that for

Bermuda grass, significant boundary-layer adjustment occurred within the first 15 m of fetch. Table 2.3

summarizes the history of the maximum heighfcfetch ratio, which shows the trend towards shorter fetch

requirements for a given height.

Heilman et al (1989) published an extremely useful paper on the effect of height placement of

sensors and fetch requirements on Bowen ratio measurements. Their calculations indicated that the

Bowen ratio method may be less sensitive to imperfect fetch than other techniques when the Bowen

ratio is small, and confirmed the conclusions drawn by Yeh and Brutsaert (1971). Selirio (1975) had

verified this by finding no significant difference in Bowen ratio values measured at different levels

above a com-field (as long as these measurements were within the equilibrium sublayer4). Heilman et

al. (1989) however also found that the Bowen ratio and its variability increased with measurement

height, but the measurement heights were starting to extend above the internal layer (no pair of sensors

were placed entirely within the equilibrium sublayer, yet adequate results were obtained (Fig. 2.8)).

4 Whether their "equilibrium layer" refers to the internal layer or not is unclear

Chapter 2 Bowen ratio energy balance method



Evaporation measurement above vegetated surfaces
using micrometeorological techniques Savage, Everson and Metelerkamp

-37

Internal boundary layer

0
Equilibrium sublayer

0
1 i •
20 30 40

1 i *
50 60

1 i •

70 80
Fetch x (m)

Fig. 2.8 Diagrammatic representation of the three height positions of the psychrometer sensor pairs on
three different dates relative to the equilibrium and internal layers (after Heilman et al. 1989). The
arrows represent the four fetch distances 5, 15, 30 and 70 m

2.11.3 Conclusion

A conflict exists between measuring flux-profile variables too close to the surface and too far from the

surface. Unfortunately, no visible phenomenon exists to give a clue as to what level is too low or too

high, and even if one did exist, it would vary continuously according to atmospheric conditions. The

measurements required to ascertain these heights will require equipment often of greater complexity

than that of the experimental equipment. When flux-profile equipment is set up, then, these height

considerations are often not given the attention they deserve, and intuitive guesses at the levels have to

be made.

In summary, sensors for flux-profile measurements cannot be set too low for fear of introducing

"local-effects" thereby not satisfying the assumption of homogeneity of cover. At the same time, the

sensors cannot be too far removed from the surface or else they will be out of the region affected by the

surface conditions. These points are, in fact, the satisfaction of the fetch requirement expressed in
another way.

The problem therefore remains, that due to the attenuating nature of the water vapour pressure and

air temperature gradients, the points at which gradient differences are measured must be as close to the

ground as possible. In order to measure the very slightest gradient, and to increase precision, the

greatest possible displacement between the two points is required. The topmost sensors must therefore

be as high as is practical, the limits for these requirements being set by the above two constraints.

Sharma (1987) pointed out that measurement heights close to ground are desirable since this
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minimizes both advection, and the effect of buoyancy on the exchange coefficients (Eqs 2.6 to 2.9).

Taller vegetation, especially forests, above which gradients are smaller, will therefore substantially
increase the height requirements of the measuring sensors. These requirements may thus limit the
successful use of the method to shorter crops, or, to taller vegetation with very large areas of common
cover and thus extensive fetch.

2.12 Measurement and error considerations

We have used both Bowen ratio and eddy correlation measurement techniques above a variety of
vegetated surfaces: grassland, vineyard and bare soil surfaces. These measurements are reported in
Chapters 3 to 9.

2.12.1 Introduction

It is possible under conditions of only large scale advection to successfully measure evaporation with a
Bowen ratio energy budget system (Fritschen 1965). Areas with different cover and wetness regimes
upwind will introduce local advection effects not accounted for in the conventional Bowen ratio
method. Hanks et al. (1971) noted underestimation errors as large as 45 % from measurements over
small areas of irrigated crop in semi-arid regions. Evidently the vertical flux divergence which occurs
under advective conditions is not small enough to ignore (Dyer and Crawford 1965), and therefore
Bowen ratio estimates need to be augmented by an assessment of advection by measurements of wind
speed and horizontal gradients of air temperature and water vapour pressure. Lang (1973) has
suggested that it may be possible to determine a single height at which to measure these parameters so
as to be most representative of the horizontal advective gradients, and thus the advective contribution.
He stresses, however, that lysimetric calibration is necessary for any advection corrections, and
especially in the determination and use of a single representative height.

Tanner (1963) noted the importance of horizontal spatial sampling to avoid the affects of surface
inhomogeneities which can affect measurements and thereby their calculations of the ratio Kh/Kv.
Sampling by sensors physically travelling on a horizontal arm has been used in the past, but is not
popular due to mechanical complexity. More recently the accepted strategy for adequate spatial
sampling has been the placement of sensors far enough above the surface or canopy to be in the region
where turbulent mixing occurs. This height is limited by the fetch-height constraint (Section 2.7.2) and
since under stable conditions errors due to thermal stratification increase with height, an additional
limitation is imposed.

The error introduced by using the Similarity Principle will always underestimate LVFW, and
therefore overestimate Fh, as during advective periods it is the sensible heat exchange coefficient that
becomes greater than the latent, and thus should increase the "constant" multiplier y (Kh/Kv) in Eq.
2.25. At high levels of latent heat flux density, values of p are small, and an assumption of equality
between Kh and Kv when the two are not markedly different will not lead to serious error in the
estimate of LVFW. When the surface is dry and LVFW small, p values are large and a given departure of
Kh/Kw from unity can lead to almost as large errors in the estimate of LVFV. Corrections to the
assumption of Similarity are therefore required for nearly all sites (Denmead and Mcllroy 1970). It is
evident from Eq. 2.20 that the sensitivity of p is directly related to the measured differences; a one
percent error in a measurement results in a one percent error in P , although if both the differences are
under-estimated, the error cancels somewhat. The size of the error therefore, is directly proportional to
the size of p, under any particular constant energy balance regime.
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Bertela (1989) found situations in which the application of the Bowen ratio energy balance method

has resulted in inconsistent flux density partitioning between sensible and latent heat. From the

unpublished Bowen ratio data of Pampoloni and Paloscia (1985) he isolated examples of periods in the

calculation of flux partitioning which were physically impossible when analyzed according to his

method. The periods he used however, were of dubious merit as he chose early morning or late

afternoon times when the Bowen ratio is likely to fail anyway due to the available energy flux density

approaching zero. When the BREB method does fail due to neglecting advection these solutions must be

discarded, as they must be at the times when p approaches - 1 . Whether the neglect of the advection

term from measurements is permissible cannot be decided until the effect is quantified, and hence

measurement of advection should always accompany the collection of data for use in the BREB

determination of flux partitioning.

Nocturnal evaporation of up to 20 % of the daily total can occur in alfalfa fields due to strong

temperature inversions in spring (Rosenberg 1969), and omitting these periods can significantly

decrease calculated totals. No values for nocturnal grassland evaporation could be found in the

literature.

2.12.2 Practical considerations of the Bowen ratio technique

The Bowen ratio energy balance technique requires familiarity with a number of different sensors (Fig.
2.9, Plate 2.1): fine-wire thermocouples (Fig. 2.10) for the measurement of the air temperature

difference at two vertical points above the canopy, a dew point hygrometer for the measurement of the

water vapour pressure difference (Fig. 2.11), a net radiometer for the measurement of the

above-canopy net irradiance (Fig. 2.9), soil heat flux plates for the measurement of soil heat flux

density at the plate position and soil thermocouples for the measurement of the soil heat flux density

stored above the plate position (Figs 2.12,2.13). All of these sensors are connected to a microprocessor

controlled datalogger. The entire system is powered by at least one battery (at least 75 A h capacity is

desirable) that is charged from a solar panel. For sensors that require power, it is advisable to use

separate batteries for the dataloggers) and sensor(s) with the negative terminal of each battery

connected. This procedure of providing one ground line for the system -will eliminate common mode

range problems. The Bowen ratio information card, describing sensor wiring details and containing a

listing of the Campbell Scientific Inc. 2IX datalogger program (modified to switch off measurements

at night) proved valuable when visiting the research sites (Appendix 1).

The net irradiance and soil heat flux density errors contribute to the overall error in L^, and are

independent of the size of p. From error analyses, the relative error in Lv Fv has been found to be most

sensitive to errors in Ine(. With accurate net radiometers most of the error arises from the soil heat flux

density determinations even though their contribution relative to net irradiance is small. This is due

partly to the accuracy of the net radiometers and to the difficulties encountered with soil heat flux

density determinations. The soil heat flux-related errors introduced by contact between soil and plate,

depth positioning and spatial dissimilarity are constant, while those arising from uncertainties in the

calculation of the stored heat energy content in the layer above the flux plates (due mainly to changes in

soil water content), change with time.

If the separation distance dz between the thermocouples is known (Fig. 2.10), then the air

temperature gradient dT'dz may be calculated. Typically, the distance between the thermocouples is

1 m. The symbols for earth, high (Hi) and low (Lo) indicate that these wires are connected to the earth,

analogue high and analogue low channels of the datalogger. The block connectors (Fig. 2.10) reduce
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BOWEN RATIO MAST

ARM HEIGHTS ADJUSTABLE
FROM 0.5 TO 3 METERS

TEMPERATURE AND Al
INTAKE MOUNTING ARMS

NET RADIOMETER
DEEP CYCLE BATTERY

70 Ah OR GREATER

SOIL TEMPERATURE/HEAT FLUX

GROUNDING ROD

Fig. 2.9 Diagrammatic representation (not to scale) of the Bowen ratio system used. The thermocouples
used for the measurement of air temperature are at the end of the intake mounting arms. Also shown is
the lightning rod and grounding rod, the net radiometer for the measurement of net irradiance IneP the
solar panel and the housing for the datalogger and the cooled dew point mirror, flow meters and
solenoids (taken from Campbell Scientific Inc. documentation)

the conduction of heat energy (mainly from absorbed solar irradiance) to the point of temperature

measurement. At both the upper and lower temperature measurement levels, the thermocouples are

each connected in parallel. This configuration allows for continued air temperature measurement even

if one of the thermocouples are damaged. Ideally, for greatest measurement accuracy, the upper and

lower thermocouples should be radiatively similar. Spider webs and the like can invalidate

measurements. Differential radiative heating of the thermocouples due to dissimilarity between the two

thermocouples, (due perhaps to spider's web or other deposits of dirt on one sensor and not on the

other), especially at the peak radiative load directly after a cloud pass, can increase the measured

temperature difference. This results in a smaller Bowen ratio and thus an overestimated Lv Fw.

The theory illustrates that measurement of Inep Fs, and T and 1 at two heights are required for

estimating LVFW and Fh (Eqs 2.18 to 2.20). Atmospheric pressure should also be known but may be

estimated from altitude and the atmospheric pressure at a nearby site: a 4 % change in atmospheric

pressure results in about a 4 % change in LVFW, The main assumptions are that the exchange

coefficients are equal and that advection is negligible.
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Plate 2.1a Two sets of Bowen ratio equipment located in Cathedral Peak Catcliment VI. At the end of
each of the two horizontal arms is a fine wire thermocouple for air temperature measurement. For water
vapour pressure measurement, air is drawn through a cup containing a filter; 1 b eddy correlation
equipment. The KH20 krypton hygrometer (extreme right), the CA27 one-dimensional sonic
anemometer (third from right), the fine wire thermocouple and a net radiometer (extreme left); lc Eddy
correlation equipment. CA27 one-dimensional sonic anemometer arms (upper and lower portions) and
the fine wire thermocouple (middle)
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Chromel

Constantan

Thermcouples
in parallel

Block connectors dT

Thermcouples
in parallel

dz

Constantan\ _

Chromel
Fig. 2.10 Diagrammatic representation (not to scale) of a pair of Bovven ratio (chromel-constantan)

thermocouples used to measure the air temperature difference dT(°C) at two points (typically dz = 1 m)

above canopies (adapted from Campbell Scientific Inc. documentation)

J V

J V-
Air intakes

at two 2 liter containers
heights extends the time

constant of water
vapour pressure
measurements

Solenoid valve controls
which input goes to the

cooled mirror. Switching
is every 2 min

Adjustable
flow meters

Fig. 2.11 Diagrammatic representation (not to scale) of the Bowen ratio water vapour pressure

measurement system. Datalogger-controlled solenoid valves, switched every 2 min, pass air from one

of two levels to a single cooled dew point mirror. Typically, the two intakes are 1 m apart (adapted

from Campbell Scientific Inc. documentation)
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Soil surface

60 mm

80 mm
Soil heat
flux plate

Fig. 2.12 Diagrammatic representation of the placement of a soil heat flux plate and soil thermocouples

for the measurement of Fsoj! = G + Fltored and the change in soil temperature dTmil over the time

interval between consecutive datalogger data outputs (typically 20 min)

To datalogger

40 gauge
chromel-constantan

24 gauge
chromel-constantan

40 gauge
chromel-constantan

Fig. 2.13 Diagrammatic representation (not to scale) of spatial averaging thermocouples for measuring
the soil temperature difference at two points 100 mm apart in soil. This measurement allows the soil
heat flux density above the soil heat flux plates to be determined
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2.12.2.1 Net irradiance Inet

A net radiometer needs weekly attention. The net radiometer domes should be checked for dirt and

punctures. If the domes have a "milky white" appearance, they should be replaced and, ideally, the net

radiometer recalibrated at the same time. The sensor should be recalibrated at least twice a year. Net

irradiance measurements Inet are fundamental to the Bowen ratio technique, as the defining equations

illustrate.

2.12.2.2 Water vapour pressure e measurements

Accurate water vapour pressure measurements with a resolution of ± 10 Pa are possible using cooled

dew point mirror sensors with a resolution of ± 0.003 °C. The limitation of the commercially-available

Dew-10 is the 0.05 °C sensor stability. Some workers have used two sensors (expensive and sensor

difference errors can occur), or an oscillating boom-type arrangement to minimize the cost and reduce

errors. More commonly though, only one sensor is used with air being sucked from the one height and

then from the other.

2.12.2.3 Air temperature T measurement

Chromel-constantan thermocouples (TCs) (25 or 75 um diameter) are used. We have used the 75 urn

diameter TCs. Radiation shielding may be unnecessary if the sensors are exposed to the same radiant

energy heating. It is a good idea to have two TCs at each height in parallel and thus average the

measured temperatures. Also, if one sensor is damaged, the system will continue functioning. Sensors

need to be checked frequently for cleanliness and symmetry between the two levels.

2.12.2.4 Soil heat flux density Fs

Soil heat flux plates, if placed too close to the surface, disrupt energy and mass flow in soil. It is

therefore better to bury them at a typical depth of 80 mm and use thermocouples to estimate the heat

energy flux density stored above the plate (Fslored) that should be added to the amount G sensed by the

plate at adepth of 80 mm (Fig. 2.12) (technique attributed to Tanner 1960):

, *** 2 - 3 1

where

F:tored=stOKd energy/(area x time) =MsoildTsoi,csJ(aisaxtime) = PsouV^dT^c^izaa. x time)

= ?«*** dT^C^dt 2"32

where pJ0,7 is the bulk density of the soil, and the soil depth bz = 0.08 m. The term dTiDn is m e change

in soil temperature during the datalogger output interval between the 20 and 60 mm soil positions (Fig.

2.12), csoit is the specific heat capacity of the soil and dt is the time interval between consecutive

datalogger output storage (typically 1200 s). The specific heat capacity of the soil is calculated as the

specific heat capacity of dry soil plus that of water using:

C
Soil=Cdsoil+KC

V/
 2 - 3 3

where c^i is the dry soil specific heat capacity, Qm is the soil water content (mass basis in kg water per

kg soil) and cw - 4190 J kg*1 DC"\ the specific heat capacity of water.

The disadvantage of this method is that one needs to know the soil water content, soil bulk density

and the specific heat capacity of dry soil. Frequent destructive sampling to determine the soil water
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content is a disadvantage of this procedure. In view of soil spatial variability, it may be advisable to
measure soil heat flux density Fs at a number of points and average these measurements using
datalogger techniques. Unless otherwise specified, two measurement points are routinely used.

2.12.2.5 Soil temperature

This measurement is above the soil heat flux plate in order to calculate the stored soil heat energy
above the plate. Typically the probes horizontally in soil at depths of 20 and 60 mm below the soil
surface. The probes have been wired to average these two measurements (Figs 2.12, 2.13) but occupy
only one datalogger channel.

2.12,2.6 Sensor height and separation

For short grassland canopies, most workers have used a separation distance of 1 m with the lower arm

being at a height of 0.5 m above the canopy surface. Under conditions of low water vapour pressure

differences between the two measurement positions (Fig. 2.9), it may be necessary to increase the

separation distance to 1.5 or 210 m. For a given fetch, there often has to be a compromise between the

lower arm distance as well as the separation distance. These distances may have to be changed

depending on the measured water vapour pressure and air temperature differences and canopy height

2.12.3 Practical considerations of the eddy correlation technique

The eddy correlation technique is regarded by many as an absolute technique in that sensible and latent
heat flux densities are calculated directly and independently. For the determination of latent heat flux
density, the technique relies on the covariance between the vertical wbd speed and absolute humidity
fluctuations. For these determinations, net irradiance Ine, and soil heat flux density Fs are not required.
However, it is possible to cross-check eddy correlation measurements by such lnet and Fs measurements
and ensuring that the energy balance is valid (Eq. 2.3), Vertical wind speed fluctuation is measured
using a sonic anemometer (Plate 2.1b), the absolute humidity measured using a krypton hygrometer
and the air temperature fluctuations measured using a fine wire thermocouple (Fig. 2.14). These
sensors are expensive compared to the sensors used in the Bo wen ratio technique. The eddy correlation
sensors are fast responding sensors (usually allowing ten measurements per second). Furthermore, the
eddy correlation sensors do require more intensive use of microprocessors or computers for the
determination of the fluxes. Unlike the Bovven ratio technique which requires the measurement of air
temperature and water vapour pressure at two levels in the atmosphere, the eddy correlation technique
requires measurements at one level only. It would appear that the technique has similar fetch
requirements to the Bowen ratio technique; this aspect is discussed in Chapter 8. The eddy correlation
information card, describing sensor wiring details and containing a listing of the 2IX datalogger
program proved valuable when visiting the research sites (Appendix 2). Sensor error checking details
are described in Chapter 4 and in Appendix 2 in more detail.
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Fig. 2.14 Diagrammatic representation (not to scale) of the Campbell Scientific CA27 fine-wire

chromel-constantan thermocouple used as part of the eddy correlation system for the measurement of
air temperature fluctuations
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Chapter 3

The logistics of calculating flux densities
from Bowen ratio data

3.1 Abstract

A theoretical basis is used to specify the so-called "temperature dependent constants" needed to

calculate Bowen ratio latent and sensible heat flux densities. One of these constants, the psvchrometric

constant y, determines the value of the Bowen ratio, latent heat and sensible heat flux densities. These

constants may also be temperature, water vapour and atmospheric pressure dependent. The effect of not

accounting for the temperature, water vapour pressure and atmospheric pressure dependence of the

constants is not insignificant. The error in the Bowen ratio due to not correcting the psychrometric

constant for these factors is related to the ratio of the uncorrected to the actual psychrometric constant.

This error can range between -2 and 16 % for air temperature between 0 and 40 °C and water vapour

pressure varying from 0 to 2.0 kPa. The error in not correcting the "temperature" dependent constants

on sensible heat results in an underestimation by between 8 % and 5 % for air temperature varying

between 0 and 40 °C and water vapour between 0 and 2.0 kPa. Latent heat is overestimated by between

0 and 6 %. The error magnitudes are not insignificant and may be larger than evaporation

measurements between different research sites. The errors may be avoided using the equations

developed in this chapter.

The logistics of calculating sensible and latent heat flux density from measurements of net
irradiance, soil heat flux density and the measurement of time-averaged air temperature and water
vapour pressure differences are discussed. Criteria for the rejection of "bad" data corresponding to the
Bowen ratio tending to -1 are presented. An error analysis showed that the major contributor to total
error in latent heat is the error in the measurement of the water vapour pressure gradient. When
evaporation rates are high, the relative accuracy in latent heat is good, even with a poorly measured
Bowen ratio p. When p becomes large and evaporation less, the absolute error is smaller due simply to
the smaller values, but the relative error increases. Some practical error aspects of the Bowen ratio
technique are discussed.

The most limiting factor in the routine use of the Bowen ratio system in remote sites is that of the

electronic bias of the dew point mirror system. Our experience has shown that, for accurate

measurements, the system needs to be checked and the electronic bias adjusted approximately every

four days.

From Bowen ratio data we calculated a generalized exchange coefficient K. For the time period of
the experiment, we obtained an average of 0.239 m2 s"J. We proposed a back-calculation method that
enabled latent and sensible heat flux densities to be calculated from a priori knowledge of K and
measurement of the air temperature gradient (for sensible heat) and water vapour pressure gradient (for
latent heat). A "standard deviation" method, based on measuring the ratio of the standard deviation in
air temperature and water vapour pressure (over a 20-mimite period say) is discussed. The method does
require equally responsive air temperature and water vapour pressure sensors. The advantage of the
method is that measurements at one atmospheric level only are required.
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3.2 Theory

3.2.1 Introduction

This section is concerned primarily with accurate expressions for the calculation of so-called

"temperature dependent constants" used in energy and mass transfer expressions. Such constants affect

the value of the calculated Bo wen ratio and the resultant latent and sensible heat energy flux densities.

Furthermore, we will show that the rejection criteria of Bowen ratio data is based on the so-called

psychrometric constant y. Hence a full understanding of y is important.

3.2.2 Acceleration due to gravity

Atmospheric pressure and air density depends on the acceleration of gravity. The acceleration of

gravity (m s'z) is in turn dependent on latitude cp (in degrees) and altitude h (m). Values of the

acceleration of gravity have been published by Weast (1989) for various latitudes. A quadratic equation

in latitude cp was fitted to the tabled data of Weast (1989) and an altitude correction (h in m above

sea-level) applied. The equations obtained, with g in m s'2 and h in m, are:

g = 9.779890 + 0.00014155 cp + 1.00545xl0~5 cp2 - 0.3086 A/1000000 3.1

for latitudes between 0 and 45° and

g = 9.738225 + 0.0019533 <p- 1.00423xl0~5 (p2- 0.3086 h/1000000 3.2

for latitudes between 45 and 90°. The analysis of variance tables for some of these calculations are shown

(Table 3.1). For Cathedral Peak, for example, cp » 29.4833 ° and h = 1935 m so that g = 9.79221 m s2. For

Pietermaritzburg, cp « 29.5833°, h = 684 m andg = 9.79267 m s'2.

3.2.3 Density of air and total atmospheric pressure

This section deals mainly with the affect that altitude, air temperature and water vapour pressure have

on the density of air and atmospheric pressure. Below an altitude of about 750 m, the corrections may

be insignificant but in the case of Cathedral Peak, the corrections are necessary. The density of air p

refers to the total density of air. Ignoring the contribution that carbon dioxide makes to the total density

p of air, p = pw + Pd where the density of water vapour is pw=Mwe'RT, the density of dry air

pd=Md (P - e)/R T, and Mw the molecular mass of water, Md the molecular mass of dry air, e the

water vapour pressure (Pa), P the atmospheric pressure (Pa), R - 8.31451 J mol"1 K'1 the Universal gas

constant and T (K) is the air temperature. Assuming that the atmospheric pressure P at an altitude h is

that at sea-level less the pressure due to the overlying air of depth h, so that

P = Po-pgh, 3.3

we have:

p =MW e/R T+Md (Pg-pgh-eyR T.

Rearranging, p RT=MW e +MdPo -Md pgh ~Md eorpfiJ T+Mdg h) = -e (Md-Mw) +MdPo

5 If the atmospheric pressure is in kPa, then the altitude should be in km. If the pressure is in Pa, the
altitude should be in m
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Table 3.1 Analysis of variance Hata for the calculation of the acceleration of gravity for a given latitude

Constant

Std Error of Y Estimate

R Squared

Number of Observations

Degrees of Freedom

X Coefficient(s)

Std Err of Coef.

Constant

Std Err of Y Estimate

R Squared

No. of Observations

Degrees of Freedom

X Coefficient(s)

Std Err of Coefficient

Regression Output:

1.4155E-04

1.7B02E-05

Regression Output:

1.9533E-03

4.8995E-05

0 to 45 degrees

9.779890

0.0002579

0.99910

22

19

1.005454E-05

3.61B87E-07

45 to 90 degrees

9.738225

2.62B657E-04

0.99908

22

19

-1.00423E-05

3.6879BE-07

and hence

p = [-e (Md-Mw) +MdPoy[RT+Mdgh]. 3.4

If e is in kPa, then the molecular masses Md andMw must be in g mol"1 and h in km. If e is in Pa, then

Md andMw must be in kg mol"1 and h in m. SinceMd= 0.028964 kg mol' \MW= 0.01801534 kg mol"1,

R = 8.31451J K1 mo!*1 (Weast 1989), g = 9.79221 m s"2 for Cathedral Peak and Po = 101325 Pa:

p = [-0.01094866 e + 2934.7773]/[8.31451-(7\ +273.15) + 0.28362157 h] 3.5

where p is in kg m'3, e in Pa, Td is the air temperature in °C and h = 1935 m. The density of air p is
therefore atmospheric water vapour pressure, air temperature and altitude dependent. If the corrections
for the acceleration of gravity are applied (Eqs 3.1 or 3.2), then p is also dependent on latitude. A
density of air of 1.211 kg m"3 corresponds to that at a relative humidity of 50 %, 20 °C and 101325 Pa
atmospheric pressure (that is, at sea-level) (Kaye and Laby 1986). The value of 1.12 kg m'3 given by
Fritschen and Gay (1979) on their page 17 presumably should be 1.21 kg m'\ A comparison of our p
calculations with those from Kaye and Laby (1986) show excellent agreement (Table 3.2). The density
of air is more sensitive to air temperature changes than to water vapour pressure changes (Fig. 3.1).
Our calculations have been checked against those (for a relative humidity^ of 50 % for atmospheric
pressure varying between 80000 and 106000 Pa) presented by Kaye and Laby (1986). The differences
between their and our calculations are shown (Table 3.2). For Cathedral Peak {h = 1935 m), p = 0.9656
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Table 3.2 Comparison of the density of air (p, kg m*3) values calculated using Eq. 3.5 as a function of
atmospheric pressure (first row of each air temperature set) and that presented by Kaye and Laby (1986, p
18) shown on the second temperature row and indicated by K&L. The Kaye and Laby (1986) value
accounts for the contribution that carbon dioxide makes to the total density of air. The atmospheric pressure
(kPa) is indicated in the top row of the table and the water vapour pressure (kPa) is shown in the second
column. The relative humidity is taken as 50 %. The third row for each temperature set represents the
percentage difference between the two calculations relative to the Kaye and Laby (1986) tabled value

T
6

6

8

1

10

10

12

12

14

14

IE

16

18

IB

20

20

12

11

14

14

U

U

21

»

30

30

e

J054
Ki t ,

.4675
K i L

.53(4
K&L

.61*0
K*L

.7011
K&L

.7593
K&L

.9091
K&L

1.0320
KAL

1.1691

K&L

1.1219

K&L

1.4919

K&L

1.6806

K&L

1.1891

K&L

•0
0.997

0.997

0.01

0.989

0.919

-0.01

0.912

0511

0.0}

0.975

0.974

-0.05

0.8(7

0.967

-0,03

0.9(0

esto
-0.02

0.953

D.9S3

- M l

0J>«

o.s«
-0.00

0.939

0.939

-0.00

0-9JZ

0J3I

-0.11

0.925

0.924

-an
0.911

0.9(7

-0.12

.911

.910

-0.12

11

1.009

1.009

-0.04

1.001

1.002

0.O6

0.594

0.994

41.00

osn
0.517

0.03

0.979

0.579

-o.os
0J72

DJ7I

-O.02

0.965

O.M5

-0.01

0.MB

0,958

0.01

0.951

0.S50

-0.09

0JH4

0.943

4>,01

0.937

axt
-0.07

OJJ0

0319

-O.07

0312
Q.m

-0.04

I?

1.S22

1.012

0.01

1.014

1.014

0.02

1.006

1.006

•0.04

0.999

0.999

aoi
0.992

a 991
-0.06

0.914

0.584

-0.U

0.977

0.577

-0.00

0.970

0.969

-0.D8

0.963

0.961

-0.06

0.955

0.955

-0,05

O.94S

0.941

-0.03

0.941

0.941

-0,02

O.9J4

0.933

41.12

13

1.034

1.034

-0.0J

1.016

1.0K

-a oi
1.019

1.019

0.0]
1.011

1.011

-0.02

1.004

1.004

O.03

0.996

0396
41.03

0.919

0.919

0.00

0.9 82

0.981

41.07

0.974

0J74

-0.04

0,967

0967

-a 02

0.9(0

0.959

-aio
0JS3
0JI2
-O.DS

0.946

0.945

4106

S4

1.047

1.046

-0.08

1.039

1.039

0.04

1.031

1.011

0.00

1.02J

1.023

-0.04

1.016

1,016

0.02

1.008

1.008

•0.04

1.001

1.001

O.01

0.994

0.993

-0.06

0.916

fISK

•0.02

O.97S

O.97S

-0.09

osn
0.971

-0.06

0.9(4

0.964

-0.04

0.957

0.956

•0,11

15

1.059

1.059

-0.03

1.051

1.C61

-0.00

1.043

1.043

-0.03

1.036

1.036

0.04

1.011

1.021

0.00

1.020

1.020

4J.04

1.013

1.013

0.01

1.005

1.005

•0.04

0.991

O.WI

•0.00

0,991

0.990

-0.06

o.no
0.JJ3

-0.03

0J76

0J75

-0.05

0.969

DJ61

41.06

U

1.072

1.071

-0.07

1.043

1.0(4

0.0*

1.056

LO«

0.04

1.041

1.041

0.02

1.040

1.040

-0.01

1.032

1.032

-0.H

1.025

1.025

0.01

1.017

1.017

-0.03

1.010

1.009

•0.0S

1.002

1.002

•0.04

0.995

0.954

-0.09

0.917

0.917

•0.05

0.910

0.979

-0.11

17

1.014

1.014

-0,02

1.076

1.076

0.02

L068

1.068

0.01

1.0(0

1.0(0

-too
1.052

1.0S2

-0.02

1.045

1.044

-0.05

1.037

1.0J7

0.01

1.019

1.029

-aoi
1.022

1.021

•Mi

1.014

1.014

-0.01

1.007

1.006

-<L05

0.999

asn
-0.10

0.9«
0.991
•aos

11

1.097

1.096

41,07

ton
1.011

41.02

1,B»O

1.010

-0.02

1.072

1.072

•0.02

1.0(4

1.0(4

-0.03

1.057

1.0M

41.05

1.049

1.049

0.01

1.041

1.041

•0.01

1.033

1.033

41.04

1.016

1.015

-0.01

1.011

j.aii

41.02

1.011

1.010

-0.06

1.003

1.002

4).1O

K

1.109

1.109

41.02

1.101

LIOI

0.04

1.M2

1.093

0.05

1.0*4

1.014

41.04

1.076

1.07S

-D.OS

1.069

1.061

-O.K

1.061

1.061

aoi
I.DS3

1.053

0.00

1.045

1.04S

41.02

1.031

1.037

41.05

1,030

1.019

41.01

1.021

1.022

41.02

L015

1.014

-O.OS

90

1.122

1.121
4L06
LIU
Lin
0.00

1.105

LIDS

0,02

1.097

L097

0.03

1.019

LOB

0.03

1.011

1.011

0.03

1.071

1.073

O.02

1.0(5

1.DC5

0.01

1.057

1.057

4LD0

1.049

1.049

41.02

1.041

1.041

-3.05

1.034

1.033

-D.07

1.01*

L025

-0.10

91

1.134

1.134

•0.01

1.115

1.12i

0.04

1.117

1.117

-0,01

1.109

1.109

0.0)

1.101

1.101

0.02

1.093

1.093

0.03

1.085

1.015

0.03

1.077

1.076

-0.07

1.0*9

1.0(3

-101

1.0(1

1.0(1

0.00

1.053

1.053

-0.01

1.045

1.045

-0.03

1.038

1.037

-0.05

92

1,147

1.146

•OM

1.I3I

1.131

0.02

1.119

1.129

4UI3

1.111

1.121

41.01

1.113

1.113

0.01

1.105

1.105

0.01

1.097

1.09«

-O.06

1.M9

1.0JI

-0,06

I.OS1

1.010

-0.06

1.073

1.071

41.06

1.065

1.0(4

41,07

1.057

1,056

-O.Oi

1.049

1.041

41.10

93

1.159

L15J

41.01

L150

1.150

4U)1

L142

L141

0.03

1.1J3

1.133

41.03

1.125

1.115

-0.00

L117

L117

0.02

1.109

1.1DI

41.M

1.101

1.100

41.05

1,092

1.091

41.04

1.0S4

1.0S4

41.04

1.076

I.07G

41.04

1.0(8

1.0(8

41.04

1.060

1.0(0

41.115

94

1.171

I.I7I

.0.05

L i d

I.16J

0.04

L154

1.154

am
1.146

1.146

a 04
I.I37

1.137

-O.01

1.119

1.119

0.01

1.111

1.120

4L05

L l l l

LI 12

4L04

1.104

1.104

-0.01

1.096

1.096

-O.0I

i.on
I.DH

4L01

l.OB

1.079

-a 09
1.072

1.071

-0.09

95

1.114

1.114

-0.01

1.175

1.175

OJ}1

1.1(6
1.1(6
-0.02
i.ia
1.151
0.01

1.149

1.149

-0.03

1.141

1.141

0.01

1.133

1.131

-0.05

1.124

1.114

4L02

1.116

1.116

.0,00

LIN

1.107

-0.01

1.100

1.099

•0.06

1.092

1.091

•0.05

1.0U
1.013
-0.04

96

1.197
1.19«
-0.05
1.117
l.in
0.06

1.173

1.179

BJ13

1.170

1.170

0.00

1.161

1.161

41.04

1.153

1.151

0.01

1.145

1.144

41.05

U K

1.136

41.01

1.121

1.121

0.01

1.120

1.119

•0.05

1.111

1.111

•0.03

1.103

1.103

41.01

1.095

1.094

41.09

97

1.209

L209

4>.00

1.200

LIDO

0.03

L191

1.191

0.01

1.111

1.111

41.112

1.174

1.174

0.04

1.165

1.165

ana
1.156

1.156

-0,04

1.141

1.141

41.00

1.140

1.139

49.06

1.131

1.131

•0.03

1.123

1.112

41.09

1.115

1.114

41.06

1.106

1.106

41.04

91

LI 22

1.231

41.04

iaii
1.211

41.01

1.203

U 0 3

4L02

LI 94

1.195

aos
1.1 IS

LIU
0.03

1.177

L177

.0,00

1.1U

1.1(1

-0.04

1.1(0

1.1(0

0.01

1.151

1.151

-0.04

1.143

1.143

-O.DO

1.135

1.134

-O-M

1.12C

1.116

-O.QJ

1.111
I.I17
-O.OS

»9

1.234

1.2)4

-0.00

IJ14

1J25

0.04

U K
U K

0.04

1JD7

1.207

0.03

1.15!

1.151

a.02

1.119

1.119

-0.01

1.1M

1.110

-D.04

1.172

1.171

0.01

1.163

1.163

-0.02

1.155

1.154

-0.07

1.146

1.146

-O0I

1,131

1.137

-0.08

1.129

1.129

-0.04

100

1.24(

1.146

41.04

JJ37

1J37

0.01

1.221

1.221

0.01

1J19

1.219

0,01

1.210

uia
a.oa
U 0 1

l.MI

41.01

1.192

1.192

41.03

1.114

1.114

0.03

1.175

1.175

-0.01

1.166

1.166

41.04

1.151

1.157

41X8

1.149

1.149

41.04

1.141

1.140

41.01

101

1.259

1.155

0.00

1.149

1.250

0.06

1.240

1.140

41.01

1.231

1.131

41.00

1.222

1.222

41.01

1.213

1.213

41.01

1.204

1.204

41.03

1.196

1.195

-0.D5

1.117

1.117

0.01

1.171

1.171

41.02

1.170

1.169

41.05

1.161

1.1(0

41.09

1.152

1.15Z

4L04

102

1^71

1.271

4L04

L I U

1.261

0.03

L152

U 5 3

0.05

1J43

L243

-O.02

11M

L134

-0.02

1.22S

I.2I5

-0.02

L2K

L216

41.03

« 0 7

1J07

41.04

1.199

I.19S

-0.0*

1.190

1.190

aoi
l.ui
Llll
-0.02

1.173

1.172

•0.03

1.IS4

1.163

-O.OS

kg m'3 for T=25°C,RH= 50 %. For Pietermaritzburg (h = 684 m), p = 1.0915 kg m"3 for T= 25 °C

and RH= 50 % if the correction for elevation is applied to gravity (Eq. 3.1).

3.2.4 The psychrometric constant and A, the slope of the saturation water vapour pressure vs
temperature relationship

3.2.4.1 Introduction.

The psychrometric constant y (kPa K"1) and the slope of the saturation water vapour pressure es (Table

3.3) vs temperature T relationship (A = de/dl) are as fundamental in energy and mass exchange

considerations as other constants such as the Universal gas constant. The psychrometric constant is the

basis of the psychrometric chart (Fig. 3.2). At sea-level pressure and an air temperature of 0 °C, the
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e - 0.8 kPa

= 1.2kPa
e = 1.6 kPa

Altitude of 1935 m

e = 2.0 KPa

"S 0.96-

0.92
0

Air temperature ( C)
Fig. 3.1 The variation of the density of air (kg m'3) as a function of air temperature and water vapour
pressure for an altitude of 1935 m

psychrometric constant is 0.0655 kPa K'1 increasing to 0.0668 kPa K'1 at 20 °C for an aspirated and

unfrozen wet bulb (see Section 3.2.4.6). These values differ slightly from those in Table 6.3 of

Fritschen and Gay (1979) as they assumed that the specific heat capacity of air cp = 1.004 kJ kg4 K'1

and did not correct for temperature. They also used an atmospheric pressure of 100 kPa and assumed

= 0.622.

The psychrometric constant is dependent on quantities that are in turn dependent on air temperature,

acceleration of gravity, etc. It is our aim to specify this dependence exactly.

3.2.4.2 Psychrometric constant and the psychrometric chart

The saturation water vapour pressure es (kPa) as a function of the dry bulb temperature Tj (°C) is

familiar to many from the psychrometric chart. However, the psychrometric constant is unfamiliar in

relation to the psychrometric chart (Fig. 3.2). Simply, the psychrometric constant is the slope

magnitude of the wet bulb temperature lines of the psychrometric chart (in units kPa K'1). The water

vapour pressure is defined by

Table 3.3 The
temperature (Td

T(°C)

(kPa)

0
0.611

saturation water vapour pressure of water es (kPa)
, °C): es = 0.6108 exp [(17.2694 7*^/(237.3 +Td)]

10
1.228

20
2.338

25 30
3.168 4.243

40
7.375

50 60
123.35 19.930

as a function

70 80
31.211 47.516

of the dry-bulb

90 100
70.504 102.194
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1.0 0.8 0.6

Wet bulb temperatures are the slanted 45
lines sloping from the indicated

value to the bottom right in
1 C intervals
(r=66PaK4)

slope of the
• tbicklineisA

at35°C

arrowed line is the
^ psychrometric constant^

0

0

Dry bulb
temperature

Equivalent
temperature

Fig. 3.2 The psychrometric chart. On the right, increasing upwards, is shown the fiactional relative

humidity (0.1, 0,2, etc.) corresponding to the upward curves as the dry bulb temperature increases. The

point marked with a large + sign is defined either by a dry and wet bulb temperature pair or a dry and

dew point temperature. The equivalent temperature 0 = 7*+ e /y is the dry bulb temperature at the end of

the arrow (the slope of the arrow being the psychrometric constant) taken from the + point. In this case,

9 = 48.8 °C. The dew point is determined by starting at +, decreasing the temperature until saturation

without changing the water vapour pressure (that is, a horizontal decrease in the dry bulb temperature

until intersection with the curve corresponding to a fiactional relative humidity of 1.0). In this case,

Tdp- 15 °C. The slope of the saturation water vapour pressure A = de/dT is shown for a dry bulb

temperature of 35 °C
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e=A-B = es(Tw)-B, 3.6

where A is the saturation water vapour pressure at the wet bulb temperature Tw,

B = y(Tlj-Tw)i\+Q.O0n5Tw), 3.7

3.8

Tw is the wet bulb temperature, es (Tw) the saturation water vapour pressure (kPa) at the wet bulb

temperature, z=MJMd* 0.01801534 kg moI"V0.028964 kg mol"' * 0.6219807 the ratio of the

molecular mass of water to that of dry air, cp is the specific heal capacity of air at constant pressure

(often assumed to be 1,004 kj kg"1 K'1) and where £>, is the specific latent heat of vapourization. Actual

expressions for cp and i v will be presented later. Hence B=A -e and dB/BTj expresses the slope

magnitude of the wet bulb temperature line. But, B~ y (Td- Tv)-{\ + 0.001157^) with the result that

^ «y. More exactly the slope magnitude of the wet bulb temperature line is given by

y-(l + 0.00115 Tw).

3.2.4.3 Correction ofthe psychrometric constant for atmospheric pressure

It is to be expected that the evaporation of water from a surface is atmospheric pressure dependent. To

correct for atmospheric pressures other than sea-level pressure we use the following familiar

relationship:

y (at pressure P) = y (at sea-level pressure PJ x P/Po = y0 x P'P0. 3.9

If accuracy is not imperative, and if atmospheric pressure P is not known, then it is assumed that the

density of air is 1.211 kg nf3. Hence,

P (kPa) = 101.325 - 1.211 x 9.80665 x h = 101.325 - 11.87585 x h

where h (km) is the altitude of the site at which the wet and dry bulb temperature measurements were

obtained. However, if greater accuracy for atmospheric pressure P is required, then the following more

rigorous calculation method may be applied:

the pressure P (kPa) at altitude h (km) above sea-level is given by

P=Po-pgh 3.3

where Po is the sea-level pressure (= 101.325k Pa) and p is the air density (kg m'3) calculated using Eq.

3.5, and g the acceleration of gravity (m s"2) calculated using Eq. 3.1 or 3.2. The variation of

atmospheric pressure P with air temperature and water vapour pressure is shown (Fig. 3.3).

The following subroutine, using the theory developed (written in QuickBasic IV) may be used to

estimate the air pressure from a sample pair of wet and dry bulb temperatures. The subroutine assumes

that the psychrometric constant is fixed at 0.066 kPa °Cl and that the site elevation has been specified

previously. The method starts with an atmospheric pressure P = 101.325 kPa (sea level pressure). A

rough estimate of the water vapour pressure e and air density p are calculated, and then used to

calculate a better estimate of the atmospheric pressure P. This process is repeated until the atmospheric

pressure is estimated to within 0.001 kPa:

'T i s the dry bulb temperature

CLS
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Fig. 3.3 The variation of atmospheric pressure (kPa) as a function of air temperature (°C) and water
vapour pressure (kPa) for an altitude of 1935 m

Md = .02B964

Mw « .01801534

R = 8.31451

gr = 9.79221

P = 0

new? = 101.325

WHILE (ABS(newP - P) > .001 OR ABS(oldE - e) > .001)

oldE = e

P = newP

es = .61078 * EXP(17.2693882# + Tl / t237.3 + Tl))

G = 0.066

e = es - G * (P / 101.325) * {T - Tl) * (1 + .00115 * Tl)

ELSE

e = .61078 * EXP(17.2693882# * Tl / (237.3 + Tl))

END IF

IF e < 0 THEN CALL Writer (ToFile, "VAPOUR PRESSURE IS NEGATIVE;
POSSIBLY TOO DRY", 0, -1)

d = (101.325 * Md - (Md - Mw) * e) / (R * (273.15 + T) + Md * gr * h)

newP = 101.325 - d * gr * h

WEND

P = newP / 1000

RETURN
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3.2.4.4 Specific latent heat ofvapourization

The specific latent heat of vapourization decreases with increase in air temperature as a decreased

amount of energy is required to evaporate water at higher air temperatures. This expectation is

expressed in the relationship

Lv (kJ kg"1) = 2500.95 - 2.36679 Tair (°C) 3.10

where Tair is the air temperature. The values for Lv (kJ kg4) compare with those of Fritschen and Gay

(1979, Table 6.3).

3.2.4.5 Specific heat capacity of moist air at constant pressure

In many of the equations describing surface exchange processes, the specific heat capacity of the

overlying air is a factor that appears in the numerator of equations describing the sensible and latent

heat flux densities. According to List (1951, p 339), the specific heat capacity of air (J kg'! K'1) at

constant pressure is defined by:

cp= 1000[7/2(i?/Ti^) + (4i?/Md)(r/E) + Sc/J] = IQOQ m(R/Md)+{4R/MJ-e^P-e^c^ 3.11

where r is the mixing ratio (r = E e /(P - e)) for a water vapour pressure e (kPa) at atmospheric pressure

P (kPa) and e « 0.6219807, Md is the molecular mass of dry air and 5cp is the isobaric specific heat

capacity residual of moist air (List 1951). Simplifying,

cp = 1004.722587 + 1148.254385-e/(P - e) + bcp 3.12

where 5cp is dependent on atmospheric pressure, air temperature and the fractional relative humidity. A
useful relationship, determined by examination of the Scp data presented by List (1951) is:

5cp = 1.256 (1 + rfl,./40).[l + (e/ej\. 3.13

For e = 2 kPa, Tajr = 25 °C (and hence es = 3.168 kPa) and P = 85 kPa, r « 0.015 kg kg'1 with the.

result that cp - (1004.72 + 27.67 + dcj J kg'1 K'1 = (1032.39 + 3.33) J kg"1 K"1 = 1035.72 J kg"1 KT1.

The variation in the specific heat capacity shows little temperature dependence but c does have a

greater water vapour pressure dependence (Fig. 3.4).

3.2.4.6 Psychrometric constant

The psychrometric equation provides a relationship between water vapour pressure and wet and dry

bulb temperatures. The heat energy flux transferred from air to the wet bulb is equivalent to the heat

energy lost from a mass of air mj cooled from temperature Tair to temperature Tw. This heat will

evaporate enough water to cause a mass of air m2 to saturate at temperature Tw. Formally, the

psychrometric constant y is defined as:

1 = PC/(ELV). 3.8

Besides ventilation rate, the psychrometric constant is temperature dependent, atmospheric pressure
dependent and water vapour pressure dependent. The term "aspirated" implies that the ventilation
velocity exceeds about 3 m s'} (Fritschen and Gay 1979, p 130). Non-aspirated psychrometers are
usually assumed to have a natural ventilation of about 1 m s'1 (Unwin 1980, p 73). We have assumed
that the ventilation rate for the Bowen ratio equipment exceeds 3 m s*1 so that the mass ratio m\ /m2 is
unity. Using the relationships for atmospheric pressure P (Eq. 3.3) and the density of air (Eqs 3.4 for air
density and 3.5, 3.12 and 3.13 for specific heat capacity of air cp (Eqs 3.12 and 3.13) and the latent heat
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Fig. 3.4 The variation of the specific heat capacity of air at constant pressure (kJ kg"1 K"1) as a function
of air temperature and water vapour pressure for an altitude of 1935 m

of vaporization Lv (Eq. 3.10), the overall dependence of the psychrometric constant on air temperature

and water vapour pressure is shown (for an altitude of 1935 m, latitude of 29.4833 °S with resultant

acceleration of gravity of 9.79221 m s"2) (Fig. 3.5). Also shown is the error in assuming a fixed

psychrometric constant of 53.45 Pa K"1 (corresponding to an atmospheric pressure of 81.3 kPa, cp =

1010 J kg1 K'1, E = 0.622 and U = 2470 kJ kg'1 (Fig. 3.5, right hand y axis).

At an atmospheric pressure of 100 kPa, the psychrometric constant is 59,4 Pa K'1 for an aspirated

and frozen wet bulb, 79.9 Pa K'1 for a non-aspirated and unfrozen wet bulb, and 72.0 Pa K"1 for a

non-aspirated and frozen wet bulb (Unwin 1980, p 73).

3.2.4.7 Ratio of A to psychrometric constant

The A = de/dT (where es is the saturation water vapour pressure at temperature T) to y ratio is as

fundamental in energy and mass exchange considerations as other constants such as the Universal gas

constant. The saturation water vapour pressure es (kPa) as a function of the dry bulb temperature Tj

(°C) is familiar to many from the psychrometric chart and is given mathematically by:

es= 0.6108-exp [17.2694 7/(237.3 + Td)]

(Table 3.3), or as a power series in T/.

3.14

es= 0.61055 +4.4769 x 10"2 7^+ 1.378 x 10"3 7^ + 2.2 x 10"7 7^ + 3.2 x 10~91%. 3.14a

Using Eq. 3.14, the slope of the saturation water vapour pressure es (kPa) vs temperature curve,

des /dTd in kPa K*1 is given by:
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Fig. 3.5 The variation of the psychrometnc constant y (kPa K'1) (left hand y axis) and the relative error in
assuming a fixed and incorrect psychrometric constant of y. - 0.05345 kPa K"1 compared to the actual
psychrometric constant y (kPa K"1) (right hand y axis) as a function of air temperature and water vapour
pressure for an altitude of 1935 m

A = de/dTd = (d/dT) /0.6108-exp [17.2694-7y(237.3 + Td)]}

or A = 4098.02862-e/(237.3 + Td)\ 3.15

Substituting Td = 6, 18 and 26 °C into these equations, yields es = 0.93510, 2.06390 and 3.36124 kPa
and A = de/dTd = 0.064736, 0.129766 and 0.198689 kPa K'1 for the respective temperatures. For
P = Po = 101.325 kPa and e = 0 kPa, y = y, = Po c/{h, E) = 0.065914, 0.066700 and 0.067235 kPa K'1

and A/y « 1.0,2.0 and 3.0 at 6, 18 and 26 °C respectively.

3.2.4.8 Equilibrium evaporation

Equilibrium evaporation is defined to exist when there is weak flow of humid air over an irrigated crop.
For such conditions, the vapour pressure deficit Se = es(Tair) -e of the atmosphere is small, the wind
speed is low and the stomatal resistance of the crop is small. These conditions result in the three
resistances in the Penman-Monteith equation (Eq. 2.11), rh rs and ra, being small, small and large,
respectively. Hence, neglecting the former two resistances in comparison to the third in the
Penman-Monteith equation for a (the ratio of latent heat energy flux density to the sum of latent and
sensible heat energy flux density Eq. 2.11), we get:

= A/(A + y) = 3.16

(Fig. 3.6) where A'y * 1, 2, and 3 at 6, 18 and 26 CC respectively. Hence: a.equjUbrium a 0.5, 0.67 and

0,75 at 6, 18 and 26 °C. Since a is the ratio of latent heat energy flux density to the sum of latent and
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Fig. 3.6 The variation of the ratio A'(A + y) as a function of air temperature and atmospheric pressure

sensible heat energy flux density:

An accurate relationship for A/(A + y), for a pressure of 100 kPa, is given by:

A/(A + y) = 0.413188419 + 0.0157973 Tajr - 0.00011506 7* r.

A less accurate relationship is expressed by;

A/(A + y) = 0.416065 + 0.012345 7\ . .

3.17

3.18

3.19

It is however necessary to account for the atmospheric pressure dependence by using y in Eqs 3.16

and 3.17 (Fig. 3.6) where y is calculated from Eq. 3.8. In spite of the increased complexity of

calculating the psychrometric constant y using Eq. 3.8 (and in turn invoking Eqs 3.3 for atmospheric

pressure P, 3.4 and 3.5 for air density p, 3.12 and 3.13 for specific heat capacity c^and 3.10 for specific

latent heat of vapourization Xv), this calculation method was preferred.

3.2.5 Calculation of water vapour pressure deficit, relative humidity, absolute humidity, dew
point temperature, mixing ratio, specific humidity, mole fraction of water vapour and equivalent
temperature

3.ZS.1 Introduction

Many terms have been used for expressing the "humidity" of an atmosphere. This situation has

probably arisen because no single quantity has been found suitable for all purposes. It is therefore
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necessary to be aware of the terms used, how they are calculated and how to interconvert from one
calculated term to anofher,

3.2.5.2 Vapour pressure deficit and relative humidity

The water vapour pressure deficit 5e (kPa) is defined as es - e (kPa) and the relative humidity (%) as
100 x e/fij where es is defined by Eq. 3.14 or 3.14a. The water vapour pressure is calculated using Eqs
3.6, 3.7 and 3.8 for the corresponding psychrometric constant.

Once the vapour pressure e and saturation vapour pressure es are calculated, it is a simple matter to
calculate their diflFerence or their ratio. Note that both relative humidity and the water vapour pressure
deficit are not unique functions of dry bulb temperature in that a greater vapour pressure deficit or
relative humidity does not imply a greater water vapour pressure unless the dry bulb temperatures are
identical. Hence, it is not correct to compare relative humidity or water vapour pressure deficit for
different sites and then to draw conclusions based on the differences between them; conclusions should
be based on water vapour pressure or vapour density comparisons.

3.2.5.3 A bsolute ft umidity

The calculation of the density of water vapour or the absolute humidity pw is based upon the ideal gas

law applied to water vapour eV=nRT where e (Pa) is the water vapour pressure for a given volume

V (m3) and temperature T (K) and n (mol) is the amount of substance (= M/Mw where M is the mass of

water vapour). Hence:

e = MR T/(MW V) = (M'V)-R T'MW = pwR T'MW

where pw is the density of water vapour (kg nf3), commonly referred to as the absolute humidity.

Hence

pw =MW e/RT=Mw e/[R (7^ + 273.15)] = 2.166735xl0":V(7</ + 273.15) 3.20

where Td (°C) is the dry bulb temperature.

3.2.5.4 Dew point temperature

As mentioned previously, the dew point temperature Tdp (°C) is uniquely determined by the

atmospheric water vapour pressure e (Pa) (Fig. 3.2). Since the dew point temperature is the temperature

at which condensation occurs without the addition of water vapour, an expression for the dew point

may be obtained by substituting e for es and Td for Tdp in Eq. 3.14 and then solving for Tdp:

Tdp = -273.16 + [273.16-2.0765067-ln (e'610,8)]/[I - 0.0579059-ln (e/610.8)]. 3.21

3.2.5.5 Mixing ratio

In a system containing dry air and water vapour, the mixing ratio r is the ratio of the mass of water
vapour to the mass of dry air in kg kg"1. Since the water vapour has a pressure e and the dry air a
pressure of P - e, it can be easily shown, using the ideal gas law, that:

r = (Mw'Md) [e'{P -e)] = s [e/(P - e)J. 3.22

The mixing ratio r is therefore calculated from the water vapour pressure e and the atmospheric
pressure P. If the water vapour pressure is insignificant in comparison to the atmospheric pressure P,
then:
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rsEe/?. 3.22a

3.2.5.6 Specific humidity

In a system containing dry air and water vapour, the specific humidity q is the ratio of the mass of

water vapour to the mass of air (that is, dry air and water vapour) in kg kg'1. For a given water vapour

pressure e and atmospheric pressure P, it can be shown, using the ideal gas law that:

q = E e/[P + e (1 - e)] = 0.6219807 e'(P + 0.37802 e). 3.23

It is therefore a simple matter to calculate the specific humidity q given the water vapour pressure e

and the atmospheric pressure P. If the water vapour pressure is insignificant compared to the

atmospheric pressure P, then:

qwze/P*tr. 3.23a

However, there is greater error in this equation in neglecting e compared to neglecting e in the

corresponding expression for r.

3.2.5.7 Mole fraction of water vapour

The so-called mole fraction5 of water vapour, symbol w (mmol mol'1) is simply the ratio of the partial

water vapour pressure to the total atmospheric pressure:

w = lOO0e/P 3.23b

where the factor of 1000 is to account for the mmol mol'1 = 10"3 mol mol"1 unit used. Using the

Universal gas equation, one may show that

where pw is the density of water vapour (Eq. 3.20) and p is the total density of air (Eq. 3.4). A direct

measure of the mole fraction of water vapour (and carbon dioxide) is obtained using infra-red gas

analysers (as in the case of the LI-COR 6262).

3.2.5.8 Equivalent temperature

Equivalent temperature 6 (K) is defined by:

9 = r + c / y 3.24

where T (K) = Tj (°C) + 273.15 and e (kPa) is the water vapour pressure. The intersection between wet

and dry bulb temperatures of the psychrometric chart defines the water vapour pressure e (Fig. 3.2).

From calculus, and noting that the wet bulb line is a straight line with slope y (Eq. 3.8), we know that

the slope of a line is defined by dy/dx so that dx = dy'slope. In other words, e/y represents the increase

in the dry bulb temperature T if all the water vapour condensed at constant pressure, the latent heat

released being used to heat the air and increase r b y e'y to the equivalent temperature 0 = T+ e'y (Fig.

3.2). So the equivalent temperature 0 is the intersection of the wet bulb temperature line with the x-axis

This term does not comply with the SI system in that more correctly it should be referred to as the
amount of substance fraction since the mol is the SI unit for the amount of substance
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(corresponding to e = 0 kPa). The elegance of the equivalent temperature 6 is that it allows e to be
treated as a temperature (by dividing by y) and combined with the dry bulb temperature (expressed in
K) and then the two treated as one temperature entity 0. Expressions involving the equivalent
temperature 8 will be used to reject Bowen ratio data. The quantities equivalent temperature 6,
psychrometric constant y and A = de/dTj, are depicted in Fig. 3.2.

3.2.6 Derivation of the data rejection criteria equation

The Bowen ratio method of calculating the latent heat flux density LVFW (Eq, 2.18) cannot be used

when the Bowen ratio p approaches - 1 ,

Following Ohmura (1982), we derive expressions for the objective rejection of Bowen ratio data

associated with the Bowen ratio p approaching - 1 . We will then show a much more elegant method of

obtaining the same result but in terms of the equivalent temperature 0 (Eq. 3.24, Fig. 3.2). Ohmura

(1982) used specific humidity q (Eq. 3.23) instead of water vapour pressure, definings the Bowen ratio

using p = y bT'Sq where 8T is the measured air temperature difference between levels z2 and zx and bq

is the corresponding measured specific humidity difference.

Suppose that hT and 5e are the respective measured profile air temperature and water vapour

pressure differences. If the resolution limits of the air temperature and hygrometer sensors is E(T) and

E(e) respectively, then the true profile air temperature difference dT must fall between the two limits:

5T-2E(T)<dT<5T+2E(T) 3.25

and that for the profile water vapour pressure difference being given by:

5e-2E(e)<de<5e+2E(e). 3.26

Converting Eqs 3.25 and 3.26 into similar units (K) by multiplying Eq. 3.25 by c and Eq. 3.26 by

E L/P and adding yields:

cp[5T- 2E(T)] + (BL/P)[5e - 2E(e)] < cpdT+ (EL/P) de < cp [57+ 2E{T)] + {eL/P)[de + E(e)}.

3.27

When the Bowen ratio p = ydT'de = {cpP/zLv)-dT'de equals - 1 , cpdT+Lvdq = 0 in terms of
specific humidity q or cdT + (z Lv/P) de = 0 in terms of water vapour pressure e. [By considering
what is referred to as a pseudoadiabatic7 process at constant pressure (a process used in meteorology),
Byers (1974) shows that cp dT+Lvdq = 0. Hence, since p = -1 is equivalent to c dT+Lvdq = 0, the
conditions under which p = -1 are pseudoadiabatic and isobaric]

Dividing Eq. 3.27 through by c and subtracting 87from all terms yields:

7 The adiabatic process is defined as one in which no heat energy is added or removed
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(E L/cp P) [Be - 2 E(e)] ~2E(T)<-8T< (B L/cp P) [5e + 2 E(e)] + 2 E(T)

or -<E L/cp P) [5e + 2 E(e)] - 2 E(T) < ST < - (E L/cp P) [be - 2 E(e)] + 2E(T)

or-{1 /y) [5e + 2E(e)] -2E(T)<5T<-(\'y)[5e-2E(e)] + 2£(7)

or-2 E(e)/y - 2 E(T)<be/y + 5T<E(eyy +2 E(T)<2E{e)/y +2 E(T)

3.28

There is a much more elegant method of deriving Eq. 3.28 that has not been previously considered.

Consider the profile difference in the equivalent temperature 0 = T+e/y where dQ =dT+ de/y is the

true profile equivalent temperature difference. We assume that the difference between the measured

profile equivalent temperature difference 50 and the true profile equivalent temperature difference dB is

less than twice the resolution limit in equivalent temperature E(Q):

\8Q-dQ\<2E(&) 3.29

where E(Q) =E(T) + E(e)/y. 3.30

It can easily be shown that if p = y dT'de --\, then

dQ = Q. 3.31

This condition implies that the equivalent temperature is the same at both levels in the atmosphere.

Substituting dB = 0 into Eq. 3.29 and expanding, we get:

-2£ (e )<S8<2£(B)

where the measured profile equivalent temperature difference 59 = 57+Be /y.

Hence:

or the limits of the measured profile temperature difference being defined by:

-5e /y-2£(0)<5r<-5e /y + 2E(e). 3.32

These expressions will be employed as data rejection criteria.

3.3 Data collection, handling and processing

3.3.1 Introduction

The calculation of flux densities of sensible and latent heat from the Bowen ratio data requires several
steps of processing. These steps include developing and writing the data manipulation parameter files,
error-checking and verifying the data and the calculations, and finally, documenting the procedure. A
number of decisions in terms of the periods for which data, and what variable, would be included and
excluded had to be taken prior to intensive data processing.

The datalogger used in the measurement of Bowen ratio data was programmed to periodically save
its final memory storage to tape in 512 final storage location units, A Bowen ratio information card
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(Appendix 1) was used to facilitate instrumentation checks during field visits Initially, weekly visits to
the site were frequent enough to download final memory to computer disk with some overlap of the
data from the previous download. Thus the tape storage was used as a back up only. But when
additional sensors, and measurements, particularly standard deviation outputs were added to final
storage memory requirements, tape dumps were more frequent due to the increased amount of data.
Considerable gaps occurred in the data downloaded weekly to computer disk using TELCOM (as
discussed by Mottram et al. 1991) although it was all saved to tape. It thus became more efficient to
extract the data from tape alone, rather than try to "patch in" the missing data periods from tape.

The raw data were extracted from cassette tape with the Campbell Scientific8 PC208 TAPE

software and the PC201 card inserted in an IBM compatible Personal Computer and connections

designed specifically for data transfer. The data were then merged into large input files for use in the

PC208 software: SPLIT (version 4.4, last update received in early 1991). These files were then

temporarily saved onto computer virtual memory disk to facilitate processing. The SPLIT parameter

files request the following information and are of the form:

Name/s of input DATA FILE(s):

Name of OUTPUT FILE to genera te :

START reading i n :

STOP reading in :

SELECT element #(s) i n :

COPY from :

HEADING for r e p o r t :

VARIABLE names:

The 'OUTPUT FILE' may be followed by switches to control the format of the output file and the

method of reporting blank, missing and out-of-range data. The 'START readbg in' and 'STOP reading

in' lines can be set to begin and end data processing at the required points. The 'COPY from' line can

be used to select out certain periods such as times of day while the 'SELECT element #(s) in' lbe is

where processing takes place. Boolean algebra can be incorporated into most of the lines so as to be

able to accomplish all the required tasks. 'HEADING for report' and 'VARIABLE names' are used to

facilitate identification of the columns as they move up the screen during processing.

As a check on both the value of any variable and its correct placement in the selection procedure,
ranges of allowable values were set in the 'SELECT element #(s) in' lbe. These ranges were set to
defined limits, just greater than the probable, allowable and expected values. As an extra check, these
range-checks were carried out at more than one stage (Table 3.4). In the calculation of daily totals, a
simple algorithm was developed to check the btegrity and continuity of each day's data. The day
(DAY) and time of day (TOD) columns were used so that if any data periods were missing or extra, a
number other than the integer pertainbg to the correct Day would be reported. Any out of range
measurements (±6999 for low resolution voltage measurements and ±9999 for high resolution), were

8 The PC201 card and TAPE program as well as the PC208 suite of software (which bcludes
TELCOM, SPLIT and TERM) are marketed commercially by Campbell Scientific Inc. The
mention of proprietary products here and elsewhere is for convenience of the reader and does not
imply endorsement or otherwise by the Water Research Commission, the University of Natal, the
FRD or the CSIR (Environmentek)
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Table 3.4 The ranges of the various parameters used in the SPLIT parameter files were set to their
defined limits, just greater than the probable, allowable and expected values. As an extra check, these
range-checks were carried out at more than one stage

Variable Name
D

TOD
TOD
TOD
T

lover

dig lower upper

etower

eupper

lower upper

SHF1 and 2
G

dTs

/ ;
Wind speed

Wind direction
Precipitation

p
Equilibrium

\ v w equilibrium

Fh

Allowable Range
1..366

0500.. 1900
0600.. 1800
1000..1600

-20..50

-5..5

0.01..5

0.01..5

-5..5

-50..1200

-50..100
-200..200

-2.3

0.1..0.99

0..1400

0..10
0..360
0..50
0..5

-20..25

-500..1200

-500..1000

-400..800

Units

lOOh + min
100 h + min

lOOh + min
°C

°C

kPa

kPa

kPa

W m 2

Win'2

Wnf2

°C

kg kg"1

Wm-2

m s"1

mm

Wm"2

Wm-2

Wnf2

Pass
0 2 4 5

02
4
5

0 2 4

02

02

02

2

02

02
4

02

2

24

24
24
24
4

5

34

4

4

*A maximum of 1400 W m"2 for solar irradiance is to allow for such values when partly cloudy
conditions result in direct and significant scattered irradiance

**The exchange coefficients cannot be negative unless countergradient flux densities occur
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also blanked during the course of processing. This proved to be the appropriate stage to add a

'SELECT element M(s) in' condition to select only data from 05hOO to 18h00 inclusive and thus save on

processing time and computer disk space.

3.3.2 Description of split parameter files

3.3.2.1 Pass 0

The first pass using the software SPLIT uses a parameter file designed to collate the two arrays (the

output of tables one and two of the.datalogger), and output them to a file consisting of single arrays. As

the logger outputs to final storage from both datalogger program tables 1 and 2 under normal

conditions, the data is output into two consecutive arrays each with its own identifier preceded by * 1' or

'2 ' , and then a figure indicating the program number in which the output flag occurred, eg. 110 and 217

(110 for program table 1 and tenth program step and 217 for program table 2 and 17 th program step).

When changes are made to the datalogger program, these output array identifiers automatically change.

To avoid missing any periods of data when selecting arrays, due to the value of the identifier, ranges of

100..I99 and 200..299 were used in the "COPY from" line of the parameter file. An output from

datalogger program table 3 of the logger only occurs when the battery voltage decreases below the

minimum of 11.75 V when a report of the date and time of the system shutdown is output. After

alleviation of early battery and solar-panel problems with an overnight power-saving time-switch, few

such events recurred. We used 40 W solar panels to minimize the number of battery interchanges and

voltage drops.

3.3.2.2 Pass 1

Pass 1 utilizes the time-synchronization capacity of SPLIT to combine the raw Bowen ratio data with

soil water content data and weather data. Overlapping files were correctly merged, and Day and TOD

identifiers placed where periods of missing data or files occurred. A complete, uninterrupted array is

ensured with this facility. Soil water content 6m samples taken up to twice a week and interpolations

between points, taking precipitation events into account, were made. In the preparation of the 6m data, it

is calculated in and exported from a spreadsheet by printing to a file. This file must first be edited to

remove blanks and separate data points by commas before it can be read in by SPLIT as SPLIT

requires all the input files in one pass to have the same format. This was most easily accomplished

using an ASCII wordprocessor such as Xywrite. The weather data were treated in a similar manner in

its preparation.

3.3.2.3 Pass 2

This step was only used where correction of the raw data were required such as a few occasions of
incorrect calibration factors (mainly for the net radiometers). This involved a simple multiplication of
one variable between the 'START reading in' and 'STOP reading in' conditions. For example the
calibration factor for the UNP net radiometer used in the datalogger program was, for a short period
incorrectly entered as 11.89 W m' : mV*!, instead of the correct value of 11.4 W m'2 mV'1. A correction
factor (11.4/11.89 = 0.9588) was used to correct this error. In this regard, for net radiometers, it is
advisable to use the -500 to 500 mV with the datalogger voltage resolution set to high in order to
prevent out-of-range voltages. This range will encompass all season net irradiances.

The output of this step can theoretically replace the raw data, as nothing has been lost, but the

overlaps have been eliminated, the corrections have been made and the data in large files complete with
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the measured mass soil water content 9m and weather data ready for processing.

3.3.2.4 Pass 3

In Pass 3 the output files of Pass 2 are used to efficiently and accurately calculate the Bowen ratio and
shortened energy balance components including the amount of evaporation in W m*3. Initially, Pass 3
required the specification of the Gm measured in the soil layer 20 to 60 mm. This meant that for each
period of constant water content, individual runs were required resulting in a large number of small
output files, each corresponding to the short periods for which the water content was assumed to hold.
The periods were usually 3 to 4 days or however infrequently the water content was measured, but the
inclusion of 20 minute calculated Qm values in Pass 1 circumvented this problem.

Failure to take account of the water vapour pressure, atmospheric pressure and air temperature

dependence of the psychrometric constant, y, can cause considerable error in the calculation of the

Bowen ratio (some of the dependence reported by Revfeim and Jordan 1976) as shown by Fig. 3.5.

These errors are large if the water vapour pressure deficit is large. The dependency of the

psychrometric constant y on air temperature and altitude and therefore atmospheric pressure and water

vapour pressure was incorporated by calculating y for each 20 min period (using Eq, 3,8). The actual

psychrometric "constant" y - c' P'e Lv was used where E is the ratio of the molecular mass of water to

that of dry air = M^Md = 0.01801534 kg moI"V0.028964 kg mol"1 = 0.6219807. The specific heat

capacity of air at constant pressure, c (kJ kg"1 K"1) was corrected for water vapour pressure e and

atmospheric pressure P which in turn is dependent on altitude, latitude and air temperature using Eqs

3.12and3.13.

For an altitude of 1.935 km and an air temperature of 20 °C, cp varies from 1000 to 1100 J kg'1 K"1

with e varying from 0 to 2.5 kPa. These values are -1 to 8.1 % different from the value most often

quoted for sea-level ambient temperatures of 1.01 kJ kg"1 K"1 (Fig. 3.4).

To increase the accuracy of the value of the specific latent heat of vaporization of water (Z,u) by

including the dependency on air temperature, Eq. 3.10 was used. At 20 °C this yields a value of

2453.61 kJ kg"1. The psychrometric constant at 20 °C for an altitude of 1935 m varies from 46.5 to 48.5

Pa K*1 as e varies from 0 to 2.0 kPa (a less than 5 % difference). However, with the water vapour

pressure varying between 0 and 2.0 kPa and air temperature between 0 and 40 °C, the psychrometric

constant varies from 44.8 to 50 Pa K"1 (a 11.6 % difference) which then corresponds to a 11.6 %

difference in the Bowen ratio p = y5e/5r. These sorts of error magnitudes could not be ignored,

necessitating correction of the so-called "constants" for altitude, air temperature and water vapour

pressure.

3.3.2.4.1 Calculation of equilibrium evaporation

The equilibrium evaporation (£vFw)egu,7i6rilun (designated EQ in the SPLIT parameter pass files)

amount was calculated using the independent air temperature Tajr from the weather data, but using the

Bowen ratio net irradiance and soil heat flux density measurements.

Priestley and Taylor (1972) found that actual evaporation from oceans, bare soil and vegetation was

about 26 % greater than (Iw F

= 1-26 [A/(T + A)]-(7neI -Fs). 3.33

The above corrections and calculations required the extraction of the lower water vapour pressure
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elaw, and the lower air temperature Tlow from the raw data. The Pass 0, 1 and 2 parameter files were

modified to carry the lower air temperature, water vapour pressure and the various "constants" through

each pass to allow for calculation of the adjusted constants and equilibrium evaporation amounts for

each 20 min time period.

3.3.2.4.2 The rejection criteria for the exclusion of out-of-range and "bad" or doubtful data

Values of the Bowen ratio p near sunrise and sunset often approached -1 due to Ff, downward

approaching the upward Lv Fv as the net irradiance diminishes and the available energy approached

zero. The result is that the calculated value of LyFw first approaches infinity and then becomes

undefined as the denominator of:

V, 3.34

namely 1 + p —> 0.

Interestingly, 1 + p —> 0 implies a constant equivalent temperature 9 = T+ e/y at the two levels (Eq.

3,31). Results calculated from data within the range -1.25 < p < -0.75 should be carefully screened

and those that are spurious should be rejected. This process is tedious and subjective when carried out

manually. A further consideration at this stage is whether the resolution of the sensors has been

exceeded. When the vapour pressure difference decreases below the 0.01 kPa dew point mirror sensor

resolution of the system, the data for that time is considered inconclusive and should be rejected.

Similarly, if the air temperature difference decreases below the fine wire thermocouple sensor

resolution of 0.001 °C then these periods are not suitable for processing. All of the above criteria were

combined in a method used by Ohmura (1982) which we applied for the routine checking of all the data

used in Pass 3. The resolution thresholds (8T= T2 - T\ and 5e = e2 - ex), incorporated into the method

have particular relevance to dry periods when p is large, and even the smallest errors in either cause

gross errors in LVFW (Angus and Watts 1984). The method sets limits to the value that the profile air

temperature difference 5T~T2- T\ can assume with respect to the value of the profile water vapour

pressure difference 5e = e2-e\ and the instrumental resolution of both these sensors. The argument

stems from the mathematical idiosyncrasy that occurs when the Bowen ratio is in the region of-1 with

the available energy LvFw + Ff1=Inet-Fs-^0. At these times, usually in the early morning and

evening periods, evaporation is generally low (except under berg or foehn advective conditions). Under

these conditions physically inconsistent, and therefore extremely inaccurate and impossibly large

positive and negative fluxes are calculated. Simply disregarding Bowen ratio (P) values between

arbitrarily chosen values of-1.25 and -0.75 will to some extent remedy the problem. However, the

more sensitive and dynamic approach proposed by Ohmura (1982) decreases the amount of data

previously excluded unnecessarily, and prevents any rogue values escaping detection.

For this purpose, an upper and lower limit to the value that 5T=T2- Tt can hold before p will be
likely to be in the region of-1 is calculated (as per the derivation of Eq. 3.32).

The saturation value of the water vapour pressure es at the temperature recorded for that time period
is also found.

3.3.2.4.3 The calculation of the exchange coefficients for sensible and latent heat energy

Exchange coefficients for the sensible and latent heat fluxes (Kj, and Kw) were calculated using the

measured gradients in temperature and humidity and flux densities in sensible and latent heat. The

constants of air density, specific heat capacity and psychrometric constant were calculated as far as
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possible according to the environmental information available for each 20 rain interval between lOhOO

and 16hO0. Identical K values are calculated from both of the constituent equations:

K=Kh = F f t/(p cp) = KW = LV Fw y/(p cp) 3.35

(where K=Kh = Kwas calculated by this method). Once they were verified to be identical, only one

was calculated.

3.3.2.5 Setting rejection tags

The output of Pass 3 was imported into a standardized Quattro Pro (version 3.02, 3.01 or higher)

spreadsheet where the lower and upper limits were compared against the 5T=T2-T\ value and a

rejection tag set. The water vapour pressure e was similarly compared to the saturation value es

corresponding to the average of the two fine wire thermocouple temperatures for that time period and

another rejection tag set if the absurd condition e > es[(Ti + T2) '2] was found to be true. These two tags

further were compared and a third tag set to indicate whether none, one or both (and then which)

rejection criterion was responsible for that rejection. Finally, the data now with the three tags was

exported from the spreadsheet for use in Pass 4. If the data were to be rejected, the first of the two tags

exported would be equated to the numeric value 9999, and 1 if accepted.

3.3.2.6 Pass 4

In order to calculate daily totals, averages and standard deviations of the variables for differing

durations, SPLIT required the separation of data into files with common durations. Thus all those

variables to be totalled for the entire day were selected out. All the variables were multiplied by the

first rejection tag (1 or 9999), this would ensure that all the variables were out of range if they were to

be rejected, and not affect those that were accepted.

3.3.2.7 Pass 5

The variables that required longer morning periods to stabilize before averaging or integration could be

performed on them, such as the Bowen ratio and the exchange coefficients, were selected out in this

step. The interval from lOhOO to 16h00 was chosen, and the variables were, as in the previous pass,

multiplied by the rejection tags of 9999.

3.3.2.8 Pass 6

The "F option" in SPLIT, when utilized in the 'STOP reading in' line, triggers vertical processing on

selected elements as used in this step. Totals, averages, maxima, minima, standard deviations and other

scientific functions may be performed on the elements. The calculation of daily totals of net irradiance

Inet, solar irradiance /,, LVFW and Fh are easily performed using the appropriate constants to attain the

required total daily units of either MJ m"2 or mm (of water).

3.3.2.9 Pass 7

The time-series processing is again used to calculate the daily values, and is triggered at the end of the

short-day, that is at 16h00.

3.3.2.10 Pass 8

In the final stage of processing the time-synchronization facility was again used to recombine the two

sets of daily totals into one array.
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3.4 The sensitivity of Bowen ratio calculations to the variables soil water content 9m and the
psychrometric constant

3.4.1 Soil water content

The role of soil water content on the surface energy balance is via the calculation of the soil heat flux

density FS = G + S where G is the measured soil heat flux density at a depth of 80 mm and S is the

above-plate stored heat flux density (Fig. 2.12, Eqs 2.31 to 2.33).

The effect of changing the water content on the ultimate calculation of Lv Fw was examined for a set

of data with parameter files differing only in the soil water content parameter. This was changed from

the actual value (for a particular period) of 66.8 % to 61.8 % and 56.8 %, representing decreases of 5

and 10 %. The error resultant from using too low a soil water content tends to be an underestimation in

Lv Fw and consequent overestimation of Fh, while the opposite is true when too high a water content is

used. The results showed that for Day 95 to 100 (1990 data), the 5 % change resulted in less than 1 %

error in LVFW, while the 10 % decrease introduced an error of up to 8 W m'2 in the day time LVFW

values of around 300 to 450 W m'2 range. This translates to a worst case error of 3 %. As this is the

worst-case scenario in the driest part of the year, the wetter periods of the year are expected to be less

sensitive to water content-introduced errors as sensible heat flux density becomes a relatively less

important constituent of the energy balance. This viewpoint was supported by Spittlehouse and Black

(1980) in their evaluation of the Bowen ratio method under various conditions {cf. their Table 2, p.

109). The Bowen ratio, p, was found to decrease below unity towards summer, and thus the

contribution of sensible heat flux density decreased in the wet season. This is due to both a greater

availability of water to consume the available energy and to the more completely closed canopy

resulting in less soil heating. Thus the estimations made of 0m between measurement periods are

justified, and a new 6m need really only be used after more than a 5 % change was measured.

3.4.2 Effect of not correcting the psychrometric constant for atmospheric pressure, air
temperature and water vapour pressure

The effect of using an incorrect atmospheric pressure, which is a component of the psychrometric
constant y (Eq. 3.8), was assessed with a similar sensitivity analysis. Using too high a value
underestimated the amount of evaporation since atmospheric pressure P is in the numerator of the
equation defining p, and is thus in the denominator of the equation used to calculate Lv Fw. The error in
assuming a fixed psychrometric constant only corrected for atmospheric pressure (Fig. 3.5), as
advocated by Tanner et al. (1987) will result in a 19 to 8 % underestimate in p.

What is the effect of assuming an incorrect and fixed psychrometric constant of yi = 0.05345 kPa

K"1 on the calculations of latent and sensible heat flux density? If LVFW is the correct latent heat flux

density and {LvFy^i is the calculated value corresponding to the incorrect and fixed psychrometric

constanty,., then from Eq. 3.34: Inet-FS=LVFw (1 + P) = <LvFJf (1 + P,) or

P) 3.36

where p, corresponds to the Bowen ratio for y,. However, from the defining equation for the Bowen
ratio:
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p y 3.37

we see that p / p = y/y

s o t h a t p ^ p y / y . 3.38

Defining the error shown on the y-axis of Fig. 3.5 as E(y), we have

y./y = (l-£'(y))/100. 3.39

Substituting Eq. 3.39 into 3.38 and the combination into Eq. 3.36, we get:

(IvFw},=IvFw .[l + (l-£(y))/100]/(l + P). 3.40

Similarly:

3.41

The ratios (LvFw)j/LvFw and (FA)/F/, for Eqs 3.40 and 3.41 respectively are shown as a function of air

temperature for various water vapour pressures (Figs 3.7 to 3.12). The (LVFW)/LVFW ratio increases

with increasing air temperature, Bowen ratio and water vapour pressure (Figs 3.7 to 3.9), corresponding

to an overestimation of the actual latent heat flux density LVFV. By contrast, (Fh)/Ff, ratio is less than

unity and increases in air temperature and water vapour pressure causes the ratio to decrease (Figs 3.10

to 3.12). Increases in the Bowen ratio p causes this ratio to increase towards unity. While the

magnitudes of the errors are lower than the errors in y, they are of a magnitude that necessitate

correction particularly so at the higher air temperatures.

3.4.3 Further comments on data rejection

3.4.3.1 Rejection of profile air temperature and water vapour pressure

The inequality specified by Eqs 3.27 or 3.32 defines our rejection procedure where we assume that
E(T) = 0.001 K and E(e)= 0.01 kPa so that £(9) = 0.001+0.01/y (Eq. 3.30). If the inequality is
satisfied then there is a high possibility that the Bowen ratio will be very near -1 and therefore the
calculated flux densities will not have numerical meaning. Data fulfilling this inequality should be
excluded from evaluation. An intensive examination of data from Cathedral Peak Catchment VI for
days between 200 and 218, 1990 showed that the majority of the data during the day were not rejected
(Figs 3.13 to 3.16) and all rejected datum points had been done so justifiably when checked. The
method had the additional benefit of calculating a real daily total thus negating the requirement of
calculating daylength and adjusting calculations according to that daylength. The other measured
parameters of this period of study are also shown (Figs 3.17 and 3.18).

After initial implementation and success with the inequality as a rejection criterion, it was decided

that data points not satisfying the inequality on the lower side had to be those when dT was large and

negative. This set of circumstances is indicative of inversion conditions, which occur under either

nocturnal condensation (dew-fall) or periods of horizontal heat advection. The nocturnal latent energy

gains (dew) are not included in daily total evaporation calculations, but advection can nearly double a

windless day's water loss, including such times is of obvious importance. Fortunately, during the

nocturnal inversions, the vapour pressure gradient is very small, and the region of rejection small.

However, during advective inversions, the magnitude of the water vapour pressure gradient is uncertain

and therefore the temperature difference values may not fall inside the rejection limits. Due to these
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Fig. 3.7 The variation in the ratio (LVFW)/LVFW (Eq. 3.40) as a function of air temperature and actual

Bowen ratio B for a water vapour pressure of 1.2 kPa for an altitude of 1935 m; (Lv Fw)j corresponds to

y. = 53.45 Pa K"1
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Fig. 3.8 The variation in the ratio (LvF^/LyFv fEq. 3.40) as a function of air temperature and actual
Bowen ratio p for a water vapour pressure of 1.6 kPa for an altitude of 1935 m; (Lv Fw), corresponds to
y, = 53.45 Pa K-1
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Fig. 3.9 The variation in the ratio (LVFW)/LVFW (Eq, 3.40) as a function of air temperature and actual
Bowen ratio p for a water vapour pressure of 2.0 kPa for an altitude of 1935 m; ( i v Fw). corresponds to

1
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Fig. 3.10 The variation in the ratio (Fh)/Fh (Eq. 3.41) as a function of air temperature and actual

Bowen ratio p for a water vapour pressure of 1.2 kPa for an altitude of 1935 m; (F^. corresponds to y;

= 53.45 Pa K-1
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Fig. 3.11 The variation in the ratio (Fh)/Fh (Eq. 3.41) as a function of air temperature and actual
Bowen ratio p for a water vapour pressure of 1.6 kPa for an altitude of 1935 m; (Fh)t corresponds to yf

= 53.45 Pa K"1

Water vapour pressure = 2.0 kPa
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Fig. 3.12 The variation in the ratio (Fh)/Fh (Eq. 3.41) as a function of air temperature and actual

Bowen ratio p for a water vapour pressure of 2.0 kPa for an altitude of 1935 m; ( F ^ corresponds to y,

= 53.45 Pa K'1
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Fig. 3.13 The 20 min variation in 87 (K) as a function of day (215 to 218,1990) for Cathedral Peak Catchment
VI for the times O5hOO to 19hO0 (each small tick interval is 140 min). The horizontal line corresponding to 8 7
= 3.0 K indicates rejection tags for the absurd condition e > es [(71, + 72)/2] (usually corresponding to dewfall
or rainfall wetting the fine wire thermocouples completely) and the line corresponding to 5 7 = 2.0 K indicates
rejection tags for the condition expressed in Eq. 3.32 (viz., that the Bowen ratio p is around -1). The upper
limit curve is defined by 5 7 = -5e /y + 2 E(Q) and the lower by 5 r = - 8 e / y - 2 £ " ( 9 ) . Rejection of air
temperature and water vapour pressure data occurs if 67 is within the lower and upper limit

uncertainties, we stipulated the upper limit:

8 7 < -6e /y + 2 \E(T) + E(e) /y)] of the Eq. 3.32 inequality as the rejection criterion.

3.43.2 Rejection of single level water vapour pressures and air temperatures

We have noted mat under dew or rainfall conditions, with the likelihood that the thermocouples are

covered with water and possibly at the wet bulb temperature (see the psychrometric equation defined

by Eqs 3.6 to 3.8), the measured water vapour pressure from the dew point mirror system can be

greater than the saturation water vapour pressure corresponding to the temperature of the fine-wire

thermocouple. If the fine wire thermocouple is measuring the wet bulb temperature es (Tw) then since

7W < 7ojr, es (Tw) < es (7^,.) allows for the easy automatic rejection of single level water vapour pressures

Chapter 3 The logistics of calculating flux densities
from Bowen ratio data



Evaporation measurement above vegetated surfaces
using micrometeorological techniques

75
Savage, Everson and Metelerkamp

u
0

•d
CD

m
e
a
si

-d

CO

m

a
• r - l

•

3.0-

2.5-

2.0-

1.5-

1.0-
-

0.5-

0.0-

0
I—I

0)

-0.5-

-1.0-

-2.0-

Rejected due to <5T criterion

Lower <5T limit

-6e/y-21(6)

201.5 202.5
Day of year

203.5

Fig. 3.14 The 20 min variation in 5T (K) as a function of day (201 to 203, 1990) for Cathedral Peak
Catchment VI for the times O5hOO to 19h00 (each small tick interval is 140 min).. The horizontal line
corresponding to 57= 2.0 K indicates rejection tags for the condition expressed in Eq. 3.32 (viz., that
the Bowen ratio P is around - 1 , usually at early morning and late afternoon times). The upper limit
curve is defined by 5T=-8e/y + 2E(Q) and the lower by 6T=-de/y-2E(Q). Rejection of air
temperature and water vapour pressure data occurs if 57 is within the lower and upper limit

and air temperatures. A water vapour preesure e greater than es (T^r) when the air is unsaturated at that
time indicates a problem with the bias setting of the cooled dewpoint minor. This situation is referred to as
the e > es condition in Figs 3.13 to 3.16. The times when the data needs to be excluded, according to these
criteria, is infrequent but it is necessary to apply the exclusion criteria (Figs 3.13 to 3.16 but more especially
3.13 and 3.15). The output data of pass 3 were imported to the spreadsheet and tagged with a 1 if
e < es (Tair) and 9999 (that is, out of range data) if e > es (T^), exported to a comma-delineated file, with a
Pass 5 SPLIT run used to multiply the e > es (7^) vapour pressures and air temperatures by the zero tag to
erase the rejected data.

Early on in our evaporation measurement investigation, a loose hose to the dew point mirror of the

one Bowen ratio system caused water vapour pressures e to be greater than es (Tajr). The above
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Fig. 3.15 The 20 min variation in 57 (K) as a function of day (208 to 211,1990) for Cathedral Peak Catchment
VI for the times 05h00to 19h00 (each small tick interval is 140 min).. The horizontal line corresponding to 57
= 3.0 K indicates rejection tags for the absuid condition e > es [(T{ + 72) /2] (usually corresponding to dewfell
or rainfall wetting the fine wire thermocouples completely). Note the laige number of tags for this condition,
due to a rainfall event on day 210. The horizontal line corresponding to 87" = 2.0 K indicates rejection tags for
the condition expressed in Eq. 3.32 (viz., that the Bowen ratio p is around -1). The upper limit curve is defined
by &T = -8e/y + 2E(Q) and the lower by S7=-5e /y-2 i i (8) . Rejection of air temperature and water
vapour pressure data occurs if 57 is within the lower and upper limit

procedures would have assisted in an earlier identification of the loose hose problem. On another
occasion, the electronic bias of the dew point mirror one of the systems and later the other system was
being set too infrequently with the result that water continually condensed on the mirror. The system
therefore indicated a Tdp too high with e > es (7o.r), Again the SPLIT procedures would have assisted in
an earlier identification of the incorrect electronic bias setting.
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Fig ,3.16 The 20 min variation in 67 (K) as a function of day for all days of the period investigated thoraughly
(200 to 218, 1990) for Cathedral Peak Catchment VI for the times 05h00 to 19h00 (except for days with
incomplete data indicated by a corresponding day number in a smaller typeface). Each day indication
corresponds to midday. Each small tick interval is 140 min. The horizontal line corresponding to 5T = 3.0 K.
indicates rejection tags for the absurd condition e > es [(Tx + T2)/2] (corresponding to dewfell or rainfall
wetting the thermocouples). Note the large number of tags, due to a rainfall event, on day 210. The horizontal
line corresponding to 57 = 2.0 K indicates rejection tags for Eq. 3.32. The upper limit curve is defined by
5 r = -5e/y + 2ii(6) and the lower by &T=-5e/y - 2 E(B). Rejection of air temperature and water vapour
pressure data occurs if 57 is within the lower and upper limit

3.5 Data analysis

3.5.1 The use of spreadsheet

Initially, before daily totals were calculated with SPLIT, the QPro spreadsheet was used to manually
compute the required numeric data. Firstly, the 20 min output files were organized into manageable
sizes of two week periods and imported bto a standardized spreadsheet for inspection, modification
and storage. Deviations from the expected diumal patterns showed up clearly in graphic form when a
fine enough time scale- usually weekly, was used. Seasonal trends were, however more difficult to
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Fig. 3.17 The 20 min variation in some of the components (net irradiance, latent heat flux density and sensible
heat flux density) of the shortened energy balance (left hand y-axis, W m'2) as a function of day for day 200 to
209,1990 for Cathedral Peak Catchment VI for the times 05hOO to 19h00. Each day indication corresponds to
midday. Each small tick interval is 140 min. The right-hand y-a\is indicates the wind speed (m s*J). Since the
sensible heat flux density Fh is quite stable from day to day around 250 W m'2 and the latent heat flux density
Lv Fw around 50 W m'2 with a resultant Bowen ratio of about 5 for this dry time of the year

arrive at, as the size limitations of the spreadsheet meant that only one or two variables could be
collected at a time for the required number of days. The calculation of daily totals and averages in the
spreadsheet was extremely time-consuming, cumbersome and prone to the introduction of errors. After
six months of data analysis, this method of data analysis was abandoned in preference to the use of
SPLIT. Spreadsheets were thus used only once daily totals had been produced with the above SPLIT
processing procedure. In this form, the entire data set with all the variables for more than a year could
easily be contained and manipulated in a spreadsheet.

3.5.2 Detailed documentation on the parameter files

3.5.2.1 Capture of parameter files from computer screen

Bowen ratio parameter files were captured from a VGA personal computer screen (under DOS 5.0)
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Fig. 3.18 The 20 min variation in some of the components (net irradiance, latent heat flux, density and
sensible heat flux density) of the shortened energy balance (left hand y-axis, W m"2) as a function of
day for day 210 to 218, 1990 for Cathedral Peak Catchment VI for the times 05h00 to 19h00. Each day
indication corresponds to midday. Each small tick interval is 140 min. The right-hand y-axis indicates
the wind speed (m s"1). Since the sensible heat flux density Fh is quite stable from day to day around
250 W m*2 and the latent heat flux density Lv Fw around 50 W m"2 with a resultant Bowen ratio of about
5 for this dry time of the year

using the program HiJaak version 2.02 from Inset Systems. The procedure for this is briefly described.
From within the HiJaak subdirectory (hj2) and from the DOS command line execute

loadrpm

followed by the enter key. Then run the Campbell Split program in the normal fashion. Call up the
parameter file to be captured. When it is viewed on the screen, capture the screen image by pressing
ALT CTRL (hold the ALT key down and then press the CTRL key). Move the down arrow key to
Quick Capture and press the enter key. The user is prompted by a file name (usually scmO.igf where
the igf format is the internal format used by HiJaak). Press the up arrow key to and the enter key to
specify Initial Application to get back to Split Then move the cursor further down to capture the rest of
the Split parameter file (if not already complete) or choose another parameter file to be screen captured.
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When the second screen is captured (repeating much the same procedure described previously), the file

name will automatically change to scml.igf. All the igf files are placed in the hj2 subdirectory. To

remove the rpm memory resident program, from the DOS command line, type freerpm followed by the

enter key.

Once all the parameter files have been captured, exit from Split and then execute hj to convert the

* .igf files captured from screen to *.txt files. The files can then be imported into a text editor, merged,

edited, and then printed out for record keeping purposes and for use in editing the parameter files.

3.5.2.2 Pass 0

Pass 0 was used in SPLIT on the raw data files to collate the two line array into one line arrays. The

Pass 0 file is listed as:

PASS 0; Parameter file name passO.par
F1=Help F2=Commands Insert is On Param file is passO.PAR

Name(s) of input DATA FILES(s): 00.PRN.00.PRN

Name of OUTPUT FILE to generate: O0.PS1 /[""I /0

START reading in 00.PRN:

START reading in :

STOP reading in 00.PRN:

STOP reading in :

COPY from 00.PRN: 1[100..199] AND 3[0500..19QO]

COPY from : 1[200..299] AND 3[0500..19DO]

SELECT element #(s) in 00.PRN: 2[1..366],3[0500..1900],5[-20..50],6[-5.

.5],8I0.01..5],10E0.01..5]

SELECT element #{s) in : 4[-50..1200],5[-50..100],6[-50..100],8[-

2..3]

HEADING for report: COMBINATION OF ARRAYS 1xx AND 2xx INTO A

SINGLE ARRAY

HEADINGS for 00.PRN, co!.# 1: DOY

column # 2: TOD

column # 3: Tlo

column* 4: Tdiff

column # 5: eLo

column #6 : eHi

HEADINGS for, col. # 7: Rn

column # 8: SHF1

column # 9: SHF2

column* 10: dTs

3.5.2.3 Pass 1

After Pass 0 the data is in arrays in the order
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1: DAY; 2: TOD; 3: Thwer; A:TdijT= T ^ - Tupper; 5: eiov>er; 6: eupper; 7: Inet = Rnet; 8: SHF1 = Fsoll,; 9:

SHF2 =Fsoil2; 10: dTs.

The combination of water content data, the relevant weather data and the independent gradients

from the other BR system into the data arrays was accomplished with the parameter file name

passlnew.pamew.

F1=Help F2=Commands Insert is On Param file is passinew.PAR

Name(s) of input DATA FlLES(s): OO.PS1,OO.PS1,SWCORECT.PRN,072303WO.PRN,

00COLIN.PS1

Name of OUTPUT FILE to generate: 00.PS2 /[""] /0

START reading in 00.PS1:1[71]:2[1500]

START reading in : 1 [71]:2[1500]

START reading in : 1[71]:2[1500]

START reading in : 1[71]:2[1500]

START reading in : 1[71]:2[1500]

STOP reading in 00.PS1:

STOP reading in :

STOP reading in :

STOP reading in :

STOP reading in :

COPY from 00.PS1:1 [1] and 2[20]

COPY from : 1[1] AND 2[20]

COPYfrom:1[1]and2[203

COPY from :1[1] AND 2[20]

COPY from :1[1] AND 2[20]

SELECT element #(s) in 00.PS1: D={-.0109491 *5*1000.+.0289644*101325.)/{

8.31451 *(3+273.15)+0.0289644*9.79221 *193

5.),EA=(5+6)/2.,P=101.325-((9.79221*1935

.)/1000.)*D,ES=0.6108*EXP(17.2694"((2.*3

-4)/2.)/(237.3+{2*3-4)/2.))

SELECT element #(s) in : EA=(5+6)/2.,CP1=1.004722587+1.148254385*

EA/(P-EA),DCP=.001256*(1 .+25./40.)*(1.+(

EA/ES)),CP2=CP1+DCP,LV=2500.95-2.36679*(

(2.*3-4)/2.),G=CP2*P/(LV.6219807),LL=-(

(5-6)/G)-2.*((.01/G)+.001),RL-((5-6)/G)

+2.*({.01/G)+.001),D1P,CP2,ES,LV,G,LL,RL

.1-10

SELECT element #{s) in : 1..3

SELECT element #{s) in : 1,2,3,5..8

SELECT element #{5) in : 1.2.4..6

HEADING for report: TIME SYNCHED RAW DATA WITH WATER CONTENT
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HEADINGS for, col. #1 :D

column #2: P

column # 3: CP2

column #4: ES

column # 5: LV

column # 6: G

column # 7: LL

column # 8: RL

column # 9: DOY

column #10: TOD

column # 11: Tlo

column* 12: Tdiff

column #13: ELO

column #14: EH!

column #15: Rnet

column* 16: SHF1

column* 17: SHF2

column #18: dTs

HEADINGS for, col. #19: DOYWC

column # 20: TODWC

column # 2 1 : WC

HEADINGS for, col. # 22: DOYW

column* 23: TODW

column # 24: Tair

column # 25: Is

column # 26: Wspeed

column # 27: Wdir

column # 28: Ppt.

HEADINGS for, col # 29: DOYC

column # 30: TODC

column # 31: TdiffC

column # 32: eLoC

column # 33: eHiC

3.5.2.4 Pass 2

To correct any factors or other data, parameter file name pass2new.par was used.

Edit Run Save Quit Load new parameter file

. Name(s) of input DATA FILES(s): 00.PS2

Name of OUTPUT FILE to generate: 00.PS3 /["'I

START reading in O0.PS2: 9[71]
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STOP reading in 00.PS2:

COPY from 00.PS2: 10[0500..1900]

SELECT element #(s) in 00.PS2:1..8,9[1..366]I10I0500..1900J,11[-20..50

50..1200],16[-50..100],17I-50..100],18[-

2..3].21[.1..0.99],24[-20..50],25[0..120

0],26[0..10],27[0..360],28[0..50],29..33

HEADING for report: CORRECTED INET etc.

HEADINGS for 0O.PS2, col. # 1: D

column # 2: P

column # 3: CP

column # 4: ES

column #5 : L

column # 6: G

column # 7: LL

column # 8: RL

column # 9: DOY

column #10: TOD

column #11:Tlo

column # 12: Tdiff

column* 13: eLO

column #14: eHI

column #15: Rnet

column* 16: SHF1

column* 17: SHF2

column #18: dTs

column #19: WC

column # 20: Tatr

3.S.2.5Pass3

The main calculations are accomplished in pass 3 parameter file name pass3new.par.

Edit Run Save Quit Load new parameter file

Name of OUTPUT FILE to generate: O0.PS3rOO.PS3,0O.PS3,OO.ps3

START reading in 0O.PS3: 00.TSS /[""] 10

START reading in :

START reading in :

START reading in :

STOP reading in 00.PS3:

STOP reading in :

STOP reading in :
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STOP reading in :

COPY from 00.PS3:

COPY from:

COPY from:

COPY from:

SELECT element #(s) in 00.PS3:

SELECT element #(s) in : DA=1,P=2,CP=3,ES=4,LV=5,GAM=6,LL=7,RL=8,

DE=13-14,W=.5

SELECT element #(s) in : B=P*CP*12/(.6219807*LV*DE),F=SPAAVG{16,1

7),S=18/1200.M*860.*(837.+WM190.),GS=

F+S,LE=(15-GS)/(1.+B),H=15-GS-LE,KH=H/{D

A*CP*1000.*12),KW=(LE*GAM)/(DA*CP1000.*

SELECT element #(s) in : EM=0.413188419+0.0157973*11-0.00011506*1

ri1,EF=EM[.42..1],EQ=EF*(15-GS),EQ[-500

..1200],19..24,LL,RL,ES,13l14,DA,CP,GAM

SELECT element #{s) in : DEL=4098.02862*ES/((237.3+11)*{237.3+11)

),ALP=DEL/<DEL+GAM),ED=ALP*{15-GS),ED,25

..29

HEADING for report: BR OUTPUT: DOY.TOD.RN.G.BR.LE.H.F^.DT.D

E,KH,KW,EqmtWC,Tair,ls,Wspd,Wdir,Ppt.

HEADINGS for, col. #1:DOY

column # 2: TOD

column # 3: RN

column #4 : G

column # 5: BR

column # 6: LE

column # 7: H

column # 8: F

column # 9: S

column* 10: DT

column # 11: DE

column* 12: KH

column #13: KW

HEADINGS for, col. # 14: EQM

column #15: WC

column* 16: Tair

column* 17: Is

column # 18: Wspd

column #19: Wdir

column # 20: Ppt

column # 2 1 : Wdir

column # 22: LL
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column # 23: es

column # 24: eLo

column # 25: eHi

column #26: da

column # 27: cp

column # 28: gam

HEADINGS for, col. # 29: ED

column # 30: DOYC

column # 31: TODC

column # 32: TdiffC

column # 33: eLoC

column # 34: eHiC

3.5.2.6 Pass 4

The output of pass 3 was imported to the spreadsheet TAGIMPRT.WQl and then printed to a file as

ALLMGRAD.PS4. Pass 4 and 5 were then used to separate the variables to be processed over differing

times of day and to multiply the variables by TAGM to either accept or reject the datum point:

PASS 4: Parameter file name pass4new.par

Edit Run Save Quit Load new parameter file

Name(s) of input DATA FILES(s): 00.ps4

Name of OUTPUT FILE to generate: OO.pS5!['"] /0

START reading In 00.ps4: 3[72]:4[0600]

STOP reading in OO.ps4:

COPY from 00.ps4: 3[1] AND 4[20]

SELECT element #(s) in 00.ps4: 3[1..366]<4[0600..1800],1,2,5[-50..1200]

,6[-200..200]>LE=7<B=1*LE,Bf-500..1000]l

H=8,D=1*H,D[-400..800],EQM=9,F=1*EQM1F[-

500..1200],18[-20..50],19[0..1000],20[0.

.10],21[0..360],22[0..50],K=14,G=1*K,G[-

2..5J

HEADING for report: Series to be totalled from 0600 to 1800

WITH LE, H, EQM and K BLANKED WHEN TAGGED

HEADINGS for 00.ps4, col. # 1: DOY

column # 2: TOD

column # 3: TAGM

column # 4: TAG

column # 5: RN

column # 6: G

column # 7: LE

column # 8: H

column # 9: Eqm
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column* 10: Tair

column # 11: Is

column # 12: Wspeed

column* 13: Wdir

column* 14: Ppt,

column* 15: Kh

The output of this pass was taken to spreadsheet for examination of K values, calculations using K

and gradients, and daily totals in Lv Fv and H.

3.5.2.7 Pass 5

PASS 5: Parameter file name pass5new.par

Edit Run Save Quit Load new parameter file

Name(s) of input DATA FILES(s): 00.ps4

Name of OUTPUT FILE to generate: OO.pSB /[""] /0

START reading in 00.ps4:

STOP reading in 00.ps4:

COPY from 00.ps4: 4[1000..1600]

SELECT element #(s) in 00,ps4: 3[1..366],4[1000..1600],7[-20..25],12[-2

..5],13[-2..5]t1,2,BRALL=7lBRTAG=1*BRALL

,BRTAG[-20..25],KHALL=12,KHTAG=1*KHALL,K

HTAG[-2..5],KWALL=13,KWTAG=1*KWALL,KWTAG

[-2..5]

HEADING for report: Series to be totalled from 1000 to 1600

HEADINGS for 00.ps4, col. # 1: DOY

column #2 : TOD

column*3: BRALL

column*4: KhALL

column # 5: KwALL

column # 6: TAGM

column # 7: TAG

column # 8: BRTAG

column*9: KhTAG

column #10: KwTAG

3.5.2.8 Pass 6

PASS 6: Parameter file name pass6new.par

Edit Run Save Quit Load new parameter file

Name(s) of input DATA FILES(s): 00.PS5

Name of OUTPUT FILE to generate: 00.pS7/[n"]/0

START reading in 00.PS5:
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STOP reading in 00.PS5: F,2[1800]

COPY from 00.PS5:

SELECT element #{s) in 00.PS5: MIN(1),max(1)-min(1)+avg{1)+min(2)-500.+

tota!(2)-51040.,max(2),min(2)1TOTAL{5)B0

.0012,TOTAL(7)"12./24700.,TOTAL(7r0.001

2,TOTAL(8)*0.0012,TOTAL(9)*0.0012,TOTAL(

11)*0.0012,max(12),AVG(12),AVG(13),MAX(1

0),MIN(10)rAVG(10),TOTAL{14)rCOUNT(7)lBL

ANKS{7)

HEADING for report: DAILY TOTALS 19H00 WITH TAGGED DATA REJE

CTED

HEADINGS for 00.PS5, col. # 1: DOY

column # 2: DOYchk

column # 3: maxTOD

column # 4: minTOD

column #5 : inMJ.d

column # 6: LEmm.d

column*7: LEMJ.d

column #8 : HMJ.d

column # 9: EqLEMJ

column # 10: isMJda

column # 1 1 : maxWsp

column # 12: avgWsp

column #13: avgWd

column #14: maxTa

column #15: minTa

column* 16: avgTa

column* 17: totPpt

column #18: COUNT

column #19: BLANKS

3.5.2.9Pass 7

PASS 7: Parameter file name pass7new.par

Edit Run Save Quit Load new parameter file

Name(s) of input DATA FILES(s): ALL.PS6

Name of OUTPUT FILE to generate: ALL.pS8/I""]/0

START reading in ALL.PS6:

STOP reading in ALL.PS6: F,2[1600]

COPY from ALL.PS6:

SELECT element #{s) in ALL.PS6: max(1)-mln(1)+avg(1)+min(2)-1000.+total(

2)-24460.,max(2),min(2),AVG(3..5),SD(3..
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5),MAX(7),AVG(8.10),SD(8..10),COUNT(6},B

LANKS(6)

HEADING for report: DAILY TOTALS 16H00

HEADINGS for ALL.PS6, col. # 1: DOY

column # 2: DOYchk

column # 3: maxTOD

column # 4: minTOD

column # 5: avgBRA

column # 6: avgKhA

column # 7: avgKwA

column # 8: sdBRA

column # 9: sdKhA

column # 10: sdKwA

column # 1 1 : maxTAG

column* 12: avgKhT

column #13: avgKwT

column* 14: sdKhT

column* 15:sdKwT

column* 16: count

PASS 8: Parameter file name pass8new.par

Edit Run Save Quit Load new parameter file

Name(s) of input DATA FlLES(s): ALL.ps7,ALLps8

Name of OUTPUT FILE to generate: ALLps9 / n 10

START reading in ALLps7:1[200],1I1..366]:

START reading in : 1[200],1[1 ..366]:

STOP reading in ALL.ps7:

STOP reading in :

COPY from ALL.ps7:1[1]

COPYfrom:1[1]

SELECT element #(s) in ALLps7:1..19

SELECT element #(s) in : 1..17

HEADING for report: ALL DAILY TOTALS

HEADINGS for ALL.ps7, col. # 1: DOY

column # 2: DOYchk

column # 3: maxTOD

column # 4: minTOD

column*5: inMJ.d

column*6: LEmm.d

column # 7: LEMJ.d

column # 8: H MJ.d

column # 9: EqLEMJ
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column #10: IsMJda

column #11 : maxWsp

column* 12: avgWsp

column #13: avgWd

column* 14: maxTa

column #15: minTa

column* 16: avgTa

column* 17: totPpt

column #18: COUNT

column #19: BLANKS

HEADINGS for, col. # 20: DOY

column* 21 :DOYchk

column # 22: maxTOD

column # 23: minTOD

column # 24: avgBRA

column # 25: avgKhA

column # 26: avgKwA

column # 27: sdBRA

column # 28: sdKhA

column # 29: sdKwA

column # 30: maxTAG

column # 31: avgKhT

column # 32: avgKwT

column # 33: sdKhT

column # 34: sdKwT

column # 35: count

column * 36: blanks

3.5.3 Allowable ranges for output variables

The allowable range or ranges of each variable are tabled (Table 3.4) along with the pass number or

numbers in which they occur. These ranges were used to exclude erroneous data.

3.5.4 Discussion on the use of the rejection criteria

The rejection criteria are summarised by the following sets of conditions, with identifying tags

generated in the spreadsheet TAGIMPRT.WQ1 according to class of rejection in Table 3.5. The

identifying tags were used in order to be able to identify the cause of rejection.

Data points not rejected are tagged "1" . Vapour pressures above saturation or too close to each other are

rejected and tagged "2" (the "WVP" criteria) and rejected on one of these two sets of grounds. If the upper and

lower limit inequality (lower limit condition of Eq. 332) (tagged "3") is satisfied then there is a high possibility

that Hie Bowen ratio will be very near - 1 and therefore the calculated flux will not have numerical meaning. Data

fulfilling this inequality are therefore excluded from further processing. The majority of the data during clear days

were not rejected, and all datum points rejected were done so justifiably when checked. The method had the

additional benefit of calculating condition-sensitive daily totals. It thereby negates the requirement of calculating

dayiengths and adjusting calculations accoding to those dayiengths. The procedure is sensitive to the times of day
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Table 3.5 Summary of rejection conditions and associated rejection tag identifiers

Condition
No rejection

[a __ a ^^ f] ij 1 icPrl
* lOWGf UppCr *

v 1 Qp lowfir op upDBr * * *

Lower Limit < 5T< Upper Limit
Both of the above (2 and 3)

Tag
1

2

3

4

when reasonable fluxes occur, rejecting paints other than these good data points. This allows an

18-hour-day set of data to be used at all times, so avoiding having to decide when to start and stop data collection

for each daylength.

Initially both the Upper Limit (UL) and Lower Limit (LL) for 5T were used as rejection criteria. It was

found that the periods where 57 decreased below LL were those in the very early morning and late evening

(before and after morning and evening periods when p —> — 1 respectively). These periods are often already

rejected by the "WVP" criteria (case 2 b Table 3.5). A relatively small number of points not already rejected

by the WVP criteria were rejected by the UL criterion. The reason for this is that at these times Im is

negative. Those that are not rejected by negative 1M, but occur during the morning and evening periods, are

often rejected by the water vapour pressure criteria, since at these times, be values approach the resolution

of the sensor (and to a lesser extent, approach their saturation value).

The water vapour pressure (WVP) criterion is made up of two components; the resolution limit

check, and the check on each value with respect to its saturation value. Because only the former check

is included in the UL check, the WVP criterion is required in the data rejection procedure.

Due to these arguments, only the upper inequality was used as the rejection criterion (upper limit

condition of Eq. 3,32):

3.42

The additional points rejected by using only the upper rejection criterion were found to be
occasional large spurious points within the other rejection limits, as well as a few small values close to
morning and evening times in which the classes of rejection have been separated out). These points,
however, had already mostly been rejected by the WVP and negative Im criteria. Comparisons of daily
totals using both and then only the upper criterion, show that the disadvantage of rejecting the [good]
low data points in the morning and evening are over-shadowed by the disadvantage of not rejecting the
far fewer, but much larger, [bad] spurious data points that also occurred, but that had escaped rejection
by the other criteria (Table 3.6).

From Table 3.6 the benefits of applying these rejection criteria are evidenced by the contribution
that large spurious values make to the evaporation totals for each of four chosen days. Two days were
chosen to show "good" conditions (Day 4 and 16), and two examples of "poor" conditions (Day 2 and
31), when irradiance levels were low and/or variable. There was a small amount of precipitation on the
mornings of Day 4 and 31.
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Table 3.6 Comparison of daily total evaporation (mm day'1) calculated with differing sets of rejection
criteria for Day 2,4,16 and 31,1992 (Cathedral Peak, CVI)

Rejection criterion tvpe

No rejection criteria1

Split range limits only2

"WVP" limits3

LL<5r<UL34

57/<UL345

Dav2

-3.37

2.16

1.65

0.41

0.41

Dav4

2.63

2.65

2.24

2.14

2.14

Davl6

10.80

6.74

6.63

6.23

6.23

Dav31

3.20

2.07

1.60

0.70

0.70

Notes:

1 Other than missing data caused by division by zero when P -> -1

2 The [from..to] range limits as listed in Table 3.4
3 As well as the Split range limits which apply over and above this

4 With the use of this criterion, a significant reduction in daily total evaporation occurred on day 2
and 31 as a result of the large spurious negative and positive daytime evaporation values not rejected
by the above criteria

5 No change was observed when only the UL was used because the few additional points rejected
were very low values

Based on the above discussion, it was decided to reject all data periods when 57 decreased below

both the UL and the LL in the procedure used. Whether this is entirely justified under all conditions

requires some clarification. For 5!Tto decrease below the LL requires a large negative air temperature

gradient (a strong inversion), as well as 5e close to zero, or positive if 5T is not large. This set of

circumstances is indicative of inversion conditions, which occur under either nocturnal condensation

(dew-fall) or periods of positive horizontal heat advection. The nocturnal latent energy gains (dew)

cannot be included in daily total evaporation calculations, but advection can nearly double a windless

day's water loss. Dew-fall renders both the air intake levels saturated, thereby making water vapour

pressure gradient determinations and flux calculations impossible. Wet thermocouples will measure the

wet bulb temperature, preventing the measurement of air temperature gradients. It follows that

including the latter is of obvious importance. Under advective conditions, wind speeds are high enough

to ensure a completely mixed or convective boundary layer. If the Bowen ratio sensors are high enough

above the surface to be out of any low-level inversion caused by advection, then this effect should not

confound evaporation measurements by causing the data to be rejected. A local source of energy

additional to the available energy (as defined by the assumption that excludes advection), will increase

the flux densities flowing upwards from the surface. However, they will not be perceived by sensors

above the low-level inversion, and so introduce an error due to advection. Some way of obtaining

measurements of the advective energy input must therefore be found to avoid this error,

3.6 Error considerations of the Bowen ratio energy balance method

3.6.1 Introduction and literature review

Several workers have dealt almost exclusively with error-related aspects of the BREB method, most
notably Fritschen (1965), Fuchs and Tanner (1970), Sinclair etal. (1975), and Angus and Watts (1984).
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Other workers have concentrated on the positioning of the Bowen ratio sensors. For example, Heilman

et al. (1989) found that the Bowen ratio and its variability increased with measurement height. The

measurement heights were starting to extend above the internal layer, yet adequate results were

obtained.

The high precision of Bowen ratio measured fluxes was confirmed by Revfeim and Jordan (1976),

while absolute accuracy was affirmed by Nie et al. (1992) (during the 1987 FIFE9 intercomparison of

surface flux measuring systems).

Tanner (1963) noted the importance of horizontal spatial sampling to avoid the effects of surface

inhomogeneities which can affect measurements and thereby also calculations of the ratio K^K^. The

practice of sampling by using sensors which travel physically on a horizontal arm has been used in the

past, but is mechanically more complex. More recently the accepted strategy for adequate spatial

sampling has been the placement of sensors far enough above the surface or canopy to be in the region

where greater turbulent mixing occurs. Further from the evaporating surface, however, the profile

gradients are smaller and thus more difficult to measure. Closer to the surface, the gradients are larger

in magnitude (and thus easier to measure), but the problem of patchiness of cover overshadows the

benefits (Tanner 1960). The choice of heights is limited by the fetch-height constraints and because

under stable conditions, errors due to thermal stratification increase with height, an additional

profile-limitation is imposed (Rao et al. 1974). Fortunately such stable conditions are infrequent and, in

any event, result in minimal water losses.

Black (1973) found that the performance of the BREB method improved when the height difference

between the sensors was increased, although this was probably due to changes in fetch, and increased

magnitudes of the measured SJT and Se relative to the measurement error (Munro 1985).

From the literature, it seems that during advective periods it is the sensible heat exchange coefficient

that becomes greater than the latent, and thus should increase the "constant" multiplier K.h^Kw of Eq.

3.13. The error introduced by applying the assumption of Similarity will result in an underestimation of

LVFW, and therefore an overestimation of Fh. Verma et al. (1978) confirmed this for regionally

advective conditions over grass.

At high levels of evaporative flux, values of p are small, and an assumption of equality between Kh

and Kw when the two are not markedly different will not lead to serious error in the estimation of

LVFW . However, when the surface is dry and Lv Fw small, p values are large and a given departure of

K^K^ from unity can lead to almost as large errors in the estimate of LVFW. Corrections to the

assumption of Similarity are therefore required for nearly all sites (Denmead and Mcllroy 1970). It is

evident from Eq. 3.15 that the sensitivity of p is directly related to the measured gradients; a one

percent error in a measurement results in a one percent error in p, although if both the gradients are

under- (or, less likely: over-) estimated, the error cancels somewhat. The size of the error therefore, is

directly proportional to the size of p, under any particular constant energy balance regime.

Angus and Watts (1984) stressed the dependence of the absolute error in p on the size of p. They

assumed a constant and independent error of approximately ±4 % in the determination of available

The First ISLSCP (International Satellite Land Surface Climatology Project) Field Experiment, or
FIFE, was one of the most complex interdisciplinary research efforts undertaken in Earth Science

Chapter 3 The logistics of calculating flux densities
from "o—en ratio data



Evaporation measurement above vegetated surfaces 93
using micrometeorological techniques Savage, Everson and Metelerkamp

energy which is added to the error from p. Under high evaporation conditions at or near the potential

rate (-0.2 < p < 0.2), errors of up to 30 % in p produce errors of less than 5 % in Lv Fw (9 % when

added to the available energy error). However under extremely dry conditions, the high value of P

causes a need for increasingly precise psychrometric measurements in order to maintain error levels

accuracies {Td to within ±0.0013 °C). Such accuracy levels were considered to be an order of

magnitude greater than could be expected from most Bowen ratio equipment at the time.

Pruitt et al. (1987) pointed out that under calm, cool or humid conditions, evaporation is

insignificant. However the resultant large evaporative flux densities which usually occur when P

approaches -1 under highly advective conditions, cannot be measured. Whether the neglection of the

advection term from measurements is permissible cannot be decided until the effect is quantified, and

hence measurement of advection should always accompany the collection of data for use in the BREB

determination of flux partitioning. By meeting the aforementioned fetch requirements, the effects of

any local advection should be assuaged and not affect evaporation measurements. This again

emphasizes the requirements of measuring within the correct boundary layer, and therefore of placing

sensors in areas of ample size and uniform cover. When the BREB method does fail due to the

neglection of advection, these solutions must be discarded, as they must be at the times when p -» - 1 .

Webb (1965) and Angus and Watts (1984) discussed an interesting phenomenon relating to

advection. This was previously reported by Dyer and Crawford (1965) working at the same site and

time of year. They found that although a uniform boundary layer had been established, this was no

guarantee of the same in profiles of diffusing entities such as energy or gases, Angus and Watts (1984)

further found advective periods where; under fairly strong radiative conditions, low-level temperature

inversions occurred. These would confound the inference of profiles at normal heights used for Bowen

ratio measurements, since the sensors would be above and thus not detect the inversion. The sources

and sinks of sensible and latent heat would not be the same, the fluxes may well be in opposite

directions, and consequently the assumption of Similarity would no longer hold. With a displaced

source of heat (Fig. 3.19), meaningful flux measurements would not be possible.

Panofsky (1965) notes that a two-point gradient measurement can be used as an estimate of that
gradient. This would introduce considerable error under the above conditions. Normally, however, the
error introduced by this approximation is not significant at the heights of measurements commonly
used in the BREB method.

Nocturnal evaporation of up to 20 % of the daily total can occur in alfalfa fields due to strong
temperature inversions in spring (Rosenberg 1969a), and omitting these periods can significantly
decrease calculated totals. Abdel-Aziz et al (1964) and van Bavel (1967) also reported measurable
nocturnal evaporation over alfalfa.

3.6.2 The error associated with the psychrometric and other "constants"

Revfeim and Jordan (1976) noted that failure to take temperature and pressure corrections into account
when calculating the psychrometric constant could cause considerable errors if the wet bulb depression
were large. The psychrometric constant is required when using psychrometry to determine water
vapour pressure (WYP) gradients.

Angus and Watts (1984) considered errors introduced in the determination of A and y an order of

magnitude smaller than those from gradient measurements, and CSI's documentation (Anon 1991)

supplied with the Bowen ratio equipment merely suggested static values for most of the dynamic
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Fig. 3.19 Diagrammatic representation of (left), a low-level temperature inversion found under early
morning advective conditions. This demonstrates periods when flux-gradient measurements cannot
yield rational results. On right, a typical water vapour pressure profile (after Angus and Watts 1984,
Lang et al. 1983)

"constants". A detailed analysis of the effects of using arbitrary static values as opposed to calculated
values was done (Savage et al. 1991). Their results were convincingly in favour of using corrected
values. During data processing, therefore, the variables were calculated for each time interval to correct
for the environmental conditions as closely as possible. The implementation of the corrections was
discussed in the section concerning data processing (Section 3.5).

3.6.3 Estimation of the error in Lv Fw

Intra-systematic error estimation of the Bowen ratio method has been thoroughly reviewed by Tanner

(I960), Fuchs and Tanner (1970), Sinclair et al. (1975), Revheim and Jordan (1976), and others. The

representative opinion at that time, reached by Sinclair et al. (1975) was that latent flux densities can be

estimated to within 10 %.

The error may be assessed as the sum of the individual error-introducing components as per

standard methods (see for example Fuchs and Tanner 1970, Angus and Watts 1984), as follows:

If 2 =/(x) then z =/(x}, and a(z) = \f'(x)f a(r)

where/ ' denotes the first partial derivative, and if z =f(x, j , p, q), then

a(z) = [(dz/dxf(px? + (dz/dy)\ay)2 ff \f f5

It follows that if
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)2 + cr (component 2)2 + u (component 3)2 + ]G(LV FV) = [a (component I)2 + cr (component 2)2 + u (component 3)2 + . . ]

then the equation used to calculate the unknown for which we wish to calculate the relative error:

may be expanded to:

^ U ^ W M > t f M W °J 3.43
net

where Fs is made up of the plate-measured soil heat flux density G and the heat stored in the soil FItored

(Eq. 2.31). The latter is calculated from soil temperature Tsoii, bulk density pJQ,/ (kg m"3), gravimetric

soil water content 9m and specific heat capacity csoi! (J kg"1 K"1); and its error may be estimated from:

\ I• :>°red\2 2 fFsioreds2 fl 2 , (Stored,? 2 -i °"5

°?ioil 00m OCioil

but is taken as a combined 20 % of Ft (Angus and Watts 1984).

On differentiation, the components are simplified to:

dLvFw/ddT=-LvFw-y/[(\

dLvFw/dde = LvFv-2\l'[(l

Simplifying by substituting these expressions into Eq. 3.43 yields

Gde2f5. 3.44

The error in the determination of Lv Fw may be estimated for each time of day, and will vary

according to the prevailing conditions since some are more conducive to accurate measurement than

others. Strong profile gradients in conjunction with an ample supply of water and radiative energy will

result in low absolute and relative errors. The relative error increases with lower evaporative fluxes

under drier conditions (due to relative errors in p becoming larger) because the difficulty of measuring

small gradients in water vapour pressure increase (Angus and Watts 1984). The absolute error however,

is largest when fluxes are large, and smallest when conditions are dry, simply because the latent heat

flux density itself is small (Angus and Watts 1984).

Angus and Watts (1984) disregarded the error b the psychrometric constant as they found it was a

factor smaller than those in the wet bulb temperature determination. Since the values used in our data

processing were corrected for local conditions, our error is expected to be even less, and so does not

enter into the equation.

The error in the determination of the available energy Imt — Fs enters independently of the Bowen
ratio determination, and can be estimated from the accuracy of calibration of the instruments (Angus
and Watts 1984). Although no calibration error was quoted in the net radiometer's documentation, the
high quality of the unit used warranted using the same value of 2.5 % of Inet used by Angus and Watts
(1984). Similarly, for the soil heat flux, an overall 20 % of the Fs value was used to take into account
spatial variability and sampling problems inherent with these sensors, as well as errors in the
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determbation of stored heat energy from the change in soil temperature, the soil's bulk density and the

specific heat capacities of soil and water.

Values for a(57) and a(5e) were taken as twice the resolution of the respective sensor. The values

used were: a(57) « 0.012 °C; a(5e) =; 0.02 kPa; cj(/ne/)« 0.025 lnet and a{Fs) « 0.2 Fs. Topical daytime

values for the following were used:

/ne, = 400 W m"2, F3 = - 10 W m"",

5T= 0.08 °C,8e = 0.15 kPa

then p = 0.5993

and LVFV = 256.5 Win"2.

The error in lmu a(Inet) = 0.025 x 400 W m2 = 10 W m'2, and in Fs, a(Fs) = 02 x -10 Wm' : =

-2 W m2.

This yields a(Lv Fw) = 25.62 W m'" or some 10 % of the evaporative flux density (Eq. 3.43),

As discussed by Angus and Watts (1984), the absolute error in the latent heat flux density increases

with dry conditions, when P is larger and the water vapour pressure gradient small. Under these

conditions, the water vapour pressure gradient is the major contributor to the total error, which stresses

the importance of accurate water vapour pressure determinations as well as the lack of systematic error.

When conditions are wet, p is small due to the large 5e value and correspondingly small 5T value, and

the level of confidence in the evaporative flux is dependent mainly on the level of irradiance.

In summary, when evaporation rates are high, relative accuracy in the latent heat flux density is
good, even with a poorly measured p. When p becomes large and evaporation less, absolute error is
smaller due simply to the smaller values, but relative error bcreases.

To illustrate these points, Lv Fw for the four days are presented in Fig. 3.20 along with the calculated

absolute error. The latter is represented by the height of the vertical bars. Periods where the relative

error is greater than 30 % are annotated at the top of the figure along with an indication of which data

periods had been rejected by the data rejection process. The periods with low relative error occur on

"good" high flux, high radiation load days when p is small and rejections few. On the "poor" days,

relative errors increase since evaporative fluxes drop way down, although spurious large values have

been rejected from the data set. The net irradiance levels, Bowen ratio and gradient values are

presented (Figs 3.21 and 3.22) to gab a fuller understanding of conditions on the days. The Bowen

ratio is most mdicative of likely error levels, as a stable low value (Day 4 and 16) means high flux

levels with low relative error. A low positive P value results from Sr and Be differences as occurred on

these two days (Fig. 3.21 and 3.22). But where variable and large p levels occur (Day 2 and 31) mainly

due to inconsistent water vapour pressure gradients, fluxes are low and prone to rejection of spurious

values as well as large relative errors.

3.6.4 Practical aspects

Far fewer papers dealt b detail with the practical aspects of error avoidance. A notable exception to
this was a paper by Lbdroth and Halldb (1990) assessing gradient measurements above forests. They
pobted out the inappropriateness of inferring gradients from difference measurements at only two
pobts over low vegetation, sbce the gradients were far larger (an order of magnitude), and less linear
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Fig. 3.20 Latent heat flux density {—) and its relative error level (bar graph) for four days. The periods
where the error is less than 30% of the flux are annotated above, as well as those periods which are
rejected (|). Day of year indication, 2.5 for example, corresponds to midday for Day 2
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Fig. 3.21 Variation of net irradiance (X) and Bowen ratio (—) for the four days
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differences for the four days

that those over forest canopies.

From experience obtained using the Bowen ratio equipment, it was found that seemingly

unimportant aspects required a lot of attention, and evidence of a problem was only found a lot later

when examination of the data was possible during processing. In other words, frequent and early

examination of current data can prevent months of collection of useless data.

From error analyses, the relative error in LVFW has been found to be most sensitive to lml

measurement errors. With accurate net radiometers, most of the error arises from the soil heat flux
density determinations, even though their contribution relative to net irradiance is small due to the
small magnitude of the former. This is due partly to the accuracy of the net radiometers and to the
difficulties encountered with soil heat flux density determinations. The important aspect of the
calibration of the net radiometer is discussed in Chapter 6. The soil heat flux-related errors introduced
by soil:probe contact, depth positioning and spatial dissimilarity are constant, while those arising from
uncertainties in the calculation of the stored heat energy content in the layer above the flux plates (due
mainly to changes in soil water content) change with time. Our experience has shown that soil heat flux
density Fs (Figs 2.12,2.13; Eqs 2.31 to 2.33) to be a variable component of the energy balance (Eqs 2.2
or 2.3), It is therefore advisable to measure soil heat flux density Fx (and soil temperature Tsoj!) at at
least two different positions. The sensors can be connected in parallel so as to conserve the number of
datalogger channels required. In the case of short canopies, soil heat flux density may be an important
of the energy balance and it is worth the effort to obtain reliable measurements using the procedures
suggested here.

Differential radiative heating of the fine wire thermocouples due to dissimilarity, (resulting from

Chapter 3 The logistics of calculating flux densities
from Bowen ratio data



Evaporation measurement above vegetated surfaces 99
using micrometeorological techniques Savage, Everson and Metelerkamp

perhaps a spider's web or other deposits of dirt on one sensor and not on the other), especially at the
peak radiative load directly after a cloud pass, can increase the measured temperature difference. This
results in a smaller Bowen ratio and thus an overestimated Lv Fw. Morning dew will evaporate from the
net radiometer and thermocouples much faster than from the air intakes, where it has a tendency to
collect. Thus the vapour pressure difference will be small, p too large, and LVFW underestimated. Care
is needed to ensure that sudden spurts of vegetation growth (particularly following summer rains) do
not damage the lower thermocouple or change the height of the lower sensor in relation to the canopy.

The slope of the surface needs some consideration in terms of affecting the measurement

methodology of both horizontal and vertical gradients. Slopes induce air-flow up or down depending on

time of day, and are thus rarely windless. Sampling of atmospheric gradients above a surface in the

presence of wind should surely be done perpendicular to that surface, or a degree of representativeness

will be lost. Slopes of up to 10° require a cosine correction that results in a reduction of less than 3 %.

and thus correction is only necessary with quite large slopes.

Any increase in elevation could affect site comparisons due to pressure, and therefore, temperature

changes, but would probably have an insignificant and undetectable effect on calculations with changes

in altitude of tens of meters.

Our experience has been that the Bowen ratio system cannot be regarded as one that can be used to

measure sensible and latent heat flux densities at remote sites unless it is possible to visit the site at at

least weekly intervals. Besides the possibility of thermocouple damage and the need to change the

filters, the most limiting factor was the need to set the bias of the dew point mirror system and clean the

mirror at time intervals of probably less than a week. It is possible with an improved design in the

electronics of the dew point mirror, that the time period of a week could be increased substantially.

The filters needed checking at each visit and replaced if necessary. During the burning season, the

filters needed replacement more frequently because of increased dust and ash in the atmosphere. The

net radiometer domes need to be replaced every six months and the sensor requires calibration once or

twice a year. The manufacturers10 recommend return of the instruments to them for recalibran'on every

six months. A calibration method to alleviate the problems and costs associated with instrument return

are described in Chapter 6.

The early pumps used with the Bowen ratio system used motors that were not brush!ess and had a

life of about a year. The newer pumps are brushless and probably have a life time exceeding a year.

We recommend that the entire Bowen ratio system be returned to the laboratory every six months
for a complete service and bench check of the sensors, datalogger, pump and mirror system. The user is
advised to have available a standard sensor for the measurement of water vapour pressure and
temperature. The datalogger requires checking against a standard voltage source, as recommended by
the suppliers. It is also advisable that some of the sensors be checked in the field whenever possible
(against an Assmann psychrometer, for example).

It is advisable to keep an extra supply of filters, thermocouples and net radiometer domes. In

10 The authors have the manufacturers' addresses for all components of the system. These could be
supplied on request
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addition, the user should have an extra pump available. These items should be taken to the field at each

visit to avoid the inconvenience of extra travel.

Data stored should be properly identified, including a year identifier. Each research site, should be

allocated a unique data storage area identifier. This is accomplished by the use of program instruction

80 (store area) when using the Campbell Scientific dataloggers. Together with the year identifier, the

final storage identifier can assist the user in determining exactly the nature of the data. If the final

storage identifier is altered every 1 January, there is no need to also attach the year identifier. This

method would reduce the size of the data files.

3.7 Determination and use of a generalized exchange coefficient, K

3.7.1 Introduction

If a method of obtaining a reliable estimate of a generalized exchange coefficient K for any site could

be found, considerable savings in instrumentation and therefore expense could be made. All that would

be required to calculate the sensible heat flux density, is a A" value and a single differential temperature.

From this, in conjunction with an estimate of the available energy, the amount of evaporation could be

calculated for the site.

The main assumption of the BREB method is the "assumption of Similarity" where the turbulent

exchange coefficients for latent and sensible heat are assumed equal: (K=Kw = Kh) (Rider and

Robinson 1951, Rider 1954, Tanner 1963, Dyer 1967 and, Swinbank and Dyer 1967). It is assumed

that the ratio of the exchange coefficients (or eddy diffusivities) for the two types of energy fluxes

considered is not significantly different from unity under the conditions for which the method applies.

Therefore only one lvalue is required - the assumed (common) lvalue.

The original purpose of the study was to calculate and assess the temporal stability of the assumed K

value. From this the applicability of the assumed Similarity between the two exchange coefficients

could be assessed. In addition, the periods for which a uniform and relatively stable K value resulted

could be found. From this, in turn, it could be assessed at what times of the day and under what

conditions the Bowen ratio method can more confidently be applied.

Our aim was therefore to calculate the value and stability of the exchange coefficient under various
atmospheric conditions, using a back-calculation method, without any measurements other than those
for the Bowen ratio. We thereby also wished to determine the applicability of the assumption of
Similarity. A revised aim became to postulate whether such a lvalue could be used site-specifically to
calculate sensible and latent heat flux densities from a two point-differential air temperature
measurement alone,

3.7.2 The "back-calculation" method of obtaining lvalues

The value of the exchange coefficient may be calculated directly from the governing diabatic profile
equations" (Fuchs and Tanner 1967). This method requires a priori wind speed profile measurements
and an assessment of the dependency of some of the parameters in the equations on atmospheric
stability conditions by means of further measurements. It was therefore not attempted.

11 The transfer coefficient with the diabatic influence accounted for is given by Sellers (1965)
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The value of the exchange coefficient can also be calculated indirectly either from simultaneous

lysimetric and Bowen ratio measurements of heat flux density (Verma et al. 1978), or from

simultaneous Bowen ratio and eddy correlation measurements at one site (Motha et al. 1979b) as

discussed in Chapter 2. Rearranging the Bowen ratio and energy balance equations and substituting

lysimetricaliy determined values for the flux densities would yield the best estimate of the unknown K.

A single Bowen ratio system was used in the calculation of K.

The assumption of similarity between the two exchange coefficients (Kh = Kw) means that individual

values for both of the exchange coefficients are not required (due to the assumption that the two

diffusivities are equal and therefore cancel). Thus a common K value may be found using Bowen ratio

measurements alone, and is, due to the formulation of the Bowen ratio, identical in value whether

calculated from the sensible or latent heat flux density amount.

From the simplified energy balance equation: Inet = LVFW + Fh +FS and the simplified Bowen ratio:

P = y 57V8e, the unknowns Lv Fw and Fh can be calculated from:

The back calculation method can reveal the value ofK { = Kh = Kw):

Kh = [F/paCp\&zy5T 3.45

and Kw = [Lv Fw y/pa cj 5z/5e. 3.46

If the calculated K value is now used in conjunction with the gradient measurements from another

Bowen ratio system (or other independent source) to calculate the flux densities, a comparison of the

results without any auto-self correlation is possible.

3.7.3 Results and discussion

3.7.3.1 The back-calculation method of obtaining K

It should be noted that an independent method of calculating (or preferably directly measuring) K is
required to be able to simultaneously check the accuracy and precision of the method before it is
applied. The method of calculation and the lack of a completely independent data set preclude the
drawing of definite and quantitative conclusions and the comparisons made all contain a degree of
auto-selfcorrelation. However, gradients used to calculate AT were obtained from one set of Bowen ratio
apparatus and those to check the dependency of K from another set adjacent to the first.

Confidence in the applicability of the assumption of Similarity between exchange coefficients will

be greater if the back-calculated value of K does not vary considerably from one measurement period to

the next. That is, if its covariance is low. then the assumption of Similarity is acceptable. But if the

value of the calculated K varies considerably from one 20 mm period to the next, then the likelihood

that the two exchange coefficients are not similar is greater.

The exchange coefficient K during cloudless "normal" days was found to reach a fairly even and
stable plateau of around 0.2 to 0.3 m2 s*1 for the period lOhOO to 16h00 (Fig. 3.23). At later times, the
value decreased consistently slowly towards zero at sunset, temporarily becoming negative but
remaining just above zero until the next sunrise. Large spurious spikes occurred at the expected times
due to the available energy approaching zero in the early morning and evening. The results were
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consistent with the values reported by Motha et al. (1979b) and Verma et al. (1978), although they

reported a larger range of values, (0.1 to 0.7 m2 s"1) and larger maximum values, probably since their

studies were carried out under advective conditions. The values reported by Fuchs and Tanner (1967)

were much lower than was found, but their work was done over bare soil with the result that the latent

heat flux density was much lower than that of the sensible component, indicating a lower midday

common exchange coefficient of between 0.10 and 0.15 m2 s'1, possibly due to the effect of lack of

vegetative cover. Fritschen et al. (1985) found that the value of the eddy diffusivity increased with

plant height, surface roughness and instability, and reported midday values of 0.08, 0.8 and 8 m2 s"1 for

alfalfa (0.5 to 0.8 m), saltcedar (2 to 6 m) and Douglas fir (30 m).

Night-time assessments of K were originally thought not possible due to the failure of the Bowen

ratio technique at these times (when the available energy approaches zero). From the measurements

however, an extremely stable value of 0.01 to 0.02 m2 s"1 was found after the rejection of data around

sunrise and sunset time. Although the contribution that nocturnal evaporation makes is small, a

continuous, 24 hour calculation of fluxes seems possible with the proposed method.

Analysis of the dependence of K on 571 and be showed that even though these were the

"independent" variables used to calculate K (via the Bowen ratio-determined flux densities), they alone

were not responsible for the trends observed (data not shown).

The ratio 5T/5e which constitutes the dynamic part of the Bowen ratio proved to account for much

of the dependence. The dependence on wind speed (and therefore approximately on stability), was

somewhat less. The net irradiance also had some effect on K, mainly by virtue of the fact that large

3.5
Day of year

4.5

Fig. 3.23 Diurnal trend of a generalized K on three typical days in 1992. The "long" day (06h00 to
I8hO0 thin horizontal line -D-) and "short" day -m~ (lOhOO to 16h00 thick horizontal line) means are
similar at this time of year. The overall mean for several month's data K = 0,239 m s' is presented.
The trend was consistent throughout the year, both in shape and value, and was comparable with
similar trends found by Motha et al. 1979b
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fluxes are primarily caused by large positive net inadiances. Less variability is encountered under high

flux conditions with the result that the calculated value ofK is more stable between measurement

periods.

The mean and standard error of K over a typical period (Table 3.7) illustrates these points, and

suggests that only "normal" cloudless days with large fluxes be used in the calculation of a

representative K value for a site. The comparison ofBREB-determined Fh values to results calculated

with the average lvalue of 15 days (Table 3.8) and the independent temperature gradients were within

2 % over the period, even though the 20 minute predictions were somewhat lagged. TheLvFw

comparison was generally within 5 %.

In the normal BREB formulation, all the energy balance components other than the latent and sensible

heat flux densities must be measured, as well as gradients in both air temperature and water vapour

pressure. But with the back-calculation method once a K value has been found for a site, only net irradiance

and soil heat flux densities, and either of the gradients are required to Gadboth Fh and LVFV.

A number of instrumental alternatives are thus possible:

• 1. measure 57VSz and 8e/5z and hence calculate Fh and Lv i v (along with prior knowledge of/5 •

• 2. measure Imt, Fs and de/dz (from which Lv Fw could be calculated from a priori knowledge of
K, then Fh is calculated from the balance of the available energy: Ffc= Inet - Lv Fw - FSt or,

• 3. measure net irradiance, Inet, Fh, and 5T/5z from which Fh could be calculated from a priori
knowledge of K\ then Lv Fw is calculated from the balance of the available energy using the
equation Lv Fw -Inet - Fh - Fs.

Method 1 is essentially equivalent to the standard Bowen ratio method and as no instrumental

savings are made, is the most accurate after the conventionalBREB method. Method 2 requires the more

Table 3.7 Mean, standard error and covariance (CV) of K over a typical 15 day period

Day (1991)

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

K(m2sl)
0.231
0.242
0.248
0.239
0.219
0.220
0.225
0.203
0.210
0.349
*****

0.270
0.267
0.219
0.239

a(ft (m2 s-1)
0.045
0.058
0.062
0.070
0.059
0.047
0.055
0.048
0.075
0.088
*****

0.0551
0.056
0.084
0.149

CV(%)

19.5
23.8
24.9
29.0
26.7
21.4
24.6
23.8
35.8
25.3
***•

204.0
21.0
38.5
85.9
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Table 3.8 Comparison of LVFW and Fh calculated with the conventional BREB method and the
back-calculated ^-method (MJ m"2) (using independent 5T values and K- 0.239 m2 s*1)

Day

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

BREB

5.17

4.28

5.93

4.10

4.93

5.22

5.22

4.85

3.84

0.40

2.49

1.51

4.48

4.33

6.12

LVFW

Kandbe

4.45

4.53

4.20

1.18

0.25

0.67

0.35

0.31

-0.34

-0,40

-0.55

-1.78

0.12

0.56

0.68

Difference

0.72

-0.25

1.73

2.92

4.68

4.55

4.87

4.54

4.18

0.80

3.04

3.29

4.36

3.77

5.44

BREB

5.21

4.73

3.49 .

5.34

4.65

4.36

4.12

4.29

3.61

1.33

-2.72

2.32

5.64

2.27

Fh

KanddT
5.17

3.40

4.16

5.38

4.43

4.96

3.82

4.91

3.66

0.57

4.36

0.89

4.69

2.55

Difference

0.04

1.33

-0.67

-0.04

0.22

-0.60

0.30

-0.62

-0.05

0.76

-7.08

1.43

0.95

-0.28

difficult and expensive measurement of vapour pressure gradients but circumvents air temperature

gradient measurement. The third choice represents the optimal saving in instrumentation, expertise,

expense and upkeep, without sacrificing accuracy.

For the most accurate calculations of Lv Fw and Fh once a time averaged K value has been found,

the use of temperature gradients rather than the vapour pressure gradients is recommended. This is due

to the good agreement obtained between sensible heat flux densities calculated in this way, and those

sensible heat flux densities obtained as the result of the independent Bowen ratio method. The K

method greatly underestimated the latent heat flux calculated with vapour pressure gradients on most

days. This was perhaps due to underestimated daily evaporation totals due to the inclusion of large

negative spurious data points after dark, (to which temperature gradient-determined daily totals are less

susceptible). The latent component can then be more accurately calculated from the available energy,

and thus has the additional (and over-riding) benefit of negating the requirement for a humidity sensor.

No discernible seasonal trend in K was found, which corroborates the conclusion that the K values

obtained are correct, as the parameters from which A!" were calculated (Eqs 3,45 and 3.46) are seasonal.

This study was carried out prior to the development of the intensive data rejection processes described

in Section 3.2.6 but the conclusions remain unaltered.

3.7.3.2 A standard deviation method of obtaining p

An interesting alternative to the Bowen ratio technique is based on the assumption that air temperature

and water vapour pressure fluctuations associated with the eddies that carry fluxes vertically are almost

perfectly correlated (Swinbank and Dyer 1967, McBean and Miyake 1972). Hence, assuming that the

exchange coefficients for sensible heat and latent heat flux density transfer are equal (Eq. 2.21), one
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may conclude:

P = y 57/fie « y a /c r e 3.47

where a? and ae are the standard deviations of the air temperature and water vapour pressure
fluctuations (Kanemasu et al. 1979). However, Kanemasu et al. (1979) caution that the air temperature
and water vapour pressure measurements must be performed by sensors that have the same time
response. This is not the case for the sensors that have been used in the current study. The LI-COR
LI6262 CO2/H2O infra red gas analyzer would enable the Bowen ratio to be determined using Eq. 3.47.
The attraction of this approach is that the calculation of sensible and latent heat flux density may then
be obtained using measurements at one atmospheric level only. The "standard deviation" method then
is similar in approach to the eddy correlation method. Further research is required on this method.

3.7.4 Conclusions

A trend in the value of K was found that agreed well with the sparse literature available on this subject

(Fuchs and Tanner 1967, Verma et al. 1978, Motha et al. 1979b and Fritschen et al. 1985). An overall

average for K was 0.239 n r s''(for L,FW greater than 200 W m"2). More importantly, the lack of

variability between measurement time intervals showed that the value of K^KW is not changing

markedly from one measurement period to another. This implies that the ratio is close to unity and the

assumption is valid.

The requirements for long-term continuous monitoring of evaporative and sensible heat fluxes from

one site may, by the proposed method be significantly reduced. An initial period spanning at least a set

of seasons should be used to find a representative value of K for further use at the site. The instrumental

requirements would be decreased to a two-point temperature gradient measurement and sensors to

determine the available energy. One set of thermocouples, a net radiometer and soil heat flux plates, or

some simpler estimate of available energy, are all that is required.

Since the measurements made for the calculation of the Bowen ratio can be used to determine the
size and variability of K, this back-calculation method can routinely be carried out as part of the
processing of Bowen ratio data. This enables an assessment of the conditions under which the
Similarity Principle may be applied and thus the Bowen ratio method is acceptable.

Periods were found when the variability in K indicated that the assumption of similarity probably
does not hold and should not be applied. These periods were found to be usually in the early morning
and therefore these were most likely the stable periods of the day. At these times either the Bowen ratio
results should be rejected or the ratio of the exchange coefficients adjusted in some way to account for
the discrepancy. Data are probably rejected at many of these times by the other data rejection criteria.
Days with low radiation loads and low wind speeds contributed to more varied K values temporally,
due to the low values of Fh and LJ>~W and this could have somewhat confounded the drawing of such
conclusions.

3.8 General conclusions

The effect of not accounting for the temperature, water vapour pressure and atmospheric pressure
dependence of the so-called "temperature dependent" constants is not insignificant. The error in the
Bowen ratio due to not correcting the psychrometric constant for these factors is related to the ratio of
the uncorrected to the actual psychrometric constant. The errors may be avoided using the equations
developed in this chapter.
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The logistics of calculating sensible and latent heat flux density from measurements of net

irradiance, soil heat flux, density and the measurement of time-averaged air temperature and water

vapour pressure differences are discussed. Criteria are required for the rejection of "bad" data

corresponding to the Bowen ratio tending to - 1 . The major contributor to total error in latent heat is the

error in the measurement of the water vapour pressure gradient. When evaporation rates are high, the

relative accuracy in latent heat is good, even with a poorly measured Bowen ratio p. When p becomes

large and evaporation less, the absolute error is smaller due simply to the smaller values, but the

relative error increases.

Improvements in the Bowen ratio equipment we used should be devoted to improving the stability

of the dew point mirror system.
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Chapter 4

Measurement of sensible and latent heat
using eddy correlation techniques

4.1 Abstract

The theory associated with the use of a krypton hygrometer, fine wire thermocouple and

one-dimensional sonic anemometer far the eddy correlation measurement of latent and sensible heat is

presented. The theory is modified for the case where the KH20 krypton hygrometer does not accurately

measure the average water vapour density q. This theory requires that ~q is known or measured

accurately for the determination of latent heat flux density. The practical use, including sensor checking

and datalogger aspects, of the eddy correlation equipment is presented. We showed that a single

quadratic calibration equation can be used to compute vapour density using the KH20 hygrometer.

Initial experimentation involved the use of a KH20 hygrometer and a PC207 relative humidity sensor in

the laboratory. These measurements demonstrate that the KH20 hygrometer cannot be relied upon to

yield a correct average vapour density. We showed that cleaning of the windows of the KH20 with a
damp cloth did not decrease the deviation between ^Kmo and #2O7> We showed that exposure of the

KH20 hygrometer to a varying wind speed did not significantly alter gjcma- However exposing the

source tube of the KH20 to a temperature different to that of the detector tube significantly altered

9KH20- A field experiment confirmed that the underestimation in eddy correlation latent heat (measured

using the KH20 hygrometer) compared to Bowen ratio measurements was due to the underestimation

in the actual water vapour density. We obtained eddy correlation latent heat flux density measurements,

that compared with Bowen ratio measurements, by adjusting "qjcmo to 9207 measured by a 207 relative

humidity sensor,

4.2 Introduction

The advantage of eddy correlation techniques for the determination of sensible Ff, and latent heat flux
densities Lv Fv, is that the techniques are absolute. Commercially available eddy correlation equipment,
have been available for some time. Data from an eddy correlation system may be checked by
confirming that net irradiance Ineh measured using a net radiometer, satisfies the equation
Inel=LvFw + Fh^F:! for a short time period where F, is the soil heat flux density, where physical
storage, biochemical storage and advection heat flux density have been ignored. This check must be
satisfied for each such time period. Alternatively, the latent heat amount measured using an eddy
correlation system is often compared with lysimetric or Bowen ratio estimates. Problems surrounding
the use of eddy correlation equipment, highlighted by Duell and Nork (1985) and Kizer, Elliott and
Stone (1990), involve the integrity of the KH20 krypton hygrometer. In these cases, only a sonic
anemometer and a fine wire thermocouple were used (enabling the sensible heat flux density Ff, to be
determined) with the latent heat amount LVFW being calculated from Inet-Fh-Fs. This chapter
concentrates on the use and problems associated with the krypton hygrometer as part of the eddy
correlation system.

4.3 Theory

From the continuity equation for a compressible and homogenous medium,
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d(wPa)/dz=0.

Integrating between the surface z = 0 and the measurement height z, we get

where the subscripts refer to measurement height and canopy surfece respectively. Since w = 0 at the

surface, we get that the time-averaged vertical flux density of dry air (kg s"1 m"2) at the measurement

height (- the first term of the above equation) is zero. Removing reference to the measurement height,

we have:

wp a = 0 4.1

where the bar indicates the time average (over 10 min, say). The instantaneous vertical wind speed can

be written as a mean value w and a fluctuation w':

Similarly, the instantaneous air density may be expressed as a mean value pa and a fluctuation pa'\

Hence

Expanding, and noting that, by definition the mean of a fluctuation is zero so that

we get:

w'p a ' = -f£w. 4.2

Hence

only if

The flux density FE of an entity E, over a specified time period, is given by:

Hence

FE = (w + w)-(pa + Pa').(E+£') = fw Pa + w' po + w pj + w' Pa')iE+E')

' p 'E + w' paE' + w Pa E p

' pjE + w' paE' + wpg'E' + (w' pa')E'

since
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Hence since

(Eq.4.2),

,,' „ ' = -r

By comparison w pa' E' is insignificant compared to pa w' E1 and since

E1 = 0, we get:

FE
 = w Pa "k = w' pa £ = pa w' E" = covariance (w, E).

The only assumptions in this derivation are that

and that

is significantly less than p~aw' E'• Note that it has not been necessary to assume that w ~ 0. Our sonic

anemometer measurements of the average vertical wind speed above flat and sloped terrain (maize and

grassland canopies) show that w is not always zero.

For latent heat flux density,

Lv Fw = Lv- [covariance (w, q)] = Lv w' q' 4.3

and for sensible heat flux density

Fh = p c • [(covariance w, 7)] = p c w' T', A A

where w, q, p, T are, respectively, the vertical wind speed, absolute humidity, air density and air

temperature and cp is the specific heat capacity of dry air at constant pressure.

For a krypton hygrometer, a Beer's law relationship is used to describe the attenuation of the 123.6

nm krypton line by water vapour. For a narrow range in vapour density:

4.5

4.6

where V is the measured voltage corresponding to a given water vapour density q (g m'3), Vo is the
voltage corresponding to q = 0 g m"3, x is the pathlength between the source and detector tubes of the
sensor (mm) and Kw is the absorption coefficient for water vapour (m3 g'1 mm'1). The term - x Kw is the
slope of the calibration relationship (In V vs q). The slope of this relationship is negative (for
absorption) so that* Kw is positive.

From statistical theory, aq=[-l/(xKvrV)]-c:v. Also, the standard deviation of q, SD(q) -

[-1 /{xKv/ V)]- SDtfO. Using finite differences, we have that the fluctuation in a quantity q' (where in

this case, q' is the fluctuation in the water vapour density), defined by q' = q — q, is approximately dq.
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Hence:

q'*dq = dV-(dq/dV)« V'-{dq'dV). 4.7

Combining Eqs 4.3 and 4.7, the mean latent heat flux density over a defined time period is given by:

LVFW =Lvw' q >=LV-W V -(dq/dV)v= p. 4.8

Combining Eqs 4.5 and 4.5, we have that

q' = V'i-l/(xKwV)]. 4.9

LvFw=Lv-w' V'.[-U(xKw V)]. 4.10

Calibration data supplied by Campbell Scientific, the manufacturers of the KH20 krypton
hygrometer sensor show that a plot of In V vs q is linear for a narrow range in vapour density. We
propose a quadratic relationship between q and In Foverthe whole range in vapour density. Hence,

4.11

where a and b are regression constants obtained from the KH20 krypton hygrometer calibration data.

Based on this theory, a more accurate expression for the calculation of Lv Fw is given by:

4.12

The krypton hygrometer must accurately sense the fluctuation V and V corresponding to q' and ~q,

respectively (Eq. 4.10), What if the KH20 hygrometer cannot be relied upon for absolute measurements

of vapour density q but is however reasonably accurate for measurements corresponding to the

fluctuation in water vapour density q"l We propose that if this is the case, then V= VKH2Q be replaced

by V2a7 which corresponds to that of a 207 or Vaisala relative humidity sensor in close proximity to the

KH20 sensor. Hence, using the Beer's law relationship between q and In V, we get

= exP iXK
W (?KMQ ~ ^ M A - F X a » w f l « r 4"13

Although not entirely necessary, this procedure would be more convenient if the ratio i

were constant.

The expression for sensible heat flux density is:

F,=pc w'T\ 4,14

where T' is the fluctuation in air temperature. Unlike the latent heat expression, the sensible heat
expression does not involve an absolute measurement term.

4.4 Materials and methods

4.4.1 Sensor checking details

A simple check program was used for the fine wire thermocouple. We checked our sensors in the

laboratory prior to field use. There are a number of checks that one could routinely perform on the

sensors. At the back of the sonic anemometer arm there is a green military connector. We connected a

wire between the A position of the connector and 1H (first high analogue connecting channel) of the
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2IX and another wire between the H position of the military connector and 1L of the 2IX. The
following program, in Edlog format, was entered into a 2IX datalogger:
* 1 Table 1 Programs

01:0.1 s Execution Interval

01: P17

01:1

02: P14

01:1

02:11

03:1

04:2

05:1

OB: 2

07:1

08: 0.0

03: P

Panel Temperature

Loc:

Thermocouple Temp (DIFF)

Rep

5 mV fast Range

IN Chan

Type E (Chromel-Constantan)

Ref Temp Loc

Loc:

Mult

Offset

End Table 1

Compiling the program by pressing *0 on the datalogger and *6 A A resulted in the actual

temperature of the fine wire thermocouple (not the temperature fluctuations) being displayed on the

2IX display. "When placed in a laboratory, the temperature of the fine wire thermocouple should be

fairly close to the datalogger panel temperature. A fine wire thermocouple temperature of -99999

indicates an open circuit and therefore a damaged thermocouple or a loose wire.

4.4.2 Field measurements

Fluctuations in wind speed w' (m s*1), air temperature T' (K) and water vapour density q' (g m'3) were

measured using a CA27 sonic anemometer (Plate 2.1), a 127 fine wire chromel-constantan

thermocouple (Fig. 2.15), a KH20 krypton hygrometer (Plate 2.1) and a 2IX datalogger all of which

are available from Campbell Scientific. The datalogger program enabled the determination of w' q' and

w' T'. Two 207 relative humidity sensors were used to measure the average water vapour density q (g
m"3) and average air temperature T (K) in close proximity to the KH20 sensor. Measurements were
performed at 10 Hz for the fast response sensors and 1 Hz for all other sensors. A REBS Q*6 net
radiometer was used to measure net irradiance lnet (W m'2) and to check for closure (viz. that
Ine[ = LvFw +Fh+Fs). Two Middleton soil heat flux plates were placed at a depth of 80 mm and the
heat flux density stored above the plate calculated from soil specific heat capacity and soil temperature
range with Fs being defined as the sum of the two. Soil temperature was measured using a pair of
chromel-constantan thermocouples, one placed at a depth of 20 mm and the other at a depth of 60 mm.
For the maize experiment, the one sensor was placed in the interrow and the other in the row.

A field comparison between mean specific humidity ~q measured using a cooled dew point minor

(Eastern Electric) used as part of a Bowen ratio system, a 207 relative humidity sensor and a KH20

krypton hygrometer was performed.
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4.4.3 Laboratory measurements

For the laboratory measurements, an ultraviolet lamp was used to more easily control the duration and

direction of exposure of the KH20 sensor to wavelengths less than 400 nm. A fan and a Casella air

meter were used to create and measure various horizontal wind speeds in the vicinity of the KH20

hygrometer.

4.4.4 Datalogger programming

The limitation of the use of a Campbell Scientific 2IX datalogger for eddy correlation measurements is

that the datalogger execution time may be too long for the sensor measurement time. Typically, we

used a measurement time of 0.1-s (corresponding to a frequency of 10 Hz). Therefore, it was essential

to keep the datalogger program execution time to a minimum. The following parameters (described in

Chapter 3) were calculated prior to measurements:

p « 2934.7773/[8.3145 l(Trf + 273.15) + 0.28362157 A)]

(based on Eq. 3.5) where Td is the average air temperature in °C and h is the altitude in m and

cp = 1.0047226 + 1.148254 x e'P

(Eq. 3.13) where e is an average water vapour pressure (in kPa) and P is the atmospheric pressure
(kPa). Routinely, we used the following values: Tj = 25 °C and e/P = 0.01.

Since Fh = p c -(covariance w, T) (Eq. 4.4) and since the multiplier for the vertical wind speed
sensor is 0.001 m s'1 raV and that for the air temperature sensor is 0.004 °C raV1, we have:

Fh~ P V 0 - 0 0 1 * 0 - 0 0 4 " [C0Variance (V
w, VT>1

where Vw and Vf are the measured voltages (in tnV) corresponding to the vertical wind speed and air

temperature measured using the Campbell Scientific eddy correlation system.

For Pietermaritzburg, p cp « 1136 J "C"1 nT3 (at 25 °C and RH = 50 %), then

Fh = 0.0048 • [covariance (Vw Vr)]

or Fh = 0.06742 x 0.06742 • [covariance (F>(, VT). 4.15

The advantage of writing the sensible heat flux density in this form (Eq. 4.15) is that in the datalogger
program for the determination of sensible heat flux density, the identical multiplier of 0.06742 (which
should be entered as .06742 in the logger) can be used for both vertical wind speed and air temperature
sensors. Therefore, both sensors can be monitored using a single voltage (single-ended) instruction
with the multiplier of 0.06742. With this option, the execution time for the eddy correlation program
for two eddy correlation systems is 134,7 ms with the output flag low and 143.1 ms for the output flag
high. The execution time for a similar eddy correlation program for one eddy correlation system is 90.4
ms with the output flag low and 95.2 ms for the output flag high. These times would be increased by 76
ms for the two-system eddy correlation program if the single voltage instruction were not used and
increased by 38 ms for a single-system program. Generally, one may therefore use an execution time of
0.1 s, corresponding to 10 Hz measurements if a single EC system is used. An execution time of 0.2 s,
corresponding to 5 Hz measurements, may be used for a two-system eddy correlation system.

For Cathedral Peak Catchment VI, the constant in Eq. 4.4 should be replaced by 0.06335; for

Lamesa, Texas, it should be 0.0666 and for College Station, Texas it should be 0.0.06953. A program
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that we used, consisting of six program statements, for one eddy correlation system connected to a
single Campbell Scientific 21X is listed. The sensor connections are given in Appendix 2.
* 1 Table 1 Programs

01:0.2 s Execution Interval

01: P1

01:2

02:15

03: 1

04: 1

Volt (SE)

Reps

5000 mV fast Range

IN Chan

Loc:

05: .06742 Mult 0.001 m/(s mV); 0.004 °C/mV; 1136 = p cp; Multiplier is the square root of 0.001 *
0.004 * 1136.3 to yield Ft, in W m

06:0.0 Offset

,-2

02: P92

01:0

02:5

03:10

03: P62

01:2

02:2

03:00

04:00

05:1

06:00

07: 900
period

08:1

09:3

04: P77

01:1110

05: P70

01:3

02:3

06: P71

01:3

02:6

07: P

If time is

minutes into a

minute interval

Set flag 0 (output)

CV/CR (OSX-0)

No. of input Values

No. of Means

No. of Variances

No. ofStd. Dev.

No. of Covariances

No. of Correlations

Samples per Average: Make this 900 for four subinterval averages during a 12 min

First Sample Loc

Loc:

Real Time

Year, Day.Hour-Minute

Sample

Reps

Loc

Average

Reps

Loc

End Table 1
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4.5 Results and discussion

4.5.1 Calibration

Replicated calibration data, supplied by the manufacturers for the KH20 krypton hygrometer, were

pooled and a single quadratic equation obtained:

g = 40.92762 - 0.5084 In V- 0.5833 [In F]2, 4.16

(r2 = 0.999358, 27 degrees of freedom, Syj: = 0.144597 g m'3) was fitted for vapour densities between 2

and 20 g m"3 (Fig. 4.1). The difference in dq'dV, evaluated at the mean F(see Eqs 4.8 and 4.10), using

[dq/dV\v=f,= -\/{xKw V) and [dq/dV\v=y=(b+ 2aIn V)'V, exceeded 12 % for q < 2 g nf3 and
-18 % for q > 20 g m'3 with no difference if q « 10 g m'3. These large percentage differences justify the

use of the quadratic relationship. However, to keep datalogger computation to a minimum, the

quadratic equation was only applied after data collection using a computer.

4.5.2 Laboratory evaluation of sensor performance

After a period of 38 h in the dark, the KH20 mean vapour density measurements (10 min average)

compared with that measured using a 207 relative humidity sensor (Fig. 4.2). Scaling of the KH20

windows, due to the 123.6 nm wavelength does not therefore affect measurement accuracy in the dark.

After 38 h, under isothermal and dark conditions, the coefficient of variation of the KH20 vapour

density measurements are less than 0.9 % compared to less than 0.1 % for the 207 sensor. However,

after 38 h, the 207 and KH20 mean vapour densities deviated with the latter becoming greater. After

removal of both sensors from the dark to low laboratory lighting conditions, the mean vapour densities

20-
18-
16

^ . 1 4
CO
I 17.

6

4
2

Quddratic fit:
q=4b.9Z762-ti5m \nV05833 QhV)

l's calibration

5.6 6.0 6.4 6.8
In (V), V in mV

7.2 7.6

Fig. 4.1 Calibration data for a KH20 krypton hygrometer absolute humidity q (g m"3) as a function of
In F where Fin mV is the krypton KH20 hygrometer voltage. Also shown is the quadratic relationship
that applies to the entire water vapour density range
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Laboratory comparison of sensors

+ 207 humidity sensor (UNPRH)
O Error
X KH20 hygrometer (UNPEG)

—10

- 1 5
10 20 30 40

Time in the dark (h)
50 60 70

Fig. 4.2 The variation in the mean water vapour density q (g m"3) using the eddy correlation KH20
sensor and the 207 humidity probe. Both sensors were maintained under dark and isothermal conditions
for the full 70 hours of this experiment. The percentage error, assuming the 207 mean vapour density is
correct, is shown on the right hand y axis

measured by the two sensors deviated with the KH20 vapour density decreasing below that of the 207

probe. These measurements show conclusively that the KH20 cannot be trusted to measure mean

values of vapour density. Kizer et al. (1990) claim that the KH20 hygrometer sensor becomes

encrusted with an unidentified deposit, due to some reaction of the air with the radiation, that is easily

removed by wiping the windows with damp cotton. However, wiping the windows with a damp cloth

did not decrease the deviation between the mean vapour densities measured using the KH20 and the

207 relative humidity sensor.

When the KH20 source tube was subjected to a temperature different from that of the detector tube,
the average vapour density displayed by the datalogger increased. Holding the source tube {increasing
its temperature by more than 10 °C) almost doubled the measured average vapour density. The
experiments with the ultraviolet lamp were inconclusive as the switching on of the lamp also resulted in
a temperature difference between the two tubes of the KH20 hygrometer. The experiments indicated
that thermal insulation of the detector and source tubes is necessary.

Tanner (1984) pointed to one possible cause of error in a portable eddy correlation system: that the
underestimation of latent heat flux density was perhaps the result of air flow constriction between the
hygrometer source and sensor tubes. We tested this supposition by exposing the KH20 hygrometer to
variable horizontal wind speeds, in the laboratory, using a non-oscillating fan (speed settings varying
from 0 to 3). The wind speed was changed randomly every 2 min with the mean vapour density
measured every 0.1 s but averaged over the 2 min period using a KH20 hygrometer. We could find no
significant effect of wind speed on the mean vapour density in spite of a slowly varying mean value
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vapour density (Fig. 4.3).

4.5.3 Field evaluation of sensor performance

The underestimation of latent heat flux density using eddy correlation (using the KH20 sensor) is, in

our opinion, due to the underestimation in the mean vapour density measured. In this experiment, water

vapour density was measured using a KH20 hygrometer, a 207 relative humidity probe and a cooled

dew point mirror system (as part of a Bowen ratio system). For the 207 vapour density calculations, the

temperature used was that measured using the 207 temperature sensor. No corrections were made in the

calculation of vapour density using the 207 probe or the cooled dew point mirror. The vapour density

QKH20 « 9207 a nd 9207 x Imirror (Fig- 4-4). The KH20 hygrometer was cleaned every hour and therefore

the underestimation could not have been due to the encrustation on the window surface of the

hygrometer, unless the encrustation occurs within an hour. The underestimation is quite consistent,

implying that a uniform correction may be possible. The underestimation has been observed under field

conditions and in the laboratory under relatively low lighting (Fig. 4.4). An underestimation in q would

result in an overestimation in P(see Eq. 4.6, with V= Fand q = q) with a consequent underestimation

inZvFw(Eqs 4.8 and 4.10).

Tanner et al (1985) found a reduction in the standard deviation of w', as measured using a sonic

anemometer, with reducing temperature. We insulated our sonic anemometer to reduce any possible

temperature influence on vertical wind speed. For a maize canopy, with a very slight increase in air

temperature (as measured using the temperature sensor of a 207 relative humidity sensor), we measured

large reductions in the standard deviation of w'.
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Laboratory comparison of sensors
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+ 207 humidity sensor (UNPRH)
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X KH20 hygrometer (UNPEC)
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Fig. 4.3 The variation in the mean water vapour density q (g m'3) using the eddy correlation KH20
sensor and the 207 humidity probe. Both sensors were maintained under variable and random wind
speeds from a non-oscillating fan (speeds randomly varied between 0 and 3) under low laboratory
lighting conditions. The percentage error, assuming the 207 mean vapour density is correct, is shown
on the right hand y axis
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Fig. 4.4 The variation in the mean water vapour density q (g m'3) using the eddy correlation KH20
sensor, a Bowen ratio dew point hygrometer and a 207 humidity probe. All sensors were maintained
under variable and random wind speeds under field conditions (Cathedral Peak CVI) under cloudless
conditions

4.6 Conclusions

Procedures for the laboratory checking of the eddy correlation sensors are presented, A single eddy
correlation system may be attached to a 21X datalogger operating at 0.1 s (10 Hz). If two eddy
correlation systems are attached, the measurement time should be 0.2 s (equivalent to a frequency of 5
Hz). Laboratory and field measurements demonstrated that the KH20 krypton hygrometer cannot be
trusted to measure mean values of water vapour density. Generally, the sensor underestimates the mean
water vapour density. Wiping the windows of the KH20 sensor with a damp cloth did not decrease the
deviation between the mean vapour densities measured using the KH20 and the 207 relative humidity
sensor. An underestimation in q would result in an underestimation in LVFW. The KH20 krypton
hygrometer can be used for eddy correlation determination of latent heat flux density provided that the
mean vapour density g is measured with another more accurate and reliable method. We found the 207
relative humidity sensor adequate for this purpose.
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Chapter 5

Comparison of evaporation measurements and role of advective influences
using Bowen ratio, Jysimetric, surface temperature and

eddy correlation methods .

5.1 Abstract

A study in KwaZuIu-Natal (Cathedral Peak Catchment VI) involving Bowen ratio and eddy correlation

aerodynamic measurements, equilibrium and Priestley-Taylor evaporation calculations and lysimetric

measurements showed good comparison between Bowen ratio and lysimetric measurements and

equilibrium evaporation calculations for the measurement period of the data. Priestley-Taylor

evaporation calculations overestimated the evaporation by as much as 20 % compared to the data from

the other techniques whereas eddy correlation measurements underestimated the evaporation

significantly. The influence of advection on Bowen ratio evaporation measurements, calculated from

Bowen ratio and lysimeter data, appeared to be relatively insignificant but variable. The total daily

evaporation amounts for two Bowen ratio systems compared favourably with each other, lysimeter

evaporation and with equilibrium evaporation, but less so for 20 min intervals. Methodology for the

determination of aerodynamic, isothermal and canopy resistances are presented. For the data period

selected, canopy resistance was typically less than 100 s m"1 during the middle part of the day with a

canopy resistance to aerodynamic resistance ratio of about 0.5. The aerodynamic resistance was

typically about 200 s m"1. Eddy correlation latent heat flux density measurements above maize and

above a mixed grassland community showed poor comparisons between equilibrium evaporation and

Bowen ratio and eddy correlation latent heat flux density respectively. In another study above a turf

grass surface, a surface temperature technique involving the measurement of the surface temperature to

air temperature difference as well as a profile of wind speed, was used. Using this surface temperature

method for calculating sensible heat flux density, agreement was obtained with eddy correlation

measurements, even for a 12-min time-scale. An estimate of the friction velocity used in the surface

temperature method was calculated from the wind speed at one level. The surface temperature method

is significantly cheaper than eddy correlation and Bowen ratio techniques if friction velocity may be

calculated from wind speed measurement at one level.

5.2 Introduction

In irrigated agriculture, information on total evaporation is important in selecting cropping strategies,
designing irrigation systems and irrigation scheduling. Methods for evaporation measurement include
soil based, plant (heat pulse, sap flow, porometry) and aerodynamic techniques. Aerodynamic
measurements have the following advantages over the other methods mentioned: 1. measurement of
leaf area index (LAI) is not necessary; 2. the techniques are portable compared to fixed lysimetric
measurements; and 3. hourly or sub-hourly measurements are possible compared to the daily
measurements obtained using the neutron probe.

However, aerodynamic measurements of sensible and latent heat flux density at the. canopy surface,

12 Based on the paper by Savage et al. (1995a)
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have fetch limitations (Heilman et al. 1989) and may be affected by advection (Lang 1973, Blad et al.

1977, Brakke et al. 1978, Bertela 1989). Furthermore, certain assumptions, that may be necessary for

the theoretical development of a measurement system, may not actually apply.

In this study, evaporation was measured above a mixed grassland community and a maize crop at
various locations b KwaZuIu-Natal using Bowen ratio (Tanner 1960, Tanner and Fuchs 1969, Tanner
et al, 1987) and eddy correlation techniques (Swbbank 1951, Tanner et al. 1985). These
measurements, which appear to be the first reporting of such measurements for KwaZulu-Natal, were
supplemented with lysimeter measurements, equilibrium evaporation and Priestley and Taylor (1972)
evaporation estimates of actual evaporation. From the data collected, we were able to determine the
influence of advection on the Bowen ratio evaporation measurements. In addition, measurements were
performed above a turf grass surface usbg a surface temperature technique.

5.3 Theoretical considerations

When considering sensor height placement, advection and fetch influences on measurements above a
vegetated surface, there are a few constraints that exist in the case of aerodynamic methods: vertical
distance between sensors should allow the detection of large enough profile differences in the measured
parameter; sensors placed above a vegetated surface for the purpose of monitoring sensible Ff, and
latent heat flux densities LVFW at the canopy surface, need to be placed at a height z within the
boundary layer for which both flux densities are constant with vertical height; and the measurement
height for Bowen ratio and eddy correlation sensors is critical (Pasquill 1972).

5.3.1 Bowen ratio theory

Accordbg to Fick's Law of Diffusion, the latent heat energy flux density Lv Fw (W m"2) is given, b

finite difference form, by:

LvF^ipc/^K^-e.y^-z,) 5.1

where p is the air density (kg m3), cp the specific heat capacity of dry air (J kg'1 K'1) at constant

pressure, y the psychrometric constant (66 Pa K'1 at sea level), ATwthe exchange coefficient (m2 s"1) for

latent heat transfer, and ?2 and ?i the time-averaged water vapour pressures (Pa) at heights z2 and Z\ (m)

respectively. The sign convention used here for latent heat and other flux density terms (except for the

net irradiance 7Mf) is that an amount leaving the surface is positive and that being received is negative.

The psychrometric constant y (at atmospheric pressure/?) may be calculated from yo, the psychrometric

constant at sea-level atmospheric pressure po (« 100 kPa):

y (at atmospheric pressure p) = y (at sea-level pressure pj x p 'po. 5.2

Similarly, the sensible heat energy flux density Fh (W m"2) is given, in finite difference form, by:

-zx) 5.3

where Kh is the exchange coefficient for sensible heat energy transfer (nr s"1) and T2 and T] are the

time-averaged air temperatures at heights z2 and z\ respectively.

Following Bowen (1926), we consider the Bowen ratio P (Chapter 3):
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P = F/LVFW = (y K/Kw) (f2 - fxy(e2 -? , ) . 5.4

Generally, the exchange coefficients Kh and Kw are unknown. Rider (1954) showed that K^K^, is

close to unity under a variety of conditions. Similarity holds when convective conditions are fully

forced, that is, for which the Richardson number Ri satisfies the condition: -0.01 <Ri < 0.01 (Thorn

1975). It is now generally accepted that the Similarity Principle holds good under neutral conditions, as

opposed to stable or unstable conditions (Dyer 1974). Assuming this principle holds, then substituting

K/Kw = 1 into Eq. 5.4, we get:

Hence the Bowen ratio p can be determined from a measurement of air temperature and water vapour

pressure at two levels (above canopy surface) in the atmosphere. The aerodynamic approach used thus

far only enables the F^LVFW ratio to be determined but not the individual flux density terms. To do

this, we need to invoke the surface energy balance. Assuming that photosynthetic and physical heat

energy storage amounts in the canopy are small and neglecting advection, the surface energy balance is

given by:

where lmt is the net irradiance above the canopy and Fs is the soil heat flux density. Substituting

Fh = P Lv Fw (from Eq. 5.5) into Eq. 5.6 and solving forZv Fw, we get:

V,=fU-W1+P) 5-7

where Lv Fw is indeterminate if P = -1 (that is, F), = -Ly Fw or, in other words, Fh and Lv Fw are equal in

magnitude but opposite in direction). Similarly, since Fh = $LVFW (from Eq. 5.5), and using Eq. 5.7,

we get:

P)- 5-8

If advection heat flux density^ is not negligible, then Eq. 5.6 becomes:

where the subscript 5/i indicates measurements using the Bowen ratio technique,^ =AW+Ah is the

energy flux density removed from the system (A > 0 W m"2) or adverted horizontally into the system

(A < 0 W m'2), and Aw and Ah represent the latent and sensible heat flux densities adverted,

respectively. It can be shown that, approximately:

A = (l+P)-Aw = V + M(LvFw)o-(LvFJBR) 5.10

where (LVFW)O is the actual evaporation flux density at the canopy surface (Savage et al, in

preparation).

5.3.2 Lysimetric measurements

Evaporation measurements least affected by advection, theoretically, are lysimeter latent heat flux
density measurements (LVFV)O and calculated lysimeter sensible heat flux density (F/,)o values where
the latter is given by:
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These values, ( L y F ^ and (Fh)o, are advection free for at the lysimeter surface, wind speed V= 0 m s"1

so that advection flux density A - 0 W m'2. The Bowen ratio method for the determination of (Lv FW)BK

and (Fhhn, which includes advective effects, may be compared with the respective (LyF^ (using Eq.

5.10) and (Fh)o lysimeter values, the latter calculated from Eq. 5.11.

5.3.3 Equilibrium evaporation

The Penman-Monteith equation for the determination of canopy evaporation has been represented by

(Thorn 1975):

a = LvFw/(Inet-Fs) 5.12

where

+ y(ra + rJ)]. 5.13

The term a represents the fraction of evaporation (that is, latent heat energy flux density) relative to the

total available energy flux density /ne ,-F J [=LvFw+F r(, (Eq. 5.6). The so-called isothermal or quasi

resistance r, (s m'1) (Thorn 1975) is given by:

5.14

where 8e is the saturation water vapour pressure deficit (Pa): 5e = es-e where es is the saturation water

vapour pressure at the measured air temperature and e is the water vapour pressure at a known height

above ground. The resistance rs is the bulk stomatal resistance (s m"1) (also referred to as the canopy

resistance rc) and ra (s m'1) is the aerodynamic resistance.

The temperature dependent constants A and y of the Penman-Monteith equation (Eq. 5.13) are

usually represented on the psychrometric chart, by the magnitude of the slope of the saturation water

vapour pressure vs temperature curve and the slope of the wet bulb temperature line of the

psychrometric chart, respectively (both terms having units Pa K"1). Air temperature affects evaporation

via the relative magnitude of the temperature dependent constants A and y:

= 0.69347 + 0.043314 f+0.00104f2 + 2.725xl(T5F3 5.15

where T is the average air temperature in DC and y is at 100 kPa.

The equilibrium condition is defined as that caused by a weak flow of humid air over an irrigated

crop. Weak flow implies that ra is large, humid air implies r, is small compared to ra and an irrigated

crop implies that rc is small compared to ra. So the only large resistance is ra, when compared to rt and

re. Hence, given these conditions, Eq. 5.13 reduces to:

°Wtfa6rf«» = A'(A + y). 5-1 6

At air temperatures 6, 18 and 26 °C, ctBgUj/ijrium has the value 0.50, 0.67 and 0.75 respectively (Fig. 3.6).

Substituting aequiUbTium from Eq. 5,16 into Eq. 5.12 and solving for (LvFw)eguHibrium, we get:

(A- ̂ w W ™ = [MA+y)Klne, ~Ft). 5.17

Priestley and Taylor (1972) found that actual evaporation from oceans, bare soil and vegetation was
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about 26 % greater than (Lv i s , , ) ^ / ^ ^ :

= 1.26 [ A / C A + T M ^ - F , ) . 5.18

The Priestley-Taylor estimate of the actual evaporation LVFW has been shown to be reliable for humid

regions but has not been tested in arid and semi-arid regions such as southern Africa.

5.3.4 Eddy correlation

Ideally, eddy correlation sonic anemometer measurements (Chapter 4) of vertical wind speed

fluctuation should be at a height that allows one eddy between the unit's separation distance d. If the

sensor is too close to the canopy surface, more than one eddy may be sensed. Also, sonic reflections

from vegetation may affect measurements. The first problem underestimates vertical wind speed

fluctuation and there may be an overestimate for the second. Theoretically, for a sonic anemometer

with source and detector tubes a distance d apart, the minimum operating height for flux density

measurements is 6 nd (Kaimal 1975). The eddy correlation technique (Swinbank 1951) is an absolute

technique for the measurement of surface evaporation with sensors placed above the canopy.

5.4 Materials and methods

5.4.1 Bowen ratio measurements and eddy correlation measurements of maize

Two independent Bowen ratio systems were used to determine surface evaporation, the sensors of the

systems being placed about 1 m apart The research location was Catchment VI of the Cathedral Peak

Forestry Research Station, in the foothills of the Drakensberg, Natal, South Africa at 29.00°S, 29.25GE,

at an altitude 1935 m and with a predominantly north-facing aspect and average slope of 0.27. It is

0.677 km2 (68 ha) in area and varies in altitude from 1847 to 2076 m (Schulze, 1975).

Net irradiance and soil heat flux density data were collected using separate sensors connected to

separate dataloggers. Two net radiometers (one Middleton and one Fritschen type-), four soil heat flux

plates (Middleton type-) and eight soil temperature sensors were used to measure net irradiance Ine! (W

m'2), soil heat flux density Fs (W m"2) and soil temperature TiOll (°C) respectively (Fig. 2.9) and used to

calculate the Bowen ratio latent heat flux density LVFW (W m'2, Eq. 5.5) for each system. Lysimeter

data enabled the surface latent heat flux density (Lv Fw)0 to be measured directly. The construction

details of the lysimeter are: the surface area of the lysimeter is 1 m2 and contained 1 m3 of soil with the

design allowing a depth resolution of 0.1 mm. The net radiometers were placed 1.0 m above ground on

a north-south axis with the radiometer support on the south side to avoid shading of the ground surface

by the supports. The soil heat flux plates were buried at a depth of 80 mm, on a north-south axis

together with a liberal length of wire to reduce the influence of heat conduction along the surface

exposed wires to the sensor (Fig. 2.12). Four soil temperature sensors (type E thermocouples mounted

in tubes and similar in design to other temperature sensors described by Savage 1980) were buried at

depths of 20 mm and 60 mm below the soil surface (Fig. 2.12). These sensors were connected in

parallel to produce a spatially averaged soil temperature measurement for the two depths for two

different positions (Fig. 2.13). Soil water content in the 80 mm layer was gravimetrically measured

every week.

In each of the Bowen ratio systems, a single cooled dew point hygrometer was employed to measure

the dew point 7 \ , (°C) of air drawn in from 0.8 m or 1.8 m above ground (Figs 2.10, 2.11). For each

system, air temperature at 0.8 m and the air temperature difference between 0.8 and 1.8 m was

measured using two bare type E thermocouples each with a parallel combination of 76 pm diameter
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thermocouples. This combination would function even if one of the thermocouples were damaged.

However, it is possible that a damaged thermocouple would result in greater measurement error. Since

the thermocouples are unshielded from solar irradiance, a single damaged thermocouple at one of the

levels may result in different radiation load at that level compared to the other level. This possibility

was not investigated in this study.

All sensors were connected to a Campbell 2IX datalogger, one datalogger being used for each of

the Bo wen ratio systems. A frequent measurement period of 1 s for dew point and air temperatures was

employed and 10 s for all other sensors. The dew point temperature was averaged for a period of 80 s

(after a mirror stabilization time of 20 s first), converted to water vapour pressure and then the

datalogger switched a solenoid to sample the other level. Every 20 minutes the datalogger converted an

average of the input storage values to final storage. Weekly, the data were transferred to computer and

the Bowen ratio energy components calculated for each 20 min period from O8hO0 to IShOO. Details of

the eddy correlation measurement system was discussed more fully Chapter 4.

Equilibrium evaporation (Eq. 5.17) and Priestley-Taylor evaporation (Eq, 5.18) were calculated

using net irradiance and soil heat flux density measurements (from one of the Bowen ratio systems).

An independent air temperature (model MCS 174) from a weather station less than 10 m away was

used to calculate A/(A+Y) (using Eq. 5.15) where A/(A + y) = (A/7)/[(A/y) + 1].

Due to the effect of dew, but also because the Bowen ratio p = {F^Bj/i^F^^ tends to -1 around

sunrise and sunset causing (LVFW)BR (using Eq. 5.7) to be indeterminate (even in the absence of dew),

only measurements between O8hO0 and 18hOO were used for comparison with other techniques or

calculations. This problem was not experienced with lysimetric or eddy correlation evaporation

measurements. However, eddy correlation measurements were never obtained under condensation or

dew conditions for fear of damaging the sonic anemometer and krypton hygrometer sensors.

5.4.2 Surface temperature and eddy correlation measurements above turf grass

All of the measurements discussed in this section were performed outside the Agricultural Engineering

Workshops at Texas A & M University, College Station, Texas, United States of America (altitude of

100 m, latitude 30° 30' N and longitude of 96° W) above a 1.6 ha short and flat bermudagrass {Cynodon

dactylon L.) surface on a Boonville soil series (fine, montmorillonitic, thermic Mollic Albaqualfs) for

Days 231 to 283,1992.

Sensible heat flux density was determined using four EC systems. Fluctuations in vertical wind

speed w' and the air temperature T' were measured using a CA27 sonic anemometer and a 127 fine

wire (12.5 urn diameter) chromel-constantan thermocouple (available from Campbell Scientific,

Logan, Utah, USA) (Fig. 2.15). The 127 thermocouple allows a temperature difference measurement

but not an absolute temperature measurement. Alterations to the sensors included insulating the

reference thermojunction of the 127 thermocouple and the metal arm containing the reference junction

due to the fact that the response time of this junction could vary (Biltoft 1991, pers. comm.). We used

extra insulation to increase the time response of the reference junction.

Air temperature at a height of 1 m above canopy was measured using five 50 urn copper-constantan

thermocouples. The temperatures were averaged to produce one 12-minute air temperature average.

Canopy temperatures were measured with 4° field-of-view infra red radiometers (Model 4000A,

Everest Interscience, Tustin, CA). Three infra red radiometers at a height of 1.8 m above the canopy

surface and at a view angle of 45° from the horizontal were pointed at the canopy surface to obtain an
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average canopy surface temperature.

Corrections (typically less than 1 °C) to surface temperatures (Jackson, 1982) were made for surface

emissivity (es) and atmospheric long-wave radiation (Rt, W m"2) by

^ C 0 "*J 0.38^)/(Ej a)]0"" 5.19

where Tcorr is the corrected temperature (K), Tuncorr is the measured (uncorrected) surface temperature

(K), zirt is the IRT emissivity setting (0.98), c is the Stefan-Boltzmann constant (5.673 x lCT8 W m"2

K"4), and 0.38 is the estimated fraction of the full spectrum contained in the 8 to 14 um IRT bandpass

(Idso, 1971). Surface emissivity E, was taken as 0.975 (Lorentz, 1968; Brutsaert, 1982, Table 6.5). The

atmospheric long wave irradiance Rj was calculated from /?/=EDCJ 1*a where ea is the atmospheric

emissivity and Ta is the air temperature (K). As skies were generally clear during the experiment, za

was estimated from (Idso and Jackson 1969):

Efl = I - 0.261 exp [-0.000777 (273 - Ta)
2]. 5.20

The calibration of the infra red thermometers is discussed in Chapter 6.

Wind profile data were used to determine the friction velocity u, (m s"1) for each 12-minute period

as follows. The average wind speed was measured at 0.25, 0.5, 1.0, 1.25 and 1.5 heights z above

canopy surface using model 12102 direct current three-cup anemometers (R M Young, Traverse City,

Michigan) for each 12-minute interval.

The slope of plots of u as a function of hi (z) were equated to u*/k (Thorn 1975) where k is von

Karman's constant (£~ 0.41) from which u* was calculated:

5.21

The flux density of momentum T (Pa) is defined by x = p «? 5.22

where x = pu(z) /ram, 5.23

Combining these two equations we obtain an expression for the aerodynamic resistance for momentum:

ram = "Wul 5.24

5.5 Results and discussion

5.5.1 Bowen ratio estimates

The data of Fig. 5.1 indicate that (A--FW)BJ? comparisons between the two systems were good (Table

5.1). Hence either

• both systems compare but are not accurately indicating the actual surface evaporation;

• or both systems compare but do accurately indicate the actual surface evaporation.

The slight bias in 20 min latent heat flux density (LVFW)BR values (Fig. 5.1, Table 5.1) and hence in

sensible heat flux density Fh (data not shown) between the two systems is mainly due to the net

irradiance differences between the two net radiometers (Fig. 5.2). However, these differences do not

explain some of the scatter of the data (Table 5.1) of Fig. 5.1. The response of both systems to the

changing microclimate is excellent (Fig. 5.3), the response being indicated by a change in evaporation
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Fig. 5:1 Comparison between latent heat flux density (Lv FW)BR (W m*2, Eq. 5.7) (left hand y-axis) or in
mm (right hand y-axis) for Day 95 to 100 inclusive (1990) for the 20 min data between 08h00 and
18hO0 for UNP and CSIR Bowen ratio systems. The narrow confidence belts are for the mean and the
wide for a single predicted value

(Lv FW)BR to a sudden change in net irradiance Iner The Bowen ratio technique is critically dependent on

net irradiance measurements. It is therefore essential that the net radiometers being used are calibrated

frequently. This aspect is discussed in detail in Chapter 6.

While there is some variability in the 20 min Bowen ratio (Lv FW)BR data between the two systems,
these differences are negated when calculating daily total evaporation (Table 5.2); the maximum
percentage difference between the two systems for the five-day period was less than 8 % but the
percentage differences averaged less than 3 %. The energy balance components are as expected for this
time of year with latent heat flux density being the greatest component (Table 5.2). For these days
(Table 5.2), so-called potential or reference evaporation is about 12 % greater than the Bowen ratio
estimate of evaporation.

5.5.2 Eddy correlation evaporation

Unlike the Bowen ratio and lysimetric techniques, the eddy correlation is an absolute technique not

requiring the use of the energy balance (Eq. 5.6) for the determination of LVFW and Ff,. However, the

technique appears to underestimate evaporation when compared to the Bowen ratio and equilibrium

estimates of actual evaporation (Table 5.1). The reasons for this underestimation was discussed in

Chapter 4. The eddy correlation estimate of sensible heat flux density is discussed in Section 5.5.9.

5.5.3 Lysimeter evaporation

Bowen ratio evaporation estimates compare favourably with lysimetric estimates (Fig. 5.4, left hand

y-axis in W m'2, the right hand axis being in mm), indicating that both techniques are measuring actual
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Table 5.1 Statistical data1 associated with the 20 mm comparisons between evaporation estimates

{LVFW)BR (Eq. 5.7) from two Bowen ratio systems (W m"2, Eq. 5.7), between equilibrium evaporation

heat flax density (Lv Fw) jtjbriunt and UNP Bowen ratio evaporation (Day 95 to 100 inclusive, 1990),

between lysimeter evaporation heat flux density (LVFW)O and Bowen ratio evaporation (Day 11 to 14,

1991) between eddy correlation and UNP Bowen ratio evaporation and between equilibrium and eddy

correlation evaporation for the 08h00 to 18hOO time period. During this daylight hours, rainfree

conditions prevailed. Also included are some of the statistics from the surface temperature technique

(Section 5.5.9)

Site and statistical
information

Day of year, year

Site

Surface

Slope

Intercept (W m"2)

SEintercept (W m )

Number of data points

?
V(Wm"2)
100 * root mean square
systematic error/total
mean square error
100 * root mean square
unsystematic
error/total mean square
error
Total root mean square
error fWm" )

CSIR
Bowen vs
UNP
Bowen

95 to 100,
1990

Cathedral
PeakCVI

Mixed
grassland
0.977
0.0283
16.3152

6.152
149
0.890
33.766
37.8

62.2

258.60

Equilibrium
wUNP
Bowen

95 to 100,
1990

Cathedral
PeakCVI

Mixed
grassland
1.1503

0.0203
-23.2012

4.253
158
0.954
25.892
26.4

73.6

385.30

CSIR
Bowen vs
lysimeter

12 to 14,
1991

Cathedral
PeakCVI

Mixed
grassland
0.911
0.0467
54.5 922

20.671
75
0.839
56.348
32.8

67.2

424.17

Eddy
correlation
WUNP
Bowen

42 to 43,
1991

Cathedral
PeakCVI

Mixed
grassland
0.4493

0.1410
65.280
58.883
26
0.297
52.465
65.0

35.0

208.7

Equilibrium
vseddy
correlation

332 and
355, 1990

Cedara

Maize

1.45583

0.2151
46.883
55.809
60

0.441
146.3
31.3

68.7

280.7

Surface
temperature

technique
vseddy

correlation
152, 156 to
159,1992
College
Station,
Texas

Turfgrass

0.9606
0.0428
7.603

543
0.895
25.75
5.4

94.6

615.9

In each case, the technique mentioned first has been used to generate the dependent evaporation
data set and the second technique used to generate the independent evaporation data set

We reject the null hypothesis that the intercept is 0 W m" , at the 95 % level of statistical
significance

reject the null hypothesis that the slope is 1, at the 95 % level of statistical significance
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confidence belts are for the mean and the wide for a sbgle predicted value
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Fig. 5.3 Diurnal variation in Bowen ratio (LvFw)BR (W m'2, Eq. 5.7) latent heat flux densities for the
UNPBR and CSIRBR systems and equilibrium evaporation (LvFw)equjljbrium (Eq. 5.18), for Day 95 to
100 inclusive (1990) for 20 min data between the times 08hOO and 18h00. The Day (of year) indication
on the x-axis indicates the first measurement time for that day (O8hOO)
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Table 5.2 Total daily estimates of the surface energy balance1 (MJ m'2) and evaporation (mm) using
two Bo wen ratio systems and wind speed and solar irradiance data for eight days (Day 93 to 100
inclusive) in April 1990 for the 08h00 to 18h00 time period for Cathedral Peak Catchment VI. The net
irradiance (integrated far the day), marked with the double vertical line should be equal to the sum of
the energy balance components (marked with a thick vertical line). The days chosen were rainfree
during the daylight hours

System/method Total daily evaporation (mm) for various
days

93 94 95 96 97 98 99 1002

Six day total
(Days 95 to
100) (mm)

Bowen ratio UNP (mm) 3.2 1.3 3.2 2.4 2.8 2.7 3.0 1.0

Bowen ratio CSIR (mm) 3.4 2.4 2.9 2.6 2.9 1.1

15.0

15.3

Total daily value of the indicated term for Eight day total
various days (mm or MJ

93 94 95 96 97 98 99 100

w>equilibrium
(mm) 3.3 1.0 3.3 2.3 2.7 3.0 2.8 1.3

'equilibrium (MJnT2) 8.16 2.57 8.02 5.58 6.57 7.46 6.90 3.26

(L F) r (mm) 3.9 1.6 4.5 2.6 3.2 3.3 3.6 1.7
v v w'reference \llu"J

9.52 3.97 10.99 6.46 7.80 8.14 8.75 4.12

12.43 3.30 11.68 7.69 9.35 10.84 9.20 4.38

LVFW (MJnf2) 8.03 3.13 8.01 5.99 7.04 6.90 7.69 3.52

4.03 0.54 3.04 1.84 2.06 3.59 1.53 0.89

0.30 -0.53 0.63 -0.14 0.25 0.35 -0.02 -0.03

19.7

48.54

24.2

59.74

Solar irradiance (MJm*2) 19.44 7.29 16.06 13.46 17.42 17.97 15.83 18.12 116.74

68.86

56.81

11.25

0.81

All values in MJ m'2 were calculated to three decimals and rounded off to two decimals; all values

in mm were calculated to two decimals and rounded off to one decimal

2Incomplete day
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surface evaporation (Table 5.1). Since the lysimeter is less affected by advection influences, it appears

that advection is not playing a role to the extent that the Bowen ratio estimates are in error. As was the

case with the two Bowen ratio systems, the response of both the lysimeter and Bowen ratio systems to

the changing microclimate is good (Fig. 5.4).

5.5.4 Equilibrium evaporation

Equilibrium evaporation compares favourably with Bowen ratio estimates of evaporation for Cathedral

Peak, Catchment VI (Figs 5.3, 5.5 and Table 5.2). It therefore appears that the equilibrium evaporation

formulation accurately estimates actual evaporation for this time of year for a natural grassland surface.

The diumal variation in Bowen ratio latent heat flux density and equilibrium evaporation is depicted in

Fig. 5.6 for Day 93 (1990). The in-phase variation is indicative of the influence of net irradiance on all

three evaporation calculations. Typically, "reference evaporation" is the greatest of all three. For this

day, equilibrium exceeds the Bowen ratio estimate of evaporation (Table 5.2, Fig. 5.6).

1200-

1000-

A Lysimeter evaporation
O CSIR BR evaporation

O Net irradiance
V CSIR Bowen ratio

Advected flux density
-0.4

0.5

13 14
Day of year

15

Fig. 5.4 Diumal variation in net irradiance Inel (W m"2, left hand y-axis; mm, right hand y-axis),

advection heat flux density A (W m'2), lysimeter evaporation flux density (LvFw)o (W m'2, left hand

y-axis; mm, right hand y-axis), Bowen ratio (LvFw)BIi (Eq. 5.7) latent heat flux densities (W m"2, left

hand y-axis; mm, right hand y-axis), and the Bowen ratio p (Eq. 5.5, right hand y-axis only) for Day 12

to 14 (1991) inclusive for 20 min data between the times 08h00 and 18h00. The Day indication on the

x-axis corresponds to the first measurement time for that day (08hOO)
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Fig. 5.5 Comparison between latent heat flux density (LvFw)BR (W m"2, Eq. 5.7) for Day 95 to 100
inclusive (1990) for the 20 min data between 08h00 and 18hOO for the UNP Bowen ratio system and
equilibrium evaporation flux density (^F^^^^^ (Eq. 5.16, left hand y-axis in W m"2 or right hand
y-axis in mm. The narrow confidence belts are for the mean and the wide for a single predicted value
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Fig. 5.6 The diumal variation in reference evaporation, equilibrium and Bowen ratio evaporation for

Day 93,1990. The evaporation totals are 3.9 mm, 3.3 mm and 3.2 mm respectively (Table 5.2)
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5.5.5 Effect of advection on Bo wen ratio evaporation measurements

Evidence of advection has been obtained by comparing latent heat flux density Lv Fw and Inet - Fs: if

LvFy, > Ine,-Fs, then sensible heat flux density Ff, has been drawn from the air and consumed in

evaporation (Rosenberg et al. 1983), This inequality implies a negative Bowen ratio P (- see Eq. 5.7).

We have never noticed a negative p value for our data sets (except during dew and rainfall events) and

therefore have had to use other methods for determining the significance or otherwise of advection. The

role of-advection was investigated by comparing Bowen ratio evaporation with equilibrium and

lysimeter evaporation. From the definition of equilibrium evaporation (viz., weak flow of humid air

over a wet (that is actively transpiring) canopy, it is clear that if Bowen ratio estimates are significantly

larger than equilibrium evaporation then:

• advection is significant;

• or the canopy cannot be considered to be green and transpiring.

The Bowen ratio estimates of evaporation compared favourably with equilibrium evaporation (Fig. 5.3,

Table 5.1) except for times in winter when the canopy was extremely dry, with Bowen ratio estimates

significantly less than equilibrium evaporation (Savage et al, in preparation). This evidence radicates

then that advection seldom played a role and that the Bowen ratio estimates indicated actual

evaporation.

Interestingly enough, it appeared that equilibrium evaporation compared favourably with Bowen

ratio evaporation estimates for values when the Bowen ratio p was less than 1 (at times of the year

when the canopy was relatively wet). The differences between equilibrium evaporation and Bowen

ratio evaporation increased as the Bowen ratio exceeded 1.

For eight days in April, the comparison of either of the two Bowen ratio evaporation estimates (Fig.

5.1) with equilibrium evaporation (Fig, 5,3) is very good for 20 min intervals, daily periods and for the

eight day total time scales (Table 5.2) indicating that advection was not playing a significant role.

Assuming no error in lysimeter and Bowen ratio evaporation measurements, the advection flux

density A (W m"2) was calculated (Eq. 5.10) for three consecutive days for which Bowen ratio and

lysimeter data were available (Fig. 5.4). For Day 13 and 14 (Table 5.3), A > 0 W m"2 indicating heat

energy was being removed by advection during these times but for Day 12, A was generally negative

indicating heat energy was being adverted into the area. For this three day period, the magnitude of A

never exceeded 203 W m"2 (Table 5.3). The data shown in Table 5.3 further indicate that the role of

Table 5.3 Mean A, standard deviation SDA, maximum and minimum of the 20 min advection heat flux
density^ values (W m'2, Eq. 5.11) for three consecutive days (Day 12, 13 and 14, 1991) for the OShOO
to 18hOO time period for Cathedral Peak Catchment VI

Day of year 3(Wm"2) SDA<JN m'2) Maximum A (W m"2) Minimum A (W m'2)

12 -6 78 133 -203

13 32 68 150 -97

14 35 69 187 -97

Chapter 5 Comparison of evaporation measurement using Bowen ratio, lysimetric
surface temperature and EC methods andadvective influences



Evaporation measurement above vegetated surfaces 132
using micrometeorological techniques Savage, Everson and Mctelcrkamp

advection is small for this three day period. However, it is clear from Fig. 5.4 and the standard

deviation of A compared to the mean A (Table 5.3), that advective influences are variable. The Bowen

ratio (right hand y-axis of Fig. 5.4), between the midday hours, averaged between 0.3 and 0.4,

indicating high evaporation conditions.

5.5.6 Resistance estimates

For a reference crop, Smith (1991) gives a standard value of 70 s m'1 for the canopy resistance rc. He

also gives the relation:

5.25

where u2 is the wind speed at a height of 2 m above the soil surface. For wind speed measured at 3 m,

the relation is ra = 226/w3 assuming that the log wind profile relationship is valid (Eq. 5.21). Applying

Eq. 5.21 and 5.24 with z = 2 m, d = 0.67 h, z0 = 0.1 h and h = 55 mm and assuming that ram = ra, yields

ra = 206 s m'1. So the use of Eq. 5.25 implies a canopy height of 55 mm. Mclnnes et al. (1994) found

that ra = 1000/(0.55 + 9.8 it0'5) for a bare ridge-furrow tilled soil surface.

The three resistances in the Penman-Monteith equation (Eq. 5.13) were calculated from Bowen ratio

and wind speed data (Fig. 5.7). The aerodynamic resistance ra (s nT1) was calculated as:

ra = 303.78 /w, 5.26ra

(Section 5.5.9) for a short turf grass surface where ut is the mean horizontal wind speed (s m1) at a

height of 1 m during a 20-min period. The isothermal resistance r, (also referred to as the

quasi-resistance) was calculated from the water vapour pressure deficit and the available energy flux

density (Eq. 5.14). The canopy resistance rc was back-calculated using the Penman-Monteith equation

and knowledge of all terms (including the measured Bowen ratio latent heat flux density) except the

canopy resistance. The ratio of canopy to aerodynamic resistance, r/ra at midday is about 0.5 (Fig.

5.7). This is in contrast to the ratio 50 for forests quoted by Monteith and Unsworth (1990). In their

review of other work, they show that dry forests have a daily minimum canopy resistance of 100 to 150

s m"1. Hence, for the ratio of 50, the aerodynamic resistance was 2 to 3 s m"1 compared to our typical

values of 200 s m'\ The dramatic change in ra for forests compared to grassland is due to the fact that

ra is a reciprocal function of wind speed which increases logarithmically with height (Eq. 5.21).

Monteith and Unsworth (1990) give rc/ra values for forests as typically 50, and agricultural crops often

close to unity. These values compare favourably with our value of 0.5. However, Ripley and Redmann

(1976) show canopy resistances for a grassland site of less than 10 s m"1. The shape of the curve for

canopy resistance is similar to that published in the literature (Oke 1987, Monteith and Unsworth

1990).

5.5.7 Evaporation ratio

The ratio of Bowen ratio latent heat to so-called reference or potential evaporation (the latter calculated
assuming a canopy resistance of 0 s m'1) is shown for Day 93, 1990 (Fig. 5.8). The ratio shown is
greater than 0.75 for both days, indicating that the actual evaporation is close to reference evaporation.
One may expect that this ratio would vary seasonally.

5.5.8 Priestley-Taylor evaporation

Total daily Priestley-Taylor evaporation (Eq. 5.18) would overestimate Bowen ratio evaporation

although correspondence is good. The 1.26 factor used for Priestley-Taylor evaporation would have to
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Fig. 5.7 Diurnal variation in the aerodynamic resistance ra, isothermal resistance r, and the canopy
resistance rc (s nf') for Days 98 and 99, 1990. The former resistance, a reciprocal function of the wind
speed (Eq. 5.26), is generally the greatest during the daylight hours

be decreased to 1.05 for equality between the two estimates (Table 5.2). Bowen ratio evaporation

estimates were closer to equilibrium evaporation (Eq. 5.17) than to Priestley-Taylor (Eq. 5.18)

estimates.

5.5.9 Surface temperature and eddy correlation technique comparisons

During this study above a flat, short turf grass surface, winds were generally southerly. Under such
conditions, the uniform fetch distance was at least 190 m. Sensible heat measurements were only
performed when the wind direction was between SW and ESE. The internal boundary layer thickness
^boundary* at m e locations of the eddy correlation measurements was calculated using the Munro and
Oke (1975) equation 5 =xoszl2 where x is the fetch distance (« 190 m) and ZQ, the surface roughness
length (w 0.1 x canopy height), varied between 1.5 to 3 mm. Since a rough-to-smooth transition existed
at our site, the lowest 5 % of the boundary layer was assumed to be in equilibrium with the surface
(Brutsaert 1982). Therefore ^eq^ubnum = ° ° 5 x ^boundary with ^equilibrium varying between about 0.90 and
1.05 m. Calculating zo as « 0.13 x canopy height yielded an equilibrium layer thickness of 0.96 to 1.10
m. It is therefore likely that eddy correlation measurements at 1 m were within the equilibrium layer.

13 Based on the paper by Savage et al. (1993) and Savage and Heilman (1993)
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Fig. 5.8 The diumal variation in the evaporation ratio (left hand y-axes) and reference evaporation
(right hand y-axes) for Days 98 and 99 (1990)

In the case of the surface temperature technique, it is important to establish the reliability of the

calculated friction velocity um. The variation of wind speed with height and local time, which was used

to determine the friction velocity ut (m s"!), is shown in Fig. 5.914. Of note is the increase in wind

speed at around lOhOO local time at all heights, typically corresponding to the change in stability

conditions to instability. The diumal variation in the friction velocity «, (m s*1) and the corresponding

statistics (determined for each 12-minute period) r2 and S (m s'1) of the u vs In (z - d) relation for

Day 249 is also shown (Fig. 5.10). As expected, the friction velocity also increased at around lOhOO

when there was an increase in wind speed at all heights. The P" and S values of the u vs In (z — d)

relationship correspondingly decreased and increased respectively at about the same time (Fig. 5.10).

The logarithmic relationship In {z-d) vs u is shown (Fig. 5.11) for selected times on Day 249. The

regression lines show the good linear relation. It would appear that the method used to determine the

friction velocity ut is a robust one and that therefore the friction velocity data so obtained are reliable.

There were however times when the wind speed was low and the relationships shown in Fig. 5,11 were

less reliable. In such cases, stable conditions usually prevailed. The other disadvantage is that the stall

speed of three-cup anemometers may be as high as 0.5 m s'1. A wind speed of this magnitude would

mean that events may be excluded from the calculation of sensible heat flux density using the surface

temperature technique.

14 A three dimensional (fishnet projection) of the local time, placement height and wind speed data
triplet set was generated using a bivariate interpolation of wind speed (Fig. 5.9)
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Fig. 5.9 The diurnal variation in wind speed u (m s"1) as a function of local time (Day 249, 1992) and
placement height z

We used three infra red radiometers to measure canopy temperature To. Air temperature T. was
measured, using five fine-wire thermocouples, at a single height (1 m in our case). The three canopy
temperature and five air temperature measurements were averaged for each 12-minute period. These

measurements allowed the calculation of sensible heat Fh from:

ah 5.27

where p («1.17 kg m ) is the air density, cpts 1056 J kg K , and rah (s m ) is the aerodynamic

resistance to sensible heat transfer. Since the canopy temperature To and air temperature Tz are known,

it remains to determine an expression for the aerodynamic resistance rah. Considering the flux density

of momentum x (Pa), we write:

(Thom 1975) where u, is the friction velocity (diurnal plot shown in Fig. 5.10), and ram the

aerodynamic resistance for momentum transfer. Assuming Similarity between ram and ra/,, we have:
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Fig. 5.10 The diurnal variation in friction velocity a, (m s"1) and statistical parameters r2 (top curve)
and S (m s"1) of the u vs In (z - d) relationship for Day 249,1992

rah = u(z)/ui = rtmi = ra. 5,28

We have already shown the reliability in the friction velocity calculation (Fig. 5.11). The wind speed at
the 1-m height and the friction velocity u. calculated from the wind profile data was used (Eq. 5.28,
Fig. 5.11) to calculate ra. The sensible heati*/, was then calculated using:

5.29

These calculations were compared with eddy correlation sensible heat measurements (Figs 5.12, 5.13).
Each point represents a 12-min measurement. The wide limits of Fig. 5,12 are the 95 % confidence
limits for an estimated individual y value and the narrower limits are the 95 % confidence limits for the
population mean. Also shown is the regression line. Good agreement between the two estimates of
sensible heat (Figs 5.12, 5.13) suggests that the indirect surface temperature method could be used as
an alternative to the direct eddy correlation method, at least for "smooth" surfaces. The surface
temperature method is much Jess costly than either the Bowen ratio or eddy correlation methods. A
drawback of the surface temperature method lies in the determination of the friction velocity «*.
However, a regression of friction velocity u. as a function of the wind speed u at the 1-m height (Fig.
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Fig, 5,11 The In (z - d) vs u relationship for selected times for Day 249, 1992 (data points and regression
line are shown as well as the corresponding friction velocity ut values). The scales on both x and v
axes are identical although the x axis scale has, whenever necessary, being displaced to encompass
the prevailing wind speeds. The slope for each time is equal to k'u, (Eq. 5.21)

5.14) shows that friction velocity may be calculated from the wind speed at one level. The relationship
u, = 0.05717 u obtained allows the aerodynamic resistance ra using Eq, 5.28:

= 303.78/«. 5.30

This relation was used in Section 5.5.6. (Eq. 5.26). Using the logarithmic wind profile equation (Eq.
5.21), this relationship corresponds to a short canopy with a height of 8 mm. By contrast, the relation
recommended by Smith (1991), Eq. 5.25, for 2-m wind speed measurements corresponds to a canopy
height of 55 mm. The effect of aUnospheric stability on these relations needs to be considered but this
has not been dealt with here.

Thus, the minimum instrumentation requirements for measurement of sensible heat flux density are

an infra red thermometer, anemometer and air temperature sensor. If a net radiometer and soil heat flux

plates and soil temperature sensors are also used, it is possible to calculate the latent heat flux density.
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Fig. 5,12 Regression of the surface temperature method of indirect sensible heat flux density determination
against sensible heat flux density measured using eddy correlation system #1147EC for Day 152 and 156 to
159,1992. Each data point is a. 12-min measurement
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Fig. 5.13 Diurnal variation in sensible heat flux density for Days 262 to 264 inclusive using the indirect

surface temperature sensible heat flux density determination against sensible heat flux density measured

using eddy correlation system #1147EC. Each data point is a 12-min measurement
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Fig. 5.14 The regression of the friction velocity u, (m s"1) obtained from the wind profile data as a
function of the measured wind speed at a height of 1 m. Each data point is a 12-min measurement

5,6 Conclusion

Bowen ratio evaporation (daily total) compares adequately with equilibrium and lysimeter evaporation
indicating a lack of advective influences for our data set of April 1990. The Bowen ratio technique has
proved to be a reliable technique for measuring evaporation requiring routine maintenance two to five
times per month. The eddy correlation technique appears to significantly underestimate evaporation, for
reasons discussed in Chapter 4. Bowen ratio, lysimetric and equilibrium estimates of evaporation were
found to compare favourably during the summer rainfall periods. During drier periods, the equilibrium
estimate of evaporation overestimated compared to the other techniques. While 20 min evaporation
estimates for the techniques (excluding eddy correlation and Priestley-Taylor evaporation) were
reasonably comparable, daily totals were very good. Advection flux density estimates were shown to be
relatively small and variable {for 20 min periods). This aspect requires more attention and data. Our
research paves the way to a more routine use of the more portable Bowen ratio technique for the
estimation of actual evaporation.

Diumal estimates in the evaporation ratio, reference and equilibrium evaporation, appeared to be as

expected. The aerodynamic resistance ra was greater than the isothermal resistance rs and the canopy

resistance rc. The calculated values were consistent with those found b the literature.

Using a surface temperature method for calculating sensible heat flux density agreement was
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obtained with the eddy correlation measurement even for a 12-min time-scale. It appeared as if an

estimate of the friction velocity used in the surface temperature method may be calculated from the

wind speed at one level. Real-time and continuous sensible heat measurements were possible using the

EC technique but not with the surface temperature method. The surface temperature method is

significantly cheaper than eddy correlation and Bowen ratio techniques if friction velocity may be

calculated from wind speed measurement at one level.
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Chapter 6

Calibration of net radiometers
and infrared thermometers

6.1 Abstract

Net radiometers are an essential part of energy balance investigations. The manufacturers' calibration

factor is usually used with the measured net radiometer voltage to obtain the net irradiance. This

involves a field or a short wave laboratory calibration using an expensive standard radiometer. The use

of an incorrect calibration factor for net irradiance measurement has been noted as a problem in energy

balance investigations. The aim of this work was to describe an accurate and inexpensive laboratory

method for the long wave calibration of a net radiometer. Our method also allowed for the

simultaneous calibration of a number of infrared thermometers (radiometric thermometers). The

experimental method for calibrating net radiometers or ERT's involved the use of a radiator. The

radiator was painted matt black. At five locations 24-gauge copper-constantan thermocouples were

pushed through from the radiator bottom to top. The 5-mm tip of each thermocouple was bent to form

an "L" shape and then soldered on to the radiator surface. The radiator was connected to a heater stirrer

device with water circulated between the two. The temperature of the heater stirrer was increased to 70

°C. A single net radiometer was placed in a darkened room just above the radiator surface. After 5 min

equilibration, the heater was switched off but water circulation continued. A datalogger was used to

measure the average radiator surface temperature and net irradiance, while the unit cooled, from which

the calibration factor was determined. The procedures for IRT calibration were similar. Our net

radiometer calibration factors were reproducible and quick to obtain. The calibration factors agreed

remarkably well with the manufacturers' short wave calibration performed a few months previously.

The calibration relationship for the IRT's was different for different sensors. The IRT's were most

accurate at about 20 °C. The magnitude of the difference between actual and measured temperatures

increased on either side of 20 °C. We recommend IRT calibration for surface temperatures greater than

35 °C.

6.2 Introduction

Net radiometers are an essential part of energy balance investigations and especially so b the case of Bowen
ratio estimates of sensible and latent heat transfers. Invariably, the manufacturers' calibration factor is used
with the measured net radiometer voltage to obtain the net irradiance R^ (W m"2). Such a calibration usually
involves use of an expensive standard radiometer and is thus a short wave calibration only.

In a micrometeorological investigation (Kanemasu et al. 1987), the five groups that participated
measured a midday net irradiance of between 300 and 530 W m'2 - more than a 75 % variation. The
large differences in sensible and latent heat flux density values obtained by these investigators, were
attributed to the calibration factor in the net irradiance and soil heat flux density measurement. From
personal communications, we know that other workers arrived at similar conclusions. Tanner and
Greene (1989) found a 16 % difference in daytime net irradiance between different net radiometers
using calibration factors supplied by the manufacturers.

The most common method for calibrating net radiometers is the occulting" or "shading technique

(Idso 1974). Calibration by this method is accomplished by positioning a net radiometer next to a
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pyranometer or pyrheliometer standard or sub-standard, and alternately shading and unshading both

instruments simultaneously from the direct rays of the sun (Savage 1988). Shading is done using

identical, small opaque shields. The change in the net radiometer output between shaded and unshaded

conditions can be equated to the known change in short wave irradiance recorded by the pyranometer

or pyrheliometer (measurements from the latter being resolved to the plane of the observers' horizon)

and thus a calibration factor for the net radiometer found. When the occulting calibration technique is

used:

1) the net radiometer should not be positioned too close to the canopy or soil surface since its' shadow

may alter the amount of radiation received from the ground;

2) the accuracy of the calibration factor will be no better than that of the radiation standard used to

obtain it;

3) the calibration factor obtained is that for the net radiometer's voltage response to short wave

irradiance and does not indicate the response to long wave irradiance. The "occult" method assumes no

change in the net long wave irradiance during measurements. The only way to check the similarity of

the voltage response to short wave or long wave irradiance is to also perform a controlled environment

calibration of the net radiometer for long wave irradiance (wavelengths greater than 3 um) (Idso 1974);

4) the in sitii "occult" calibration is fraught with the problems of a non-static radiation source causing

the shaded and unshaded measurements to be performed at different times;

5) the shaded net radiometer and shaded pyranometer or pyrheliometer measurements using the sensor

standard may be subject to error and involve the use of an expensive radiation sensor.

The aim of this work is to describe an accurate and inexpensive method for the long wave

calibration of a net radiometer. As a consequence of problems associated with the calibration technique

described, we propose a short wave calibration method performed in the laboratory and a calibration

method for the simultaneous calibration of multiple infrared thermometers (radiometric thermometers).

Barber and Brown (1978) used a blackbody surface for the calibration of infrared thermometers.

The unit could display its surface temperature but no temperature control was possible. Sadler and van

Bavel (1982) devised a simple method, modified by Ham (1990), for the calibration of infrared

thermometers using a black body calibration chamber. Our method allows for the simultaneous

calibration of a number of infrared thermometers whereas the method of Sadler and van Bavel (1982)

only allows for single unit calibrations and cannot be used for the calibration of net radiometers. A field

technique for the direct separation of the upward (Lu) and downward (LJ) long wave irradiance

components of net irradiance Rnel is presented.

6.3 Theory

Suppose that a net radiometer is placed directly over the centre of a metal circular plate of area A. The view

factor F for the circular plate with the distance between the plate and the net radiometer being d is given by:

2 2). 6.1

where p is the angle between the vertical and the line from the sensor to the edge of the circular plate.
However, if a rectangular plate with area .4 is used, we assume that:
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6.2

may be used in Eq. 6.1 to calculate F.

The long wave irradiance Lu emitted by a rectangular plate of area A and emissivity ^mrjace is
therefore:

Lu= \A'(A+ntP)] - imrfacE a t^^-F- tlulfacea 7 ^ . 6.3

If the plate has a surface temperature T,ace (K) and an emissivity e ^ , ^ and an infra red
thermometer registers a temperature of TM (K) for the plate, then:

a *irt~ ^surface CT ̂ surface + (* ~ rsurfac^ C ^surrounds ^.4

where rmrface is the place surface reflectivity and where the Stefan-Boltzmann constant is

cr = 5.673xlO~8 W m'2 K"4. It is assumed that the surrounds are radiating as perfect radiators. If a^a^

is the absorptivity of the surface, then

surface ~ surface

and, according to Kirchhoffs Law:

surface ~ surface

Hence:

F = (T* — T* VfT' — T4 } 6 5
surface V•* in surround;' Vsurface surrounds1'

If the surrounds are imperfect radiators, then ZsurfaceCzn- only be estimated and then with least error if

J surface •* surrounds- " •* iW = •* surface* ^surface ~ A.

If a short wave irradiance source is suspended above a perfect radiator with a net radiometer placed

close to the latter, the net radiometer will register the incident short wave irradiance. The short wave

source may alter the temperature of the radiator surface but these may be corrected for or the

measurements performed quickly. The short wave incident at the surface of the radiator should be

totally absorbed so there should be virtually no mcident short wave irradiance incident at the underside

of the net radiometer.

6.4 Materials and methods

6.4.1 Preparation of radiator

A large truck radiator {0.710 mm by 0.481 mm) was spray painted with matt black paint (Sprayon
industrial acrylic enamel flat black number 03725, Bedford Heights, Ohio, USA). At each of five
locations 24-gauge copper-constantan thermocouple wire (Omega Engineering Inc., Stamford, CT,
product number PR-T-24) was pushed through from the bottom of the radiator to the top. The 5-mm tip
of each thermocouple was bent to form an "L" shape. The thermocouples were then soldered on to the
radiator surface so as to be flush with the radiator's surface, each thermocouple being 50 mm away
from the nearest thermocouple. The thermocouples were also sprayed with matt black paint. These
procedures minimized the possibility of a temperature gradient occurring between the cavities of the
radiator and thermocouples. A single thermocouple was used to measure the temperature of circulated
water in the well of the heater stirrer and water bath (Haake Gebruder, Berlin, Germany, type FE
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number 67236 distributed by Poly Science Corp, Evanston, Illinois) to check constancy of temperature

of the circulated water. The base of the radiator was affixed to styrofoam covered with a sheet that had

been painted matt black. This ensured that radiative cooling from the radiator was mostly from the

top-side and reduced the rapid reduction in temperature after the heater was switched off.

Measurements were performed within two hours. Laboratory doors were closed to reduce the

possibility of the long wave irradiance from the ceilbg and walls from changing significantly.

All openings into the radiator were sealed with silicon sealant apart from an inlet and an outlet
opening. The radiator was placed on a trolley positioned in the centre of the laboratory. The inlet
opening of the radiator was connected to the inlet of a heater stirrer device with the radiator outlet
connected to the outlet of the heater starrer. Short hose connections were used to ensure rapid water
circulation between healer stirrer and radiator. The temperature of the heater stirrer was increased to
70 °C with water being circulated in the radiator.

6.4.2 Long wave calibration of net radiometers

A single net radiometer was placed in a darkened room at a distance of between 55 and 70 mm from

the surface of the radiator. Placement of the radiometer closer than 55 mm from the radiator caused too

great a heating of the domes and more variable net irradiance values. Measurements corresponding to

radiator temperatures exceeding 65 °C were discarded. After a 5 min equilibration period, the heater

circuit of the heater stirrer was switched off but the water circulation continued. A Campbell Scientific

21X datalogger was used to perform slow (16.67 ms integration time) differential temperature

measurements of the six thermocouples and differential net radiometer voltage measurements

immediately after the heater was switched off. Measurements were performed every 0.4 s with the

average and the standard deviation of these measurements over a one minute period being recorded.

Measurements were continued for a period of about two hours at which time the water temperature had

decreased to close to the ambient temperature. The surface temperature of the radiator was calculated

as the average of the temperature measured using the five thermocouples.

When the net irradiance above the radiator was changing rapidly, particularly for rapidly decreasing

surface temperatures, it was necessary to correct the measured voltages for the relatively long (typically

20 s) time constant of the net radiometer. No correction was applied to the surface temperature

measurements.

In some cases, the procedure was repeated for the same net radiometer some days later, another net
radiometer was chosen or another laboratory was used for the calibration. For some of the calibrations,
half of the laboratory lights were left on and in other calibrations, the lights were switched off. In all
cases, the air-conditioning in the laboratories was not altered. For a few of the net radiometers, the
calibration was repeated three or four times but all radiometers were calibrated at least twice.

The long wave irradiance emitted from the radiator was calculated using Eq. 6.3 assuming that the
radiator surface, with its' cavity-like matt-black structure, is a perfect radiator so that ^surface m ^Q- *>-3
is unity. In later experiments, E ^ . e was calculated (Eq. 6.5). In another experiment, a 0.3 m by 0.3 m
aluminium plate was placed metal to metal above the radiator. The plate (Ham 1990, p 95) was coated
with a galvanized spray with a fraction of the spray coating being removed to obtain a plate emissivity
of approximately 0.49 (as judged by the calculated emittance from the infrared thermometer
measurements and actual plate temperatures). The radiator was heated to 85 °C and the aluminium
plate inverted and allowed to cool with a net radiometer (serial number 92062) placed 40 mm above it.
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Seven Radiation and Energy Balance Systems (Seattle, Washington) Q*6 net radiometers were used

for the calibration tests. For each net radiometer, a plot of its' measured voltage on the x-axis vs the

view factor F multiplied by the upward long wave irradiance calculated from the thermocouples

embedded in the radiator (Eq. 6.3) on the y-axis was performed and the slope and intercept calculated

(assuming that surface= lduetothecavity-Iikestructureoftheradiator).

6.4.3 Short wave calibration of net radiometers

All six net radiometers were also calibrated outdoors, on a cloudless day, using the so-called "occult"

techniques. We used an Eppley radiometer model 60 (serial number 8960) as the standard for solar

irradiance.

6.4.4 Calibration of infrared thermometers (IRT's)

The procedures for the calibration of the eight infra red thermometers were similar. The thermometers

were placed directly above the centre of the plate at a distance of 0.97 m from the plate in some cases

and 0.4 m in others. Once the temperature of the plate had decreased from 80 °C to room temperature,

ice was used to lower the temperature to less than 15 °C. Measurements were collected as the system

equilibrated back to room temperature. For these calibrations, Everest Interscience Inc. infra red

thermometer models 4000ALCS, 40004-A, 4004AL and 110 were used. Some calibrations were

performed at least twice for certain net radiometers.

6.5 Results and discussion

6.5.1 Long wave calibration of net radiometers

The non-linear decrease in reference temperature TsxafaCE and the corresponding standard deviation in

temperature for all five thermocouples is shown (Fig. 6.1). The initial rapid temperature decrease

prevents rapid data collection without decreasing the one minute data output period. The linear

regression is therefore biased towards the lower temperatures. Only data points for which the surface

temperature was less than 65 °C were included in the regression analysis.

The calibration data from two net radiometers are shown (Fig. 6.2). There is a 10 % difference in

the slopes of these two net radiometers (Table 6.1). The one calibration was performed in a laboratory

in which half of the lights were switched off, the net radiometer being placed in the darkened section of

the laboratory. Extraneous radiation from outside the building was visible. In the other calibration, the

laboratory lights were switched off and the room completely darkened. The intercept for both net

radiometers is the value of the upward long wave irradiance for which the voltage from the net

radiometer Vml = 0 mV and hence the net irradiance Rm = 0 W m"2. In other words, the intercept also

corresponds to the downward long wave irradiance:

Ld = F-{Lu\. 6.6

where (ZU)D is the downward net irradiance for which Rne, = 0 W m"2. For these two net radiometers
(Fig. 6.2), the intercepts were different, and consistently so for the two laboratories chosen. For a net
radiometer placed above a radiator for which Lu using Eq. 6.3 is calculated, it is possible to separate the
upward and downward long wave irradiance components of net irradiance.

The calibration statistics are shown (Table 6.1). The calibration statistics for two net radiometers

placed next to each other were statistically different from those for which a single net radiometer was
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Fig. 6.1 A plot of the view factor F multiplied by the upward long wave irradiance (left hand y-axis, W
m"2), the reference temperature (bottom right-hand y-axis, °C) and the standard deviation of the
reference temperature multiplied by 100 (top right hand y-axis, °C) as a function of the net radiometer
voltage (mV) for net radiometer number 90217
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Fig. 6.2 A plot of the view factor F multiplied by the upward long wave irradiance (W m*2) as a

function of the net radiometer voltage (mV) for net radiometer numbers 92061 and 90226 (slope of
-12.439 W m-2 mV1, r1 = 0.9997 and -14.121 W nf2 mV1, r2 = 0.9997 (Table 6.1))
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Table 6.1 A comparison between net radiometer calibrations. The statistical parameters of the long
wave calibrations are shown. Outdoor calibrations were performed using the short wave "occult"
technique. All r2 values exceeded 0.9993

Radio-
meter

no.
1
1

2
2

Calibration
no.

1
2

2
3

(Wm-2)
0.83
1.30

0.94
0,81

Slope
(Wm"2

mV !)
-13.604
-13.563

-13.878
-13.958

Short wave calibration factor (W
irf2 mV1)

Manufacturer's Outdoor
-13.70 -13.59

-14.00 -14.84

0,80 -14.051

4
4
4

5
5
5
5

2
3
4

1
2
3
4

0.25
1,85
1.22

1.11
1.05
0.57
1.08

-14.023
-14.098
-14.121

-12.439
-12,651
-12.650
-12.551

-14.10

-12.70

-14.56

-13.82

0.95 -12.907 -12.90 -13.70

placed above the radiator and were rejected. We therefore always calibrated net radiometers

individually.

6.5.2 Shortwave calibration of net radiometers

For our net radiometer, the long wave calibration slopes agreed remarkably well with the

manufacturers' calibration (Table 6.1) performed some two to three months previously using the

"occult" technique in a chamber using a halogen lamp and a standard short wave pyranometer. Also

shown (Table 6.1) are our outdoor short wave calibration slopes. The magnitude of these outdoor

slopes were greater than both our long wave calibration slopes and the manufacturers short wave

calibration slopes.

6.5.3 Calibration of infra red thermometers

The calibration relationship for the infra red thermometers (IRT's) showed a marked variation between

the different sensors used (Figs 6.3 and 6.4). In the case of model 4000ALCS serial number 2001-1,

the deviation between T^a^ of the radiator and Tirt decreased to -1.5 °C at T^ace= 60 °C compared to

about -0.2 °C for model 4000ALCS serial #2001-2 (second calibration). All but two of the IRT's

exhibited a plateau as shown in the T^ace - Tin w Tjurface curves (Figs 6.3 and 6.4). In one case, model

4000ALCS serial #2001-2 second calibration, the shape of Tnxfac<, - Tin vs T^^g was parabolic with a

maximum of 0.6 ° at 30 to 40 °C and a minimum of-0.4 °C at 70 °C. The hand held IRT model 110

serial #10152 had a near-linear TnlTface~Tin v s TmTfai.e relationship (Fig. 6.5). For this IRT,
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Fig. 6.3 A plot of the infia red thennometer (model 4000ALCS, number 2001-2) temperature (left hand
y-axis, DC), the temperature difference between reference and infra red thennometer temperatures
(bottom right hand y-axis, °C), and calculated emissivity of the radiator (top right hand y-axis, unitless)
assuming that Taafbee» Tsltrmmds
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Fig. 6.4 A plot of the infra red thermometer (model 4000ALCS, number 20001-1) temperature (left
hand y-axis, °C), the temperature difference between reference and infra red thermometer temperatures
(bottom right hand y-axis, °C), and calculated emissivity of the radiator (top right hand y-axis, unitless)
assuming that Tsur/b'ace surrounds
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~ Tirt was 0 °C at 20 °C increasing almost linearly to 6 °C at 70 °C.

The hand held infra red thermometer (model 110, serial number 10152) was calibrated twice for

temperatures ranging between 15 and 70 °C, once with ten calibration points (Fig. 6.4) and once with

nearly 1000 data points (Fig. 6.5). There was no significant difference in slope or intercept of the

calibration relationship for the two calibrations (Table 6.2). This handheld model 110 infrared

thermometer had the greatest error for all thermometers tested. In view of the differences between

IRT's, it is important to calibrate such units prior to use and especially so for surface temperatures

exceeding 35 °C.

6.5.4 Emissivity

A possible source of error in our calibration method for both infra-red thermometers and net

radiometers is that the cavity emissivity may not be unity. Heinisch (1972) showed that a matt-black

painted right-regular cylindrical cavity with a depth to aperture ratio of 5.0 has an emissivity greater

than 0.999. Bedford (1972) showed that the ratio was 10.0 for spherical cavities. Our cavities were

triangular shaped with a depth to aperture ratio of 5:1 in the horizontal plane and 20:1 in the

perpendicular plane. Based on this, the assumption of an emissivity of unity is a good one. Using a pair

of IRT's, one inverted and facing the radiator and another facing upwards, it was possible to estimate

^surface for the radiator. The upward facing ERT was used to measure Tsanoands (Eq. 6.5) and this

estimate was compared with the temperature estimate of [L^ /{Fa)]*'* calculated using Eq. 6.6 from net

radiometer data. Although near unity, there is a non-linear increase in surface vs ^surface (FlEs 6.3 and

6.4). This calculation of ^surface assumes no error in Tirt at all temperatures. The non-linear shape would

imply that the shape of F x the upward long wave irradiance (calculated using Eq. 6.3) vs net

radiometer voltage would also be non-linear. No such gradual curvature in the net radiometer calibration

relationships were observed for our temperature range. In another experiment, zmrface w a s estimated using

so
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Fig. 6.5 A plot of the infra red thermometer (handheld model 110, number 10152) temperature (left
hand y-axis, °C) and the temperature difference between reference and infra red thermometer
temperatures (right hand y-axis, °C)
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Table 6.2
exceeded

IRT

The statistical
0.9995

Calibra-

tion no.

parameters associated

Intercept

with the infrared thermometer calibrations.

Slope n

(W m"2 raV1)

Allr2

S

(W

values

m"2)

1
1
1
1

2
2

3
3
3

4
4
5

6

7

1
2
3
4

1
2

1
2
3

1

2
1

1

1

-1.1895
-1.1868
-1.3486
-0.4424

-1.5002
-1.1482

-0.3799
-0.3532
0.2599

2.8885
2.7761
0.0015

-1.1550

-1.4763

1.0415
1.0386
1.0430
1.0220

1.0197
1.0186

0.9985
0.9981
0.9840

0.8793
0.8809
0.9989

1.0420

1.0611

237
144
189
521

99
131

144
189
521

10 0
970
970

970

970

0.291

0.142
0.133

0.167
0.109
0.128

0.107

0.112

TswTouriek = [^(F CT)] '* where Lj is the y-intercept of a net radiometer long wave calibration.

For net radiometer serial number 92062, calibrated assuming that the radiator emissivity is unity at

all temperatures, and placed above a cooling plate, the plot of Fu itlale as a function of the net

irradiance above the plate is shown (Figs 6.2 and 6.3). The reciprocal of this relationship yields the

plate emissivity zplate.

6.6 Conclusions

• 1. Using the radiator calibration technique, the net radiometer (long wave) calibration factors were
reproducible.

• 2. Net radiometer (long wave) calibration factors were similar to the manufacturers short wave
calibration factor obtained four months previously for new net radiometers.

• 3. Long wave calibrations over a wide irradiance range were possible.

• 4. Calibration of IRTs for a wide temperature range was possible. The calibration slope for the
same IRT for different calibration runs is reasonably reproducible.

• 5. Most IRT's overestimated surface temperature for temperatures greater than 25 °C.

• 6. We recommend calibration of IRT's if surface temperatures greater than 35 °C are recorded.
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Chapter 7

Comparisons of vineyard sensible heat
measured using eddy correlation and Bowen ratio systems

7.1 Abstract

The placement of an eddy correlation (EC) system, in a wide row system such as in a vineyard with

limited fetch, is problematical. Sensible heat measurements in a 5-ha vineyard were obtained using two

eddy correlation (EC) and four Bowen ration energy balance (BREB) systems. We compared EC and

BREB measurements of sensible heat and evaporation. Sensible heat estimates fiom the two EC systems

agreed with each other when the two EC systems were placed 1 m directly above adjacent N-S canopy

rows 3 m apart. There were differences in EC sensible heat for EC systems placed directly above row

and between row (above soil) positions. The EC sensible heat directly above the row was much greater

than that at the between row position (1.5 m away). We attributed these differences to the lack of air

mixing between the above row and between row positions. The standard deviation of the vertical wind

speed at the between row position was also much greater than that at the above-canopy position. Our

measurements demonstrate that sensible heat and the vertical turbulent intensity above the row

compared to that between the canopy rows are different. These findings illustrate that due consideration

should be given to the lateral placement of sensors for row crops for sites with limited fetch. At the 95

% level of significance, there was no statistical difference between BREB and EC sensible heat

measurements when the EC systems were placed 1 m directly above adjacent N-S canopy rows. Our

data suggests that the BREB sensible heat, due to the nature of the BREB calculation method, was very

sensitive to changes in net irradiance. The EC sensible heat measurements were not sensitive to net

irradiance since the EC technique is absolute and independent of net irradiance and soil heat flux

density measurement.

7.2 Introduction

The usefulness of eddy correlation (EC) techniques for short-term measurements of the vertical transfer
of sensible and latent heat in the lowest layers of the atmosphere is becoming recognized (Neumann
and den Hartog 1985; Tanner et al. 1985, Tanner 1988, Dugas etal. 1991, Verma et al. 1992, Cellier
and Olioso 1993). Hicks (1973) performed EC measurements of the eddy fluxes of momentum and of
sensible heat over a vineyard with a fetch of 500 m by placing sensors at a height of 4.5 m above the
soil surface. Dyer (1961) performed measurements, over a level pasture surface, at a height exceeding
3.5 m above surface. The EC measurements (Swinbank 1951, Dyer and Maher 1965) supposedly allow
for absolute point measurements of sensible and latent heat flux density at a defined height above
canopy. The Bowen ratio energy balance (BREB) technique (Tanner 1960) is a profile method involving
measurements of mean air temperature and mean water vapour pressure at two heights above the
canopy. The BREB technique also allows sensible and latent heat flux density to be determined. Two
different types of BREB methods have been used. One involves an oscillating system in which two

15 Based on the paper in preparation by Savage, Heilman, Mclnnes and Gesch. Trade and company
names are included for the benefit of the reader and do not imply endorsement or preferential
treatment of the product by the authors, their organizations or their sponsors

Chapter 7 Comparisons of vineyard sensible heat measured using
eddy correlation and Bowen ratio systems



Evaporation measurement above vegetated surfaces 152
using micrometeorological techniques Savage, Everson and Metelerkamp

sensors, one at each measurement level, are used for air temperature and water vapour pressure

determinations (Gay and Greenberg 1985, Fritschen and Fritschen 1993). The other BREB method

involves using two sensors for air temperature but one hygrometer, with air being pumped alternately

from the one level and then from the other (Tanner et al. 1987, Cellier and Olioso 1993).

The calculation of sensible heat flux density using the EC method is based on the governing

equation:

Fh = pcpw'T' 7.1

where p and cp are respectively the density (~ 1.17 kg m"3 at 25 °C and 100 kPa) and specific heat

capacity of air (« 1056 J kg"1 K'1) and where w' and T' are the vertical wind speed and the air

temperature fluctuations and w' T' is the average covariance over a short period (usually less than an

hour). The calculation of sensible heat flux density Fh using the BREB method is based on:

7 -2

where IneS is the net irradiance at the canopy surface, Fs the soil heat flux density and p the Bowen ratio

calculated using:

P = 7 (f2-?,)/&-?,) 7.3

where y (« 66 Pa K'1) is the psychrometric constant, T2, e2 and Tx, ex are the time-averaged air

temperature (K) and water vapour pressures (Pa) at profile heights z2 and z\ above the canopy surface,

respectively.

Few comparisons have been made between EC and BREB methods of flux density determination for

an aerodynamically rough surface such as in a vineyard. In our study in a vineyard, with limited fetch,

measurements from two EC systems (Tanner et al. 1985) were compared with that from four

oscillating-type BREB systems (Gay and Greenberg 1985). We also wished to measure the EC sensible

heat flux density, for systems placed at the row and between row positions, to ascertain if different

lateral placements result in a change in sensible heat.

7.3 Materials and methods

All measurements were performed in the Delaney Vineyards in Lamesa, Dawson County in north
Texas, USA at an altitude of 913 m, latitude of 33C 30' N and longitude of 102° W. The vineyard
configuration was a vertical bilateral cordon with the cordon wire at 1.0 m above the soil surface, and
catch wires at 1.25 and 1.5 m above the soil surface. The distance between rows was 3 m. The bare
interrow was ploughed a few days before measurements were performed. A Campbell Scientific
(Logan, Utah, USA) CA27 sonic anemometer and fine wire temperature system (serial number 1) was
always placed at a height of 1 m and directly above the roughly 1.6 m high canopy row (measured
relative to the position of the fine-wire thermocouple) with the thermocouple arm of the EC systems
pointing into the predominantly southern winds. The placement height of EC system number 1 above
soil surface was therefore 2.6 m. The other system (number 2) was either placed at the same height (1.0
m above an adjacent canopy row) or placed between rows 1.0 or 2.6 m directly above bare soil. Both
EC systems were nearly 75 m from the south edge of the vineyard and 60 m from the east edge. The
two EC systems were usually situated directly above a canopy row mid-way between two BREB systems
pairs, about 30 m from each BREB pair. The two EC systems were 3 m apart. The predominant wind
direction was from the south and the canopy rows ran from 10° east of south to 10° west of north.
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Biltoft and Gaynor (1987) compared two types of sonic anemometers and fast response

thermometers, finding good correspondence under a wide range of field conditions. The instruments

they used provided precise vertical turbulence and flux measurements but they did suggest some

uneasiness concerning the thermal time constant of their CA27 sonic anemometer (based on the initial

design by Campbell and Unsworth 1979). For each of our systems, fluctuations in wind speed w' were

measured using a CA27 sonic anemometer and the air temperature fluctuation T' obtained using a

Model 127 fine wire (12.5 pm diameter) chromel-constantan thermocouple (both sensors available

from Campbell Scientific). The Model 127 thermocouple design only allows a temperature difference

relative to the temperature of the metal base to be measured. We modified the reference junction of the

127 thermocouple, bside the metal base, by applying additional insulation to increase the thermal time

constant (reported by Tanner (1984) to be 20 min). The vertical metal arm of the sonic anemometer,

housing the reference junction, was also heavily insulated. The need for insulating the metal base

housing the reference thermocouple or for performing averages over sub-hourly periods is

demonstrated by writing the fluctuation in the measured temperature difference as (T-Tarm)' where T

is the temperature of the fine wire thermocouple and Tarw is the reference temperature inside the metal

arm and where the ' shows a fluctuation. Writing the fluctuation in the temperature difference as the

instantaneous value minus the mean, we get:

(T-T )' = T-T -(T-T ) 74
V J arm' arm ^ arm' •

where the overbar indicates the average over the sub-hourly time interval chosen. Hence

(T-ToJ' = T-T-(Tarm-TaJ. 7.5

The right-hand side of this equation is approximately T-T ox T' only ifTarrn~Tarm is sufficiently

small. This can only be the case for a constant reference thermocouple temperature.

A Campbell Scientific 2IX datalogger was programmed and used to gather all the eddy correlation
data and to determine w'T'. A 12-minute averaging period was used for final calculations.
Measurements were performed every 0.2 s (corresponding to a frequency of 5 Hz). Use of a 12-min
averaging period, instead of a longer period avoided the Campbell datalogger computation error
(Tanner and Greene 1989) that can affect the standard deviation of the temperature difference
measurements. The two EC systems were first compared by examining measurements of sensible heat
flux density performed 1 m directly above the canopy, for adjacent rows (3 m apart). Frequency
response corrections to our EC measurements, described by Moore (1986), were small and not routinely
performed. No corrections for the shadowing effect of the sonic anemometer (Massman et al. 1990)
were performed since Bittoft and Gaynor (1987) found no shadow effects for the CA27 sonic
anemometer. We did not correct for air density fluctuations as these corrections were regarded as small
compared to the spatial variation of sensible heat in the horizontal. Furthermore, the corrections would
have been similar for both EC systems we used. Jacobs et al. (1992) suggested that during the daytime,
weak inversion conditions within the canopy may prevent eddies from above the canopy from
penetrating into the canopy. These weak inversion conditions did not occur in our experiment partly
due to the wide interrow and interplant spacing.

Full details of the BREB surface energy balance measurements used here are discussed by Heilman
et al. (1994). Surface energy balance was measured by the Bowen ratio method (Tanner 1960) using
four independent systems (Gay and Greenberg 1985). Each BREB system contained two exchanging
ceramic wick wet bulb and dry bulb psychrometers separated by a vertical distance of 1 m, and a
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net radiometer (Model Q*6; Radiation Energy Balance System, REBS, Seattle, WA). Two of the systems

used six soil heat flux plates (Model HFT-1, REBS) per system wired in series, while the other two used

three model HFT-1 plates wired in series. Masts were positioned 10 m from the north edge of the vineyard.

The bottom psychrometer on each mast was 2.6 m above soil surface, 1.0 m above the plants. This

configuration produced a fetch-to-height ratio of 73:1 for the prevailing southerly winds, which was greater

than the minimum of 20:1 for Bowen ratio measurements found by Heilman et al. (1989). Wind direction

was measured using a model 12005 wind vane (R M Young, Traverse City, Michigan).

Air temperatures were measured during a 3-min period during which psychrometers exchanged and

equilibrated with the environment. This procedure eliminated sensor bias and allowed the Bowen ratio

to be determined every 12 min. Net radiometers were mounted 3.2 m above the soil surface. Soil heat

flux was determined using the combination method (Kimball and Jackson 1979). Heat flux plates were

placed 0.05 m below the soil surface, at various positions (Heilman et al. 1994) and the change in heat

content above the plates was determined from measurements of soil temperature in the 0 to 0.05 m

layer, and an estimate of the heat capacity (De Vries 1963).

7.4 Results and discussion
The comparison of the correlation between vertical wind speed fluctuation and air temperature

fluctuation for the two EC systems, placed directly 1 m above adjacent (3 m apart) canopy rows, is

shown (Fig. 7.1). The systems were 2.6 m above the soil surface. The negative correlations correspond

to sensible heat being directed from atmosphere to canopy surface in the early morning or late

afternoon. The centroid point for the data of Fig. 7.1 is (0.355, 0.329). The highest correlation occurred
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Fig. 7.1 Comparison of the correlation of vertical wind speed and air temperature fluctuations measured

using two EC systems placed 1 m above the canopy row, for adjacent rows for Days 150 to 159, 1992

(northern hemisphere)
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on day (day) 151 with a correlation exceeding 0.6. This occurred at Central Standard Time (CST)

12h36 and 12h48 with southerly winds down the canopy rows.

A typical diurnal variation in eddy correlation sensible heat flux density for Day 154. 1992 is shown

in Fig. 7.2. It is evident, from the sudden in-phase increase or decrease in the sensible heat, that both EC

systems responded well to the same stimulus. The correspondence was good for days with a low and

high sensible heat (data not shown). Both systems detected the sign change of the sensible heat flux

density on Day 154 at about 18h30 (Fig. 7.2). The data for 31 May 1992 to 7 June (Day 152 to 159

inclusive), for which the two systems were 1 m directly above canopy, show good agreement (Fig.

7.3). For EC sensible heat flux densities greater than 75 W m"2, the agreement is however more

variable. At the 95 % level of significance, there is no difference in the measurements from the two EC

systems with the 95 % slope confidence interval being between 0.941 and 1.021.

The temporal comparisons between the average sensible heat flux density from the four BREB

systems with that from EC system #1 is reasonable (Fig. 7.4) even on days with lower sensible heat

values (Day 159). The reasonably good agreement for all BREB and EC data is shown (Fig. 7.5). The 95

% slope confidence interval is between 0.886 and 0,962. Close to the canopy, one might expect an

underestimation in EC sensible heat measurements compared to BREB values, because of the higher

eddy frequencies present in the eddy structure due to the smaller eddies. At a placement height of 1 m

directly above the canopy row the EC sensible heat measurements, if anything, were larger than BREB

values (slope of 0.924, Fig. 7.5), There was therefore no indication from these comparisons that the

placement height of the EC sensors was too close to the canopy. Also, the separation distance of 30 m

between the EC systems and each BREB system pair probably contributed to some variability between

the two data sets. Dyer and Hicks (1972) showed that the variation in sensible heat flux in the

horizontal is less than 10 % for a uniform site.

We compared latent heat flux density calculated from the EC sensible heat, net irradiance and the
soil heat flux density (using the equation energy balance equation LvFw = Inet -Fs-Fh) with the latent
heat calculated from the BREB system (using the BREB equation LVFW = (lm!-Fy{\ +p)). This
regression was much improved (Fig. 7.6) compared to that of the measured sensible heat values of Fig.
7.5 due to the auto-selfcorrelation nature of the data. In both EC and BREB expressions for the
calculation of the latent heat, the net irradiance lnet was the dominant term. The 95 % slope confidence
interval for the regression line of (Fig. 7.6) is between 0.966 and 1.010.

Some energy balance terms, integrated over the day for daylight hours, are shown in Table 7.1.

There was even better agreement between measured EC fluxes with that obtained using the BREB

method for daylight totals, compared to the 12-minute averages (Figs 7.5 and 7.6).

The BREB sensible heat was very sensitive to the net irradiance (Figs 7.7 and 7.8). The EC sensible
heat values were much less sensitive to net irradiance. This accounts for some variability in the data
comparisons (Fig. 7.5). As a corollary to this: if the net irradiance (and soil heat flux density)
measurements are in error, then the BREB sensible and latent heat flux density estimates will also have
error. This was not so for the EC measurements of sensible heat since the technique is absolute and
therefore independent of Fs and Ine[ measurement errors.

The assumption implicit in the use of the BREB technique is that of Similarity of the exchange

coefficients for latent and sensible heat flux density. Since the EC and BREB data show reasonable

agreement the assumption of Similarity is a valid one for the time period of the experiment.
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Fig. 7.2 The diurnal variation in the EC sensible heat flux density (W m"2) for Day 154, 1992 for the
two EC systems placed 1 m above the canopy row, for adjacent rows
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Fig. 7.3 Regression of the #1 EC sensible heat flux density against that average measured usbg system

#2 for Days 151 and 156 to 159, 1992., the systems being placed 1 m above the canopy rows for

adjacent rows. The wide limits are the 95 % confidence limits for an estimated individual y value and

the narrower limits are the 95 % confidence limits for the population mean. Also shown is the

regression line
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Fig. 7.4 Diurnal variation in EC sensible heat flux density for EC system #1 and the average of the four
BR systems for Days 151 and 156 to 159, 1992
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Fig. 7.5 Regression of the #1 EC sensible heat flux density against that measured using the four BR
systems for Days 151 and 156 to 159, 1992
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Fig. 7.6 Regression of the #1 calculated EC latent heat against that measured using the four BR systems
for Days 151 and 156 to 159, 1992

Table 7.1 Total daily integrated values for eddy correlation (EC) and flux densities of Bowen ratio
(BR) sensible heat Fh and latent heat LVFW, soil heat Fs, net irradiance Inep solar irradiance Is and
rainfall for Days 151 to 159, 1992

Integrated value

Fh(EQ

Fh(BR)

LVFW(EC)

LVFW (BR)

Rainfall

Unit

MJnV2

MJm"2

MJm-2

MJm"2

MJm'2

MJm-2

MJm-2

mm

151

8.1

152
3.43

3.31

6.74

6.86

3.15

13.32

0.3

Day,
156
3.08

2.66

7.57

8.27

4.51

15.44

22.80

0.0

1992
157
3.95

4.36

8.24

7.83

4.98

17.12

24.84

0.0

158
3.57

3.53

7.18

7.22

1.74

12.49

16.90

8.6

159
2.91

3.37

10.59

10.13

3.15

16.64

21.67

7.1

The EC technique did not appear to underestimate the sensible heat flux as found by Tanner et al.

(1985), Dugas et al. (1991) and Cellier and Olioso (1993). If anything, from the regression analysis

(Fig. 7.5), the EC sensible heat flux density was larger than that calculated using the BREB technique.

However, there is evidence suggesting that the early morning EC sensible heat flux densities were

smaller than the corresponding BREB values (Fig. 7.8). These early morning differences could be due to

a temperature effect on the sonic anemometer or they could be due to the influence of the lagged soil

heat flux density values affecting the BREB sensible heat calculation (Eq. 7.2). Also, there were times
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Fig. 7.7 The variation in sensible heat flux density for EC system #1 and the four BR systems for Day
152, 1992. The BR measurements are sensitive to changes in net irradiance whereas the EC
measurements are less directly affected
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Fig. 7.8 The variation in sensible heat flux density for Day 157, 1992 for EC system #1 and the four BR
systems. Of note is that the EC estimates of the sensible heat flux density are smaller than the BR
values in the mid-afternoon to late-aftemoon hours
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when the afternoon EC sensible heat flux density values were less than that measured using the four

BREB systems (Fig. 7.8) but on other days, for example Day 158, the reverse was true (Fig. 7.9).

Up to now, sensible heat comparisons have been for the case where the EC systems were placed directly

above the canopy row. The sensible heat flux density for both EC systems for Day 156 and 157 is shown

(Fig. 7.10). At around 12h30 CST, indicated by the large vertical arrow, EC system #2 was moved from

being directly above a row position to the interrow but kept at 1 m above the soil surface. Movement of the

system to the between row position significantly increased the sensible heat flux density (Fig. 7.10).

Similarly, for Day 157, 12h30 CST, indicated by the second large vertical arrow, EC system #2 was moved

to the between row position but kept at the same height (2.6 m above soil surface). Movement of the system

to the between row position also significantly increased the sensible heat flux density (Fig. 7.10). The wind

direction, indicated by a clockwise rotation from the vertical, is shown near the bottom of Fig. 7.10. The EC

sensible heat flux density measurements on these two days, prior to 12h30 CST, were correlated to the

BREB measurements. The EC measurements after 12h30, whether at a height of 2.6 m or 1.0 m above the

soil surface, at the between row position, were significantly greater than the BREB measurements. Clearly

then in our vineyard of limited fetch, the placement of the EC system above row or between row positions

resulted in very different estimates of sensible heat. Since the measurements are not the same (Fig. 7.10),

we conclude that there is limited mixing of air between above row and between row positions. In an

experiment above a relatively smooth grassland surface, we show (Chapter 8) that the increase in measured

sensible heat as one moves away from a surface is due to the scale of turbulence (eddy size) and not due to

acoustic reflections from the surface.

We used the standard deviation in the vertical wind speed as a measure of vertical turbulent

intensity. Evidence for differences in the vertical turbulent intensity above the row and between rows is

9 10 11
Central Standard Time

12 13 14

Fig. 7.9 The variation in sensible heat flux density for Day 158, 1992 for EC system #1 and the four BR

systems. Of note is that the BR ratio estimates of the sensible heat flux density are greater than the EC

values b the early to mid-morning hours
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Fig. 7.10 The diurnal variation in the sensible heat flux density Fh (W m'2) for EC system Ml placed 1
m above the canopy row on Days 156 and 157. On Day 156, EC system #2 was placed 1 m above the
canopy row prior to 12hl5 CST and then pJaced 1 m above the soil surface but at the between row
position at 12hl5 CST. On Day 157, EC system #2 was 1 m above the canopy row prior to 12h30 CST
and then placed 2.6 m above the soil surface but at the interrow position at 12h30 CST. The wind
direction (clockwise from the vertical) is shown near the bottom of both figures

shown in Fig. 7.11. The standard deviation in the vertical wind speed between the above canopy row

and between row positions differ markedly. Interestingly enough the peaks and troughs in the standard

deviation of the vertical wind speed, after the repositioning of system #2 (indicated by the vertical

arrow), occur at the same time on both days. We have used vertical times to indicate the in-phase

variation for the two positions {Fig. 7.11). During the afternoon period, the average standard deviation

on Day 157 was about 0.5 m s*1 for system #1 (above the row) and 1.4 m s"1 for system #2 (between

rows). The diurnal variation in the standard deviation of the air temperature was different on Day 156

for the above row and between row positions (Fig, 7.12). The differences were not of the same

magnitude as the vertical wind speeds. On Day 157 where both EC systems were 2.6 m above the soil

surface (but one at the above row and one at the between row positions), there was no difference in the

standard deviation of the air temperature.

We conclude that the sensible heat and the vertical turbulent intensity above the row compared to

that between the canopy rows are different. These findings illustrate the importance of the lateral

placement of sensors above row crops in cases where fetch is limited.
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Fig. 7.11 The diurnal variation in the standard deviation in vertical wind speed (m s*1). The placement

of the tvvo EC systems is described in the caption of Fig. 7.10. The vertical lines after the arrow are

used to indicate the in-phase variation at the two positions

P . 1.0H

0.8-

•S 0.6Hi
0.4-

0.2-

0.0

Day 156,1992
Moved #2 to
interrow 1.0 m
above soil
surface

Day 157,1992
Moved #1 to
interrow 2.6 m
above soil

10 12 14 16 6 8 10 12 14

Central Standard Time
16 18

Fig. 7.12 The diurnal variation in the standaid deviation in air temperature (°C). The placement of the
two EC systems is described in the caption of Fig. 7.10
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7.5 Conclusion

Sensible heat flux density estimates from two eddy correlation systems (EC) compared favourably
when the sensors were placed 1 m above adjacent rows in a vineyard. Good sensible heat flux density
comparisons, although more variable, were obtained between two EC systems placed directly above a
row and four Bowen ratio systems placed 30 m apart. The EC estimates of sensible heat were relatively
independent of net irradiance compared to the BREB measurements thereof Real time measurements of
sensible heat flux density were shown to be possible in a vineyard using the EC technique. Large
differences in EC sensible heat were measured between above canopy row and between row positions.
These measurements demonstrate the lack of mixing between the two canopy positions. Sensible heat
and the standard deviation of the vertical wind speed were significantly greater at the between row
position compared to the above-canopy row position. Care is needed in the lateral placement of sensors
above row crops for sites with limited fetch.
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Chapter 8

Placement height15 and "footprints"16 of eddy correlation sensors
above a short turfgrass surface

8.1 Abstract

Variation in measured sensible heat flux density Ff, with sensor height above short turfgrass during

mainly unstable conditions was investigated using the eddy correlation (EC) technique. Our data

showed that EC-measured sensible Ff, at 0.25 and 0.38 m above the turfgrass were 15 and 10 % lower,

respectively, than that at the 1.00-m height. There was no statistical difference in the EC-measured Ff, at

0.50, 1.00 and 1.25 m. These placement heights corresponded to fetch-to-height ratios from 520:1 to

95:1, Calculations based on fetch showed that the lowest four heights were within the equilibrium layer

whereas the heights at or greater than 1.25 m were above the equilibrium layer. The greater Fh

measurements above the 1.25-m height, compared to the lower heights, were probably from adverted

Ff, from nearby tar roads and buildings. Measurements of atmospheric stability were obtained by

calculating the ratio of height z above surface to the Monin-Obukhov length. Most measurements were

obtained under unstable conditions when mixed convection prevailed. Our measurements show that it

is possible for EC sensors to be placed as low as 0.50 m above the surface, during unstable periods,

without significant difference from the Fh measurements at a height of LOO m. Data were obtained with

a pan filled with soil placed 0.27 m below the fine wire thermocouple of an EC system placed 1.00 m

above surface. These data demonstrated that the reduction in the sensible heat was not due to acoustic

reflections from that surface. Possibly, the reduction was due to small-sized eddies near the surface

being contained between the sonic separation distance. An analysis of "footprints" shows that, at least

90 % of the measured Fh at a height of 0.5 m was from our experimental site, decreasing to less than 70

% at the 1.5-m height. Calculations showed that the fetch requirement for micrometeoroiogical

measurements above a forest canopy was more stringent than for grassland canopy. Sensor placement

at the 0.5-m height would result in little reduction, as did occur at heights less than 0.50 m, in the

covariance between vertical wind speed fluctuation and air temperature fluctuation due to small-sized

eddies being contained between the separation distance of the sonic anemometer transducers. We

speculate that measurements closer than 0.5 m to the surface differed from those at 1.00 m due to

small-sized eddies near the surface being contained between the sonic separation distance and therefore

not completely detected by the sonic anemometer.

8.2 Introduction

For certain chemically active substances, scalar flux measurements should be made as close to the
surface as possible (Fitzjarrald and Lenschow 1983, Kristensen and Fitzjarrald 1984). Not much
attention has been devoted to how close to vegetated surfaces eddy correlation (EC) sensors (Swinbank
1951) may be placed without the measured scalar flux being significantly different from that further
from the surface, but still within the equilibrium boundary layer. In the present study, we only consider
the flux of sensible heat (Fh) at various heights above the canopy surface.

15 Based on the paper by Savage, Mclnnes and Heilman (1995)

16 Based on the paper by Savage, Mclnnes and Heilman (1996)
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Fetch considerations aside (Heilman et al. 1989), EC sonic anemometer measurements of vertical

wind speed fluctuation should ideally be at a height that allows even small-sized eddies between the

anemometer transducer to be sensed. If sensor height is too close to the plant canopy surface,

small-sized eddies may not be sensed and possible sonic reflections from vegetation may affect

measurements. Presumably, small-sized eddies between the separation distance of the sonic

anemometer will result in spectral attenuation of the eddy structures and an underestimation in Fh. On

the other hand, any sonic reflections from the vegetation would be detected by the sensor but not

discriminated from the nonreflected fluctuations by the sensor and would, in all likelihood, increase the

measured Fh.

Kaimal (1975) showed theoretically that the minimum operating height of the sonic anemometer

above plant canopy in an unstable surface layer is 6 n multiplied by the spatial resolution of the sonic

anemometer to avoid spectral attenuation from spatial averaging between the anemometer transducers.

These recommendations have been used by some workers (for e.g., Kizer and Elliott 1991). Raima!

(1991, pers. comm.) however suggested that measurements, under unstable conditions, at a height of 1

m above plant canopy should be sufficiently valid without making any corrections for spectral

attenuation from spatial averaging. There appears to have been some hesitation by researchers in

placing their EC systems at heights approaching 1 m or closer above canopy.

Our goal was to compare EC sensible heat measured at various placement heights above short

turfgrass and determine the fraction of these measurements, at each height, emanating from within the

adjacent upwind area.

Fast response sensors (Swinbank 1951, Campbell and Unsworth 1979) allow eddy correlation (EC)

determination of sensible heat flux density Fh, independent of the other terms of the surface energy

balance, from the covariance of vertical wind speed fluctuation w' and the air temperature fluctuation

7":

= pcpw'T' 8.1

where p is the density of air (taken to be 1.17 kg m"3, appropriate for a standard temperature of 25 °C
cpand a atmospheric pressure of 100 kPa), cp is the specific heat capacity of dry air (1056 J kg'1 K"1) and

the overbar shows a time average.

Heilman etal. (1989) investigated the fetch requirements of their Bowen ratio sensors by placement

at various heights. Dyer (1961) and Dyer and Pruitt (1962) used a placement height of 4 m over an

irrigated field for fetch distances of 190 m. Verma et al. (1992) placed their EC sensors at 3.5-m (3-D

sonic anemometer) and 2.5-m (1-D sonic anemometer) heights above a peat surface for a site with at

least 250 to 300 m of fetch. However, placement heights of several metres require large fetch distances

to ensure adequate adjustment of the turbulent boundary layer and horizontal equilibrium of the

measured vertical fluxes. Hicks et al. (1975) used various placement heights above a pine forest.

Ideally, measurements should be in that portion of the boundary layer that is in equilibrium with the

surface. The equilibrium sublayer is defined as the region where the momentum flux density is within

10 % of that at the surface (Bratsaert 1982). As Brutsaert (1982) pointed out, this definition has led to

formulations of minimum fetch-to-height ratios to ensure that Bowen ratio measurements are made in

the equilibrium layer - ratios varying from 10:1 (Panofsky and Townsend 1964) to 200:1 (Dyer 1965)

although 100:1 has been considered adequate for most measurements (Rosenberg et al. 1983).
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Heilman et al, (1989) obtained adequate Bowen ratio measurements for ratios as low as 20:1.

To avoid spectral attenuation from spatial averaging between the anemometer transducers, the

minimum operating height of the sonic anemometer above plant canopy in an unstable surface

layer is 671 multiplied by the spatial resolution of the sonic anemometer (Kaimal 1975). These

recommendations have been used by some workers (for e.g., Kizer and Elliott 1991). Kristensen

and Fitzjarrald (1984) found no statistical difference between their measurements of Fh for five

heights varying between 1.46 and 8.45 m for a 1-km upwind fetch consisting of patchy grass, 0.8-m

tall. Similarly, Haugen et al. (1971) found sensible heat measurements at 5.66 and 22.6 m agreed to

within ± 20 % for a site with a fetch of 500 m in all directions and no obstructions for tens of

kilometres.

In spite of the theory presented by Kaimal (1975), he suggested (1991, pers. comm.) however that

measurements, under unstable conditions, at a height of 1 m above plant canopy should be sufficiently

valid without making any corrections for spectral attenuation from spatial averaging. To assess how

close to canopy surfaces measurements may be obtained, we performed eddy correlation measurements

using four systems placed at eight different heights above a short grassland surfece of limited fetch

(less than 200 m) with measurements at or below 2 m. We investigated the effect of placement height

on measurements of Fh and using these measurements calculated, for different placement heights, for

grassland and forest canopies, the fraction of sensible heat emanating from within an adjacent upwind

area - the footprints of the measurements.

8.3 Materials and methods

Measurements were performed outside the Agricultural Engineering "Workshop at Texas A &. M

University, College Station, TX, USA (altitude of 100 m, latitude 30° 30 ' N and longitude of 96° W).

The research area (Fig. 8.1) was a 1.6-ha short and flat bermudagrass (Cynodon dactylon L.) surface on

a Boonville soil series (fine, montmorillonitic, thermic Mollic Albaqualfs). Measurements were

obtained between 18 August and 13 October (Days 231 to 287, 1992).

Sensible heat flux density Fh was determined using four EC systems. Fluctuations in vertical wind

speed w' and the air temperature T' were measured initially every 0.1 s but later every 0.2 s using a

CA27 sonic anemometer (Campbell and Unsworth 1979) equipped with a fine wire (12.5-um diameter)

chromel-constantan thermocouple (Campbell Scientific, Logan, Utah, USA).

The thermocouple allowed a temperature difference measurement but not an absolute temperature
measurement. Alterations to the sensors included insulating the reference thermoj unction of the
thermocouple and the metal arm containing the reference junction with pipe insulation material. We
used extra insulation to increase the time constant of the reference junction to temperature change. This
ensured a more stable reference junction temperature during our 12-min averaging period. Signals from
two EC systems were measured with a 2IX datalogger and signals from the other two systems using a
CR7X datalogger (Campbell Scientific). These commonly-used dataloggers have the limitation that a
measurement frequency greater than 5 Hz is not possible without loss of data. The CR7X datalogger
was also used to gather the wind speed, wind direction, net irradiance and air temperature data. Data
collection priority was always given to the EC data. Real-time measurements of Fh were possible by
programming the datalogger to calculate Fh every 12 min.

This choice of averaging period was based on the work of Kaimal (1969), who found that a I5-min

averaging period was sufficient for sensible heat measurements, and Kaimal and Gaynor (1991) who
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1
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i i

Fig. 8.1. A diagram (in plan view and not to scale) of the experimental site. The positions of the four
EC systems are indicated by X's, each system 3 m from the next. EC system #1 was always positioned
at 1.00 m above the turfgrass surface

used 10-min averaging periods. The datalogger program enabled the determination of w' T' and other

parameters such as w, T and the standard deviations of these quantities. To minimize datalogger

program execution time, we used fast and single-ended voltage measurements.

According to Kanemasu et al. (1979), much of the transport of sensible heat energy is associated

with normalized frequencies, f=nz/u, between 0.001 and 2 where n is the cyclical frequency, z the

sensor placement height above the canopy and u the mean horizontal wind speed. Assuming that the

normalized frequencies of importance are bounded by these limits (0.001 and 2), the averaging period

used must under ideal conditions respond to normalized frequencies less than 0.001 and the datalogger

measurement frequency must respond to high frequency eddies at normalized frequencies greater than

2. Measurement systems should therefore be fast enough to respond to fluctuations of at least 2 «/z.

The choice of sampling rate is to insure that the highest frequency of interest is included in the statistics

(Kaimal 1975). Based on sampling theory, he argued that the sampling rate should be at least twice the

highest frequency of physical significance. The high frequency requirement for flux density

measurements i s /= 3 corresponding to a cyclic frequency m = 3 u'z in the data. Even at this rate, there

will be some underestimation in sensible heat because of aliasing. Ideally, the measurement sampling

rate should be varied according to the mean horizontal wind speed and sensor placement height. This

procedure is not practical. A frequency of greater than 5 Hz was not possible with our equipment.

Other workers using the identical equipment presumably faced similar problems. Furthermore, many

commercially available sonic anemometer systems do not allow sampling rates greater than 10 Hz
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(varying from 5 to 20 Hz for the units that we are aware of). It appears that a sampling rate greater than

10 Hz is not possible for analogue measurements. However, some digital measurement systems may

allow measurement frequencies greater than 10 Hz.

In our preliminary measurements, not reported here, a datalogger measurement frequency of 10 Hz

was employed. However datalogger overrun occurred with the possibility of data loss during

measurement periods with an even greater possibility whenever data was transferred to final storage

every 12 minutes. These commonly-used dataloggers have this limitation - measurement frequencies

greater than 5 Hz are not possible without loss of data if two eddy correlation systems are connected to

one datalogger. However, preliminary comparisons of sensible heat, using two eddy correlation

systems at the same height with one system operating at 5 Hz on one datalogger and another system at

10 Hz, were not statistically different (data not shown) for our site and conditions.

One sonic anemometer-fine wire temperature system (system #1) was positioned at a height of

1.00 m above the turfgrass surface. The other three systems (#2, #3 and #4) were placed at a height of

0.25, 0.375, 0.50, 1.00, 1.25, 1.50, 1.75 or 2.00 m. These systems were kept at each of these heights

until tliere were sufficient data to compare with measurements of Fh from system #1 at the 1.00-m

height. Initial measurement comparisons were performed with all systems at the 1.00-m height.

In a separate experiment to assess the importance of sonic reflections (from a 0.22 m by 0.22 m

metal pan placed 0.27 m directly beneath the fine wire thermocouple) on our measurements, EC

systems #1 and #2 were placed at a height of 1.00 m above the turfgrass (Fig. 8.2). Air temperature 1 m

above the turfgrass was measured as the average from five non-aspirated 50-(Jm diameter

copper-constantan thermocouples. Wind speed was measured at 0.25, 0.50, 1.00, 1.25 and 1.50 m

heights above the turfgrass using model 12102 DC three-cup anemometers (R.M. Young, Traverse

Fig. 8.2 A photograph showing the placement of a pan containing soil beneath an EC system to

encourage acoustic reflections
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City, Michigan). For each 12-minute period, friction velocity (u.) was determined from the slope of the

plot of u (average wind speed for the 12-min period) vs hi (z - d) where z is the height and d is the

zero-plane displacement. Wind direction was measured using a model 12005 wind vane (R.M. Young).

These measurements were at 2 m above the turfgrass surface.

The CR7X datalogger was also used to gather the air temperature, net irradiance, wind speed and

wind direction data. Data collection priority was always given to the EC data. Real-time measurements

of Fh were possible by programming the datalogger to calculate Fh every 12 min.

Atmospheric stability was evaluated as the ratio vf-z/l; where L is the Monin-Obukhov lemgth(m),

defined as:

I =-Ut
3/[k{g/T)-F/(pcp)] 8.2

where u is the friction velocity {m s"1), k von Karman's constant (« 0.41), g the acceleration due to

gravity (9.795 m s"2), and Tthe air temperature (K). Net irradiance was measured with a model Q*6 net

radiometer (Radiation and Energy Balance Systems, Seattle, WA) at 1-s intervals and averaged over a

12-min period.

8.4 Results and discussion

During the study, winds were predominantly from the south with a uniform fetch distance of at least

190 m (Fig. 8.1). Sensible heat measurements for which the wind direction was between SW and ESE

were only used for analysis. The thickness of the internal boundary layer {^boundary) at the locations of

the EC measurements was calculated using the Munro and Oke (1975) equation

5boundary= X Zo " 8 - 3

where x is fetch, (« 190 m) and z0 is the roughness length for momentum transport. For these values,

^boundary varied between 18 and 21 m for zD estimated as 13 % of canopy height. The height of the

turfgrass was between 0.005 and 0.02 m. All sensor heights were measured relative to the plant canopy.

Since a rough-to-smooth transition existed at our site, the lowest 5 % of the boundary layer was

assumed to be in equilibrium with the surface (Brutsaert 1982, page 166). For a smooth-to-rough

transition, the lowest 10 % of the boundary layer is assumed to be in equilibrium with the surface

(Brutsaert 1982, page 166). For our site

^equilibrium = ° 0 5 X ^boundary 8 A

with ^equilibrium varying between about 0.90 and 1.05 m. The calculated thickness of the internal
boundary layer at the measurement site, using the Munro and Oke (1975) equation, was therefore
between 0.90 and 1.05 m. It is therefore likely that measurements at or below 1.00 m were within the
equilibrium layer while measurements above 1.00 m were above the equilibrium layer. Stability during
the period of measurements was assessed by examining the ratio of height above canopy z (m) to the
Monin-Obukhov length 1 (m). The length I was calculated from «. determined from the wind profile
measurements, the air temperature at 1 m and the F/, (Fig. 8.3) measured at 1.00 m using EC system 1.
Under unstable conditions, free and mixed convection dominates. The magnitude of I for unstable
conditions can be interpreted as the height above the zero plane displacement at which free convection
becomes the dominant transfer mechanism. For unstable conditions and for a short grassland surface,
free convection dominates when z/2 < -1 and mixed convection dominates when -1 < zll < -0.01.
During the study, zll varied between about -0.2 to -0.01 during the day and from about -0.01 to 0.02
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Fig. S.3 The variation in the friction velocity and the ratio of sensor height z (= 1.00 m for system 1
used here) to the Monin-Obukhov length I and Fh for Day 264,1992

during the night. Typical data are shown (Fig. 8.3). During these periods, friction velocity u* varied

between 0.15 and 0.38 m s'\ Throughout the experiment, unstable conditions (z/L < -0.01) occurred

during daylight hours when mixed convection dominated but tended towards free convection during the

noon hours (Fig. 8.3). Neutral conditions (-0.01 < z/L < 0.01) occurred close to sunrise or sunset and

stable conditions (0.01 < z/L < 0.02) occurred during the night. The z/L ratio was used to calculate the

stability-corrected footprints.

A three-dimensional plot of 3 u'z (Hz), the high frequency requirement for flux density

measurement corresponding to a normalized frequency/= 3, as a function of local time and height

above grass canopy surface (Fig. 8.4) shows that the normalized frequency 3 «/z increases with

height and increases progressively from morning periods from about 3 to 40 Hz in the late afternoon.

Assuming a sampling time of 0.1 s (corresponding to a sampling rate of 10 Hz), it therefore seems that

it would not be possible to obtain good correspondence between sensible heat measurements as a

function of height, using a single 10 Hz sampling rate for all heights. However, a 10 Hz sampling rate

must have allowed most of the frequencies to be included in the statistics. This statement is supported

by the fact that, as we will show, reasonable EC sensible heat comparisons as close as 0.5 m from the

surface, were possible.

In view of our aim of performing measurements close to the surface and in the light of Kaimal's
(1991, pers. comm.) comments, we chose 1.00 m as a standard height above canopy. Before comparing
measurements of sensible heat at the various heights, it was therefore important to first compare
measurements from all EC systems at LOO m. There were no statistical differences in sensible heat flux
density measurements from all EC systems at 1.00 m above surface. The 95 % slope confidence
interval, for each system, contained the slope value of unity. Therefore, for the rest of the study,
measurements from systems 2, 3 and 4 were treated as three independent measurements at the chosen
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Fig. 8.4 A three-dimensional representation of three times the ratio of horizontal wind speed to
placement height u/z, corresponding to the high frequency requirement for flux density measurement,
as a function of local time and placement height for Day 249

height. These measurements were compared with the Fh measurements from system 1 at 1.00 m above
surface.

Typical diurnal Fh measurements are shown (Fig. 8.5) for EC system 1 at 1.00 m and 2 and 3 both at

0,38 m. Of particular note is the underestimation in Fh at the 0.38-m height compared to 1.00 m.

Measurements such as these were used to determine the dependence of the Fh flux density

measurements on placement height For the case shown (Fig. 8.5), measurements during the night were

possible. For the duration of the study, the midday net irradiance did not exceed 600 W m"2.

Sensible heat flux density measurements from all EC systems 1.00 m above surface were compared
and no differences were found. The unsystematic root mean square error was a small fraction of the
total root mean square error for each EC system (Table 8.1, first three data columns). The 95 % slope
confidence interval, for each system, contains the slope value of unity. Therefore, for the rest of the
study, measurements from systems #2, #3 and #4 were treated as three independent measurements at
the chosen height.

Measurement comparisons between EC system #1 at 1.00 m and the other systems at 0.25 m, 0.38
m, 0.50 m and 1.00 m above turfgrass are shown in Fig. 8.6. Of particular note is the gradual increase
in the slope from 0.8636 for the Fh measurements from system #1 at 1.00 m (x-axis) and the other
systems at 0.25 m (y-axis) measurement comparisons (Fig. 8.6a) to 0.9126 at 0.38 m (Fig. 8.6b),
1.0245 at 0.50 m (Fig. 8.6c) and 1.0076 at 1.00 m (Fig. 8.6d).
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Fig. 8.5 Typical diurnal EC F^ measurements on Day 253, 1992. System 1 was at 1.00 m above the
grassland surface 2 and 3 were both at 0.38 m. Also shown is the negative of the net irradiance
(right-hand y-axis)

The slope of the curves of Fh at a known height, vs that measured at a height of 1.00 m using EC

system #1 (Fig. 8.6), as a function of height above turfgrass is shown (Fig. 8.7). The bars above and

below each datum point show the 95 % confidence limit in the slope. Statistically, there is a difference

among the slopes at each of the 0.25-m, 0.38-m and 0.50-m heights (at the 95 % level of significance).

There is also a difference among the slopes at 0.50, 1.75 and 2.00-m heights (Fig. 8.2). Slope of the

ratio of Fh at height z over that at 1.00 m vs the height z above turfgrass relationships show three

distinct regions (Fig. 8.7): (a) increasing slope between 0.25 and 0.50 m; (b) plateau region of constant

slope between 0.50 and 1.25 m; (c) increasing slope (although not statistically significant) between 1.25

and 1.75 m. Root mean square errors (Table 8.2) show a decrease in the systematic mean square error

(associated with a slope value different from unity) with height up to 1.00 m and then an increase in

this error component above the 1.00-m height up to a height of 1.75 m.

The significance of the plateau region of Fig. 8.7 is that measurements at 0.50 m above the turfgrass

were no different from measurements at between 1.00 and 1.25 m (Table 8.2). For heights less than

0.50 m, there was a sudden reduction in the slope by nearly 10 % (at 0.38 m) and 15 % (at 0.25 m)

(Fig. 8.7). The generally increasing slope region between placement heights of 1.00 and 2.00 m

deserves comment. The experimental site was surrounded by asphalt roads on three sides with

buildings to the southeast and southwest (Fig. 8.1), the predominant wind direction being from the

south. Wind from a generally southerly direction would flow between two nearby buildings and across

the asphalt roads and advect hot air to the experimental site. It was uncertain whether the EC values at

either 0,50 or 1.00 m were actually measures of the true sensible heat flux destiny at the site. However,

we did obtain 543 12-minute comparisons between EC sensible heat at 1.00 m and that using an

independent surface temperature method of determining sensible heat Section 5. The surface
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Table 8.1 First three data columns: associated statistical parameters for the linear regression of Fk at
1.00 m measured using systems #2 and #3 compared with that measured 1.00 m at using system #1; last
data column: associated statistical parameters for the linear regression of Fh at 1.00 m measured using
systems #2 placed at 1.00 m but with a pan placed 0.27 m beneath the fine wire thermocouple
compared with that measured at 1.00 m using system #1

n
Intercept (W m "2)

SE intercept (Wm'2)
t value for zero

intercept3

Slope
SE slope

Slope confidence
interval

t value for unit
slope"

5) i ;(Wm-2)

?•

fvaluec

RMSETOS}^alic
d

RMSEt_,

#2 (y) vs #1 (x)
both at 1 m

155
2.21
2.82

0.7823

1.0065
0.0190

(0.9690, 1.0441)

0.3428

17.97

0.9483

36.96
17.855
3.079
18.118

#3(y)w#l(x)
both at 1 m

-
82

2.71
3.43

0.7889

1.0150
0.0267

(0.9617,1.0682)

0.5591

20.21

0.9474

26.48
19.966
4.345
20.433

#2 and #3 (y) vs
#1 (x) both at 1 m

237
2.57
2.14

1.2024

1.0076
0.0151

(0.9779, 1.0374)

0.5049

18.67

0.9498

46.51
18.595
3.510
18.923

#2 with pan placed 0 21

m boieath fine wire

thermocouple (y) vs it 1

Mbotha t lm

496
2.65
0.85

3.1297b

1.0032
0.0099

(0.9837, 1.0227)

0.3236

16.77

0.9540

70.74
16.736
2.783
16.966

"Null hypothesis is that slope is 1 and intercept is 0; bStatistical significance at the 95 % level of
significance; zt = r [(« - 2)/(I - r ) ] 0 3 ;

AMSE,nln,=
total

; MSEt

temperature sensible heat was about 0.96 of that measured using the EC technique at the 1.00 height,

indicating that the 1.00-m height EC sensible heat adequately represented the true sensible heat at the

site. There was however no statistical difference in measured sensible heat between the 1.25 and 2.00 m

placement heights.

Koprov and Sokolov (1973) showed that sonic anemometer and thermocouple sensor separation can
cause a discrepancy between measured and actual Fh values. It is not possible however to use their
empirical relationship to correct for sensor separation as the closest separation between their sensors
was 100 mm compared to the 20 mm in our case. Furthermore, the ratio of sensor separation distance to
placement height for all our measurements was less than or equal to 0.01. This was considerably less
than the 0.2 minimum value recommended by Koprov and Sokolov (1973) for application of their
corrective empirical relationship.

The reason for the large reduction in the slope for heights less than 0.5 m (Fig. 8.7) was further
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300

300

Sensible heat flux density at 1 m (W m )

Fig. 8.6a Measurement comparisons between EC system #1 at 1.00 m and the other systems at 0.25 m
(Days 241 to 242) above the surface. The wide 95 % confidence belts are for an estimated single v
value and the narrower limits are for the population mean

300

300

Sensible heat flux density at 1 m (W m )

Fig, 8.6b Measurement comparisons between EC system #1 at 1.00 m and the other systems at 0.38 m
(Days 247 to 254) above the surface. The wide 95 % confidence belts are for an estimated single y
value and the narrower limits are for the population mean
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300

300

Sensible heat flux density at 1 m (W m )

Fig. 8.6c Measurement comparisons between EC system #1 at 1.00 m and the other systems at 0.50 m
(Days 233 to 235) above the surface. The wide 95 % confidence belts are for an estimated single y
value and the narrower limits are for the population mean

300

300

Sensible heat flux density at 1 m (W m )

Fig. 8.6d Measurement comparisons between EC system #1 at 1.00 m and the other systems at 1.00 m
(Days 231, 232, 259 to 262) above the surface. The wide 95 % confidence belts are for an estimated
single y value and the narrower limits are for the population mean
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Fig. 8.7 The variation of the slope of the relationship sensible heat flux density measured at height z as
a function of that at height 1.00 m. The bars above and below each datum point show the 95 %
confidence limit of the slopes measured at 1.00 m using system #1

investigated. We wished to determine if the reduction could be attributed to sonic reflections from the

underlying vegetated surfaces. The reduction could also be due to small-sized eddies, contained

between the upper and lower arms of the sonic anemometer (100-mm separation), causing a reduction

in the covariance between the vertical wind speed fluctuation and the air temperature fluctuation.

Sensible heat flux density measurements with and without the metal pan 0.27 m beneath the fine-wire

thermocouple were obtained for a week using EC system #1 and #2. Typical diurnal measurements with

the pan in position at 12h00 (Fig. 8.8) show no differences in sensible heat after the pan was in place. A

statistical comparison between the measurements showed no significant difference (Table 8.1, last

column of data). There was therefore no evidence for sonic reflections from the pan affecting our Fh

measurements. Eddies were presumably able to envelope the square pan. This envelopment would not

alter the covariance between the vertical wind speed fluctuation and air temperature. Therefore, we

speculate that measurements close to the canopy surface differ from those at LOO m due to small-sized

eddies near the surface being contained between the sonic separation distance. These eddies would not

be correctly measured by the sonic anemometer. At a measurement height z above the canopy surface,

under neutral conditions, the mean eddy diameter, given by the mixing length /, is typically k{z-d)

where k = 0.41 is von Karman's constant (Thorn 1975). Therefore for a grassland surface (with d « z)

for a placement height? = 1.00 m, / is 0.41 m. The mean eddy size, /, in the vertical direction is greater

than k(z-d) under unstable conditions (Thom 1975). Eddies with typical diameters of 0.41 m were

presumably able to envelope the square metal pan, filled with soil, of dimension 0.22 m This

envelopment would not alter the actual sensible heat. Therefore, measurements close to the canopy

surface differ from those at 1.00 m due to small-sized eddies near the surface being contained between

the sonic separation distance. In order to conclusively demonstrate that the reduction in sensible heat

near the surface is due to a loss of small-sized eddies, one would need to show that there is a loss of the
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Table 8.2 Associated statistical parameters for the linear regression of Fh at various heights z (m)
measured using systems #2, #3 and #4 compared with that measured at 1.00 m using system #1

Intercept (Wm"2)
SE intercept (Wm'2)

t value for zero

intercept3

Slope
SE slope

Slope confidence
interval

f value for unit slope0

^ ( W m - 1 )

t valuec

RMSE s y s t o m l i c

RMSE,n f . ,

Sensible

r=0.25
327

-4.98b

1.04
-4.775 lb

0.8636b

0.0089
(0.8460,
0.8811)

-15.3116b

15.12

0.9666

96.98
15.072
19.346
24.524

heat measurements at height z in metres {y} vs Fh

z = 0.38
412
1.41
0.89

1.5943

0.9126b

0.0086
(0.8957,
0.9295)

-10.1858b

13.66

0.9650

106.32
13.629
8.183
15.897

r = 0.50
246

-1.62
1.65

-0.9807

1.0245
0.0142

(0.9966,
1.0524)
1.7288
17.92

0.9554

72.30
17.846
2.024
17.960

z-1 .25
103

6.73b

3.01
J2.2344b

1.0673b

0.0235
(1.0210,
1.1136)
2.8646b

20.01

0.9533

45.41
19.813
14.417
24.503

z= 1.50
308
2.04
1.24

1.6432

1.0771b

0.0111
(1.0553,
1.0988)
6.97 l l b

17.54

0.9688

97.44
17.487
9.987

27.474

for #1 at

z=1.75
63

3.92
2.92

13416

1.15O5b

0.0256
(1.0993,
1.2016)
5.8800b

16.61

0.9707

44.95
16.347
20.111
25.917

1.00 m(x)

z = 2.00
223
1.89
2.50

0.7534

1.1226b

0.0176
(1.0879,
1.1572)
6.968 lb

22.16

0.9485

63.83
22.060
19.004
29.117

"Nulliypothesis is that slope is I and intercept is 0

bStatistical significance at the 95 % level of significance

high frequency contribution in the cospectral estimates of sensible heat. Typically, measurements at a

sampling rate at 20 Hz would be required. These rates were not possible with our equipment.

Since EC Fh measurements are absolute, requiring one measurement height only, the EC technique

appears to have some advantages compared to the Bowen ratio (BREB) technique. The BREB technique

requires measurements at two heights maintained sufficiently far apart for the sensors to detect

differences in air temperature and water vapour pressure between the two levels. Given that the lower

measurement level is at 0.50 m above the canopy, the upper level would be at least 1.00 m above a

canopy similar to ours and usually at a height of 1.50 m. The EC measurements at the 0.5-m above

canopy height would be less affected under limited fetch conditions than BREB measurements at 0.50

and 1.50 m, say. For our sonic anemometers, the minimum operating height of 6 7t multiplied by sensor

pathlength, for unstable conditions Kaimal (1975) would be equal to 1.8 m. Clearly then, adequate EC

measurements of Fh are possible at heights much lower than previously thought. This fact has

considerable importance for short-canopy situations where fetch may be limited.

If lower placement heights are also possible for other surfaces, the implication is that the fetch
requirement for EC sensors is not as severe as was previously thought. For the less conservative fetch to
placement height ratio of 20:1 found by Heilman et al. (1989), a Bowen ratio system would require a
minimum fetch of 20 x 1.50 m = 30 m. The EC system, from our data, could be placed at a height above
canopy of 0.50 m where the minimum fetch was 190 m.

Traditionally, the ratio of height z above the zero plane displacement d to the uniform upwind fetch
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an in position

+ #1 at 1.0 m
X #2 at 1.0 m

300 600 900 1200 1500 1800

Local Time (Day 277,1992)

2100 2400

Fig. 8.8 The diurnal variation on Day 277, 1992 for system 1 placed at 1.00 m above the canopy and 2
also at 1.00 m above the grassland surface but with a metal pan located 0.27 m beneath the fine wire
thermocouple. The arrow shows the time at which the pan was placed beneath system 2 (and kept in
position for the rest of the Day 277)

distance x has been set to, say, 1:100 and then (z-d) calculated from the known fetch x. This is a

simplistic approach. A much-improved approach is to use an approximate analytical solution to the two

dimensional diffusion equation for idealized surface boundary conditions (Philip 1959, Wilson 1982).

Under neutral conditions the fraction / of the measured Fh at a height z, that can be expected to

emanate from within the adjacent upwind area a horizontal distance x from the measurement point is

described by the relation:

8.5

where U is the horizontal wind speed and k is von Karman's constant {Gash 1986, Lecleric and Thurtell

1990, Schuepp et al. 1990). The fraction/ also referred to in the literature as the cumulative footprint

prediction, is shown (Fig. 8.9) on the z-axis as a function of local time on the x-axis (every 12 min

between 09h48 to 17hl2 local time for day 259, 1992), for various placement heights z (y-axis) for our

grassland site. For these calculations we used the actual measured wind speeds averaged between 0.25

m and the measurement height, the friction velocity «* calculated from our wind profile data, and a

value of between 25 and 190 m for upwind distance x. A correction for stability was applied by

replacing (z — d) in Eq. 8.6 by Qm(z — d) where Om = [1 - 16(z — d)/li Y*25 is the dimensionless

stability function for momentum transfer (Thorn 1975) calculated using typical (z-d)tL data depicted

in Fig. 7.5. The fraction /exceeds 0.75 for z> 1.00 m for x = 190 m and/> 0.94 for z = 0.50 m. Of

particular note, from the three dimensional plots (Fig. 8.8), is the large reduction in/with increase in

placement height z from 0.25-m to 1.50 m. Also, the diurnal variation in / is more pronounced at 1.25

m than at the 0.25 m placement height. The fraction is shown in Table 8.3 for two days (at midday) for
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Fig. 8.9 Three dimensional
representation of the diurnal
variation for our grassland
canopy in the cumulative
footprint prediction, des-
cribing the fraction of
sensible heat that can be
expected to emanate from
within the adjacent upwind
area a horizontal distance x
from the measurement point,
for above-canopy placement
heights between 0.25 and
2.00 m. The fraction / was
corrected for stability
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Table 8.3 Cumulative footprint prediction/(for a fetch of 190 m) as a function of placement height
above the turfgrass surface, for two days at midday, with and without stability correction. Also shown
is the position of the peak of the footprint x (m), horizontal wind speed U (m s'1) and z'L

Placement
height

Day 259

0.25
0.50
1.00
1.25
1.50

Day 263,

0.25
0.50
1.00
1.25
1.50

/

, CST 12hO0

0,97
0.91
0.83
0.74
0.66

CST 12h00

0.97
0.92
0.85
0.77
0.69

/(stability corrected)

(«, = 0.19 ms-1)

0.96
0.93
0.87
0.83
0.79

(u, = 0.245 m s-l)

0.96
0.93
0.88
0.84
0.81

•''in ax

6.6
16.0
36.0
58.4
79.3

5.5
13.9
32.0
51.0
70.8

xmax (stability

corrected)

5.5
10.2
18.0
24.9
31.2

4.7
8.6

15.3
21.1
26.5

U

2.18
2.59
2.89
3.12
3.17

2.25
2.78
3.17
3.36
3.49

2/1

-0.07
-0.13
-0.26
-0.33
-0.40

-0.06
-0.12
-0.24
-0.30
-0.36

various placement heights z, for the measured wind speed U at the different heights and a value of

190 m for x. The fraction exceeds 0.8 forr> 1.0 m but if corrections for stability are applied (Schuepp

et al. 1990), the fraction is greater than 0.87. The position of the peak of the footprint, imnx, is

calculated using:

x=U{z-d)/[2u.k]. 8.6

This position describes the downwind distance to which the measurement is most sensitive (Schuepp et

al. 1990). The i , ^ position is less than 36 m forz < 1,0 m but less than 18 m if stability corrections are

applied. The stability corrections markedly reduce xmax for the z = 1.25 and 1.5 m placement heights.

Since we found no statistical difference between F), measurements between the 0.5 and 1.0 m

placement heights, the advantages of the lower placement height of 0.5 m is the larger/fraction and a

smaller Xmax (Table 8.3).

The three-dimensional graphs (Fig. 8.9) may be used to determine the correct siting of an automatic

weather station. Accepting a/value of at least 0.70 and a sensor placement height at or below 2.00 m,

the minimum fetch requirement is in excess 100 m for unstable conditions. A fetch of 125 m to 150 m

would be more desirable, resulting in a/value approaching 0.8 except in the early morning and late

afternoon times when/may be less than 0.65.

It is possible to extrapolate our measurements to forest canopies. For this, a value for »„ for forests
is required. We chose a value of 1 m s"1, a value greater than that measured for our grassland site and
greater than the typical value of 0.46 m s~l used by Monteith and Unsworth (1990) for a tall crop. We
used the logarithmic wind profile equation to estimate U where U is the average wind speed between
height z = d+zo and z above the soil surface:
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= \udz/\dz.

The horizontal wind speed u was obtained fronf the wind profile equation:

« = (« /k) In [(z-d)/z0]
*

where d « 2 /3h and z0 = 1 /10 h where /»is the canopy height. We chose a canopy height of 20 m. To

correct the calculation of/ for stability, we recalculated the Monin-Obukhov length L for a friction

velocity u» = 1 m sA allowing for a diumal variation in L based on the z^L values shown in Fig. 8.5 The

results of these calculations are shown (Fig. 8.10). Compared with the three dimensional plots for the

grassland surface (Fig. 8.8), the fraction / fo r a forest canopy had little diumal variation. However,

there was a rapid reduction in /wi th a decrease in the upwind distance x = 25 to 190 m for all

placement heights z = 0.25 to 2.00 m. The significance of these results is that the fetch requirement for

above-forest canopy micrometeorological measurements are necessarily more stringent than those for

measurements above grassland canopies at all placement heights between 0.25 and 1.50 m. Also, for a

given fetch distance, there may be little advantage in using a low placement height for a forest canopy

(f varying between 0.69 and 0.80 for a fetch of 190 m compared to between 0.75 an 0.98 for a grassland

canopy with the same fetch).

There is another problem that needs to be considered with above-forest canopy micrometeorological
measurements. Due to the aerodynamically rough nature of forest canopies (compared to a grassland
surface), profile measurements such as is used with the Bowen ratio technique, would require a much
larger distance between the lower and upper placement heights for the water vapour and air
temperature differentials to be measurably large. Typically, one would use 0.50 and 2.00 m or even
0.50 and 2.50 m placement heights. These placement heights would impose greater fetch limitations on
the measurements (Fig. 8.10).
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representation of the diurnal
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in the calculated footprint
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2.00 m. The fraction/ was
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8.5 Conclusions

No significant differences between sensible heat (Fh) measurements with sensors placed at the 0.50,
1.00 and 1.25 m heights were found to occur. Below 0.50 m, there was a significant reduction in F>,. At
heights greater than 1.50 m above canopy there was a significant increase in Fh compared to that
measured at the 1.00-m height above canopy but measurements between 1.25 and 2.00 m were not
significantly different. We speculate that placement of the sensors at heights less than 0.50 m caused a
reduction in the covariance between the vertical wind speed fluctuation and the air temperature
fluctuation presumably due to a larger fraction of eddies of small size occurring between the separation
distance of-the snntr: anemometer-transducers. The reduction was^not duetto .acoustic-reflections from
the surface. Footprint calculations showed that at least 90 % of the measured Ft, at the 0.5-m height was
from our experimental site. Footprint calculations showed that the fetch requirement for
micrometeorological measurements above forest canopies is more stringent than above grassland
canopies. Placement height to fetch ratio calculations to determine sensor placement height is too
simplistic an approach. Footprint calculations should be routinely performed.
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Chapter 9

Seasonal comparisons of total evaporation
in a Drakensberg catchment

9.1 Abstract

Evaporative water loss is often the largest component of ihe hydrological cycle -and yet is rtften

calculated as the remainder term of the soil water mass balance. Quantifying the total evaporative loss

is difficult but necessary for an informed, objective long term management plan of catchment areas, the

most significant of which are within the Drakensberg mountain range. Determination of total

evaporation from a catchment in Cathedral Peak, a fire climax grassland, was carried out over three

years (March 1990 to March 1993) using the Bowen Ratio Energy Balance technique. Two identical

Bowen ratio systems at the site showed good agreement between each other and the more absolute

lysimetric technique (p < 0.08). The seasonal trend in latent heat density (evaporation) over the period

is discussed. Equilibrium evaporation was a good estimate of summer evaporation amounts but the

method was unreliable during the drier winter periods, overestimating the Bowen ratio evaporation. An

automatic data exclusion procedure was used to replace evaporation values associated with the Bowen

ratio approaching — 1. Data values that were identified as requiring exclusion were replaced by

equilibrium evaporation, usually at early morning and late afternoon times. The 20 min values were

totalled for the day and then totalled to form monthly and annual totals. The 1992 annual total showed

that during this particularly dry year, measured evaporation exceeded the annual rainfall. Daily total

evaporation typically decreased from a summer maximum of 17 MJ m"2 (7 mm) to a winter season

minimum close to zero. In 1992, the one Bowen ratio system was moved to a riparian location and the

other remained upslope. For January 1992, the measured daily total evaporation at the riparian location

was about 30 % greater than that upslope and greater than that upslope on two out of three days.

Measured 20 min air temperature profile differences (57) were smaller for the upslope location

compared with the riparian location, the measured water vapour pressure profile differences greater, the

soil heat flux density smaller and the radiant density smaller. Apart for the smaller soil heat flux, these

differences all contributed to a greater daily total evaporation for the riparian location compared with

that upslope. The daily total energy balance components, for each day of January 1992, for the riparian

and upslope locations were statistically different at the 5 % level of significance. Net radiant density,

latent heat and soil heat density were greater for the riparian location compared with that upslope but

the sensible heat density was significantly smaller. The least significant difference was in the sensible

heat component. Over the study period, peak summer evaporation rates appeared independent of

rainfall or soil water content, but were related to the time between bum events. The winter season

evaporation rate varied little between one year old, two years old and burnt canopies. The total

evaporation for 39 months was 3330.7 mm, compared with a rainfall total of 3618.4 mm and atotal net

radiant density of 12470.82 MJ m'2. The Bowen ratio energy balance method was shown to be suitable

for long term monitoring of daily total evaporation and capable of detecting the effects of management

fires.

9.2 Introduction

One of the most important factors affecting water supply from any catchment is the evaporative loss

from the vegetative community, which in the Drakensberg is a fire-determined climax grassland.
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The loss of water in the gaseous phase may be estimated by measuring, inter alia, the flux of water

vapour, in various parts of the soil-plant-atmosphere system, by various means.

The flux density of an entity above and away from an exchanging surface is dependent on the

gradient of that entity. With the Bowen Ratio Energy Balance micrometeorological method (BREB), the

flux density of water vapour, (the latent heat flux density), from the surface is estimated with the

sensible heat flux density. These two heat flux densities are obtained simultaneously by measuring both

the water vapour pressure difference and the air temperature difference between the same two vertical

heights above the canopy or soil, the net inadiance and the soiliieal flux density.

The BREB method is one employed for the quantification of evaporation over various surfaces, from

open water, to crop land to forest. Besides the measurement of how much water is lost from a surface,

the Bowen ratio, by virtue of its formulation, provides additional valuable information about the

distribution or partitioning of available energy at the surface (Suomi and Tanner 1958; Tanner 1960).

Energy available at the earth's surface is consumed mainly as sensible heat Fh (the temperature

change with no phase change of water) or latent heat Lv Fw (the phase change of water with no

temperature change). Bowen (1926) realised the relative significance of these terms, and considered the

ratio Fh^LvFw, now more commonly known as the Bowen ratio (P ) . The Bowen ratio has

traditionally been employed as a research tool over flat and only moderately hilly, extensive crop

surfaces to determine crop responses to various treatments, most commonly different weather

conditions causing different atmospheric demands and water stresses (Garratt 1984). The Bowen ratio

is also commonly tested and used over uniform agricultural crops but less often over natural grasslands

such as in this work (Tanner 1960; Webb 1960; Fritschen 1965; Tanner and Fuchs 1969; Laurens and

Pruitt 1971; Perrier et al. 1972; Verma et al, 1978; Tanner 1988). Henrici (1943) appears to have been

the only worker to have attempted evaporation measurements in these catchments, and these were

entirely plant based.

In the BREB method there are, apart from measurement of the soil heat flux density and the net

irradiance above the surface (but detecting reflected solar irradiance and long wave inadiance from the

surface), no surface-based measurements of any kind. The problems associated with measuring or

obtaining resistances, surface temperature, and saturation water vapour pressure as a function of

surface temperature are therefore avoided.

The use of the BREB method on a 22° slope has been verified by Nie et al. (1992), and comparisons

made against an adjacent weighing lysimeter at the site verified the accuracy of the method (Chapter 5).

The aim of this research is to use the Bowen ratio energy balance technique to collect accurate and

reliable evaporation measurements on a long term basis to enable seasonal and site comparisons of total

evaporation, and an evaluation of the management practice of catchment burning.

9.3 Materials and methods

The research location was Catchment VI of the Cathedral Peak Forestry Research Station, in the
foothills of the Drakensberg, Natal, South Africa at 29.00°S, 29.25°E, at an altitude 1935 m and with a
predominantly north-facing aspect and average slope of 0.27 (about 15°). It is 0.677 km2 (68 ha) in area
and varies in altitude from 1847 to 2076 m (Schulze 1975). Two locations were used in the catchment -
an upslope site at which two Bowen ratio systems were employed for simultaneous measurement
comparisons and a location within a riparian zone. All measurements were performed in Catchment VI.
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Initially two independent (separate) Bowen ratio systems were placed at the same site to later

compare the measurements at different sites. For the period March 1990 to October 1991, the results

presented are therefore those from the equipment that remained permanently in the open grassland

(upslope) site following which the one system (UNP) was moved to the riparian zone.

The sensors at the ends of the supporting arms were placed 1 m apart. To measure the dewpoint

T. (°C) of air drawn in from 0.8 m and 1.8 m above ground, a single cooled dewpoint hygrometer was

employed with a switching device to alternate the air flow. The air temperature at 0.8 m and the air

tpmppratmrff Hiffcrfinr.fi. frffRw.ffn .0.8-and 1.8 m was. .measured, rasing two unshielded -type E

thermocouples each with a parallel combination of 76 urn diameter thermocouples. An independent net

radiometer and set of two soil heat flux plates and four soil temperature thermocouples were used to

calculate the remainder of the components in the energy balance. All sensors were connected to a

Campbell Scientific Inc. (Logan, Utah) 21X datalogger. At the upslope site, data from an adjacent

weighing lysimeter data enabled the surface latent heat flux density to be measured directly for absolute

verification of the calculated fluxes.

9.4 Results and discussion

9.4.1 Diurnal trends of the measured and calculated variables

Diumal trends of the fluxes of latent and sensible heat for several typical summer days are presented

(Fig. 9.1), The periods for which data were rejected are shown at the top by the vertical bars - periods

for which the measured air temperature difference oTbetween the measurement heights was outside the

range defined by the left and right limits (Chapter 3, Eq. 3.32). The corresponding net irradiance and

Bowen ratio values are presented in Fig. 9.2, and the diumal trends in the air temperature and WVP

profile differences for the same days in Fig. 9.3,

On cloudless days, the large constant radiation load results in high and constant evaporative fluxes
compared with cloudy days. Both the air temperature and WVP differences are larger and more constant
on these high evaporative flux days: the former difference due to convective cooling of the warm
surface, and the latter due to the greater energy available to evaporate water. On days with high
evaporative demand, the Bowen ratio is small and stable with time (Fig. 9,2, right-hand axis). The
small Bowen ratio values result from larger 5e values, while 5T remains small, as opposed to days with
variable cloud cover, and/or rain, when the differences vary greatly within and between measuring
periods.

9.4.2 Verification against an independent measuring system

To verify the evaporative losses measured with the BREB systems, comparison against a more absolute
method was necessary. The 20 min evaporative water losses measured from the adjacent weighing
lysimeter used for this purpose (Fig. 9.4), tracked very well with the Bowen ratio evaporation values.
Data during the early morning has been manually rejected, and it is evident there are several
midmorning data points leading up to the first value plotted each day missbg. Subsequently, all
rejections were automated using the LECALC software programme by Metelerkamp and Savage
(unpublished). The net irradiance and Bowen ratio levels for these days are presented in Fig. 9.5.

The same four days were used for the comparison of 20 min BREB vs lysimeter evaporation (Fig.
9.6), the linear regression statistics for which are presented in Table 9.1.
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Fig. 9.1 Typical diurnal trends of latent heat flux density and sensible heat flux density for Catchment

VI at Cathedra] Peak, for the UNP Bowen ratio system located within the riparian zone
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Fig. 9.2 Typical diumal trends in net irradiance with the Bowen ratio p indicated by a short horizontal

bar. The periods for which data were rejected are shown by the vertical bars
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Fig. 9.3 Typical trends in profile differences in air temperature (57) and water vapour

between the two Bowen ratio measurement heights
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Evaporation total fmm)
Lysimeter 19.67 mm

BR (average) 16.13 mm

Lysimeter (mm)
Average BR evaporation (mm)

Bowen ratio
data averaged
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Fig. 9.4 Comparison of 20 min lysimeter and Bowen ratio evaporation for the upslope site. The BREB

evaporation from the two systems was averaged. There was very good agreement between lysimeter

and Bowen ratio (average) evaporation total for this four day period
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Fig. 9.5 Diumal trends of net irradiance and the Bowen ratio (averaged for the two systems) for the
days in Fig. 9.4

Since the overall time scale of much hydrological research is based on daily totals, further

comparisons between BREB- and lysimeter-determined evaporation were based on daily totals (Table

9.2). Since lysimetric evaporation is often regarded as the standard for evaporation measurements, the

good agreement between the two verifies the accuracy and integrity of the BREB method.

9.4.3 Inter-comparison between the UNP and CSIR Bowen Ratio systems

The data from two adjacent Bowen ratio systems were compared continuously for the years 1990 and

1991 until the UNP Bowen ratio system was moved to a riparian zone in the same catchment on the

2nd October 1991.

Several days from January 1991 were chosen to show typical conditions — high radiation load in

the morning, with commensurately high evaporative flux conditions, and periods of cloud in the

afternoon when less than optimum conditions exist for measurements with the BREB method.

The upper and lower air temperatures for the two Bowen ratio systems, and therefore &T, tracked
well (see Fig. 9.7). The upper and lower WVP and 5e occasionally deviated due to the hygrometer
mirror becoming dirty and/or inadequate damping of the bias. One-off problems also occurred. For
example, at one stage a leak in the air intake pipe was found and rectified. Once all of these problems
had been solved, inter-comparisons between the two systems improved (see Fig. 9.8). Since the Bowen
ratio is the product of the psychrometric constant y and the ratio of the above profile differences, the
agreement between two Bowen ratios measured was directly affected by the correlations of the two
differences.

A weekly check between the two systems was made on the comparison of many variables
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Fig. 9.6 Comparison of 20 minute evaporation data averaged from two Bowen ratio systems and from

the lysimeter for Day 11 to 14, 1991. The dotted line is the 1:1 line. The confidence limits for the

population mean and the confidence limits of a single predicted value and the regression line are also

shown. Each point is a 20 min value (W m"2) or a total (mm)

Table 9.1 Linear regression statistics of comparisons between 20 minute Bowen ratio evaporation
estimates against the independent lysimeter evaporation estimates for Day 11 to 14, 1991 (Fig. 9.6) for
the upslope site

Regression statistic
Slope
SEshpe

Slope + tSEslope

Slope -tSEslope

Intercept
r

mm totals
0.880
0.04

0.961

0.802

0.008 mm
0.916

W m"2 totals
0.880
0.04

0.961

0.802

17.00 Wnf2

0.916

Table 9.2 Comparison of daily BREB (averaged from the two systems) and lysimeter evaporation totals

Day (1991)

11
12
13

(MJ
Lysimeter

8.72
10.74
11.22

Daily total

BREB

8.49
10.33
10.78

evaporation
(mm

Lysimeter
3.57
4.40
4.59

day"1)
BREB

3.48
4.23
4.42

% difference

-2.52
-3.86
-3.70
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Fig. 9.7 Typical diumal trends showing the good agreement of air temperature difference 6T between the
two measurement heights of the two systems (O5hOO to 19h00; January 1991 accepted data). Both systems
were on an upslope in Catchment VI. Each minor tick mark on the x axis corresponds to 1 h
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Fig. 9.8 Typical diumal trends showing the WVP difference be between the two measurement heights

for both Bowen ratio systems (05h00 to 19h00; January 1991 accepted data). Both systems were on an

upslope in Catchment VI
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measured, especially the WVP and air temperatures and the respective differences. By its nature, WVP

is extremely difficult to measure continuously and accurately. Thus almost weekly maintenance was

required to keep the two systems measuring similar 6e's and 5Ts when the systems were at the same

site. Eventually, from experience, the ability to accurately and consistently measure the differences was

achieved. The Bowen ratio systems could then be moved apart and used individually with confidence.

The results from the two individual systems at two different sites could be then compared.

The CSIR net radiometer always gave a slightly higher net irradiance than did the UNP sensor. This

was due ostensibly to a small constant calibration error in one or both of the instruments (Fig. 9.9,

Table 9.3), if both net radiometers were exposed similarly. Using a paired t comparison, the daily total

radiant density CSIR values for 1990 and 1991 were 5 % greater than the corresponding UNP daily

totals. The agreement between the overall soil heat flux density (Fig. 9.10) of the two systems is

adequate.

The calculated 20 min latent and sensible heat flux densities tracked adequately during the day (see

Figs 9.11 and 9.12). During comparison, better (and worse) agreements than that presented were

obtained. Daily total comparisons showed much better agreement.

Having the two Bowen ratio systems next to each other allowed the development of any problems to
be detected, while experience was being gained in the data collecting procedure. Early in the project,
for example, poor WVP comparisons led to the routine maintenance procedures of hygrometer mirror
cleaning and bias setting, which was subsequently carried out weekly.

9.4.4 Inter-comparison between sites

After the UNP Bowen ratio system was moved to the riparian zone of catchment VI, the normal
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CM

I

§450-

u
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3d.2 ' 3d.5 ' 3d.7 3^.2 ' 3^.5 ' 3^.7 4CJ.2'4(1.5'4*6.7 41.2 41.5 41.7 4^.2 iV.'s"47".7
Day of y e a r (1991)

Fig. 9.9 Typical diurnal trends in net irradiance lnei for the two systems (05hOO to 19h00; January 1991
accepted data). Both systems were on an upslope in Catchment VI
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Table 9.3 Paired two-sample r-test for means for daily total values of net radiant density for the two
Bowen ratio systems for 1990 (Day 74 to 275: 289 to 333) and 1991 (Day 2 to 87, 114 to 141, 163 to
265). The radiometers were both at the upsiope location for the entire period. The comparative
difference were all significant at the 1 % level of significance with the UNP net radiant density 5 %
lower than that measured using the CSIR net radiometer at the same site

MeantMJnr2)

Variance (MJ)2 m"4

Observations
Percentage difference between

the two means
Pearson correlation

Pooled variance (MJ)2 m"4

Hypothesized mean difference
Degrees of freedom

t

\00xp(t<tQQ5) one-tail

t (5 %) Critical one-tail

Paired statistics

-4.60

0.9382
19.022

0
397

-5.575
0.00

1.6487

UNP/ne, CSIR4,

9.532 9.992
16.327 21.716

398 398

200- UNP
CSIR

-50
30.2 3d.5' 3(1.7 39jTi3SL5 39.7 40.2 40.5 40.7 41.2 41.5 41.7

Day of year (1991)

Fig. 9.10 Typical diurnal trends in overall soil heat flux Fs for the two systems (05h00 to 19h00;

January 1991 accepted data). Both systems were located on an upsiope in Catchment VI
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Fig. 9.11 Typical diurnal trends in calculated latent heat flux density LVFW for both Bowen ratio

systems (05h00 to 19h00; January 1991 accepted data). Both systems were located on an upslope in

Catchment VI

UNP
CSIR
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Fig. 9.12 Typical diurnal trends in calculated sensible heat flux density Fh for both Bowen ratio
systems (05h00 to 19h00; January 1991 accepted data). Both systems were located on an upslope in
Catchment VI
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procedures were continued. Comparison of simultaneously measured 20 min flux and daily total
densities from January 1992 for the two sites allowed for a measurement comparison of evaporation
from the two sites. It should however be noted that the air flowing across the riparian zone flowed
upslope - during the daytime at the upslope location, the winds were from the north and from the
riparian zone.

The WVP and air temperature profile difference were compared (Figs 9.13, 9.14 and 9.15), as was
the net irradiance and the Bowen ratio (Figs 9.16 and 9.17). The Bowen ratios showed some scatter
between the sites (Fig. 9,17), with the net irradiance measurements agreeing for the periods shown in
Fig. 9.16. This result was surprising considering the different vegetation types at the two sites. The net
irradiance differences did however increase from about the middle of January 1992.

The soil heat flux component, was markedly different between the two sites with poor comparisons

(Figs 9.18 and 9.19). For this time, the soil heat flux density was generally greater for the riparian than

for the north facing upslope site (Fig. 9.19). Most of the soil heat term is contributed by the stored heat

component. The comparison between the plate components of the two systems when plotted against

one another (data not shown) exhibited an interesting cyclical nature. The CSIR plates (upslope)

yielded lower values than the UNP plates (riparian location) in the morning with greater values after

midday. This was clear when the data was being displayed in a graph on the computer's monitor. This

shows a distinct lag between the sensors, perhaps due to the different radiation loads on the different

slopes. Another possible reason could be that the riparian zone soils are wetter, resulting in a lagged

UNP
CSIR
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-
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Fig. 9.13 Typical diurnal trends showing the good agreement of air temperature 57 (top pair of curves)

and the WVP differences be (bottom pair of curves) for the two Bowen ratio systems (O5hOO to 19h00;

January 1992 accepted data). The UNP system was located in a riparian zone and the CSIR system

upslope in Catchment VI
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Fig, 9.14 Comparison between air temperature difference 5T measured with the UNP system (abscissa) and

the CSIR system (ordinate) showing agreement for most times at the two sites (O5hOO to 19h00; January

1992 accepted data). The solid line is shown for convenience. Each point is for a 20 min period. The UNP

system was in a riparian zone and the CSIR system upslope, both in Catchment VI
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Fig. 9.15 Comparison between WVP difference be measured with the UNP system (abscissa) and the

CSIR (ordinate) for the two sites (January 1992 accepted data). The UNP system was located in a

riparian zone and the CSIR system upslope, both in Catchment VI
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Fig. 9.16 Typical diurnal trends in net imadiance Inel (upper pair of curves) and the Bowen ratio P

(lower pair of curves) at the two sites (05h00 to I9h00; January 1992 accepted data). The UNP system

was in a riparian zone and the CSIR system upslope, both in Catchment VI
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Fig. 9.17 Comparison between Bowen ratio p measured with the UNP system (abscissa) and the CSIR

system (ordinate) at the two sites (all of January 1992 accepted data). The UNP system was in a

riparian zone and the CSIR system upslope, both in Catchment VI
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Fig. 9.18 Typical diurnai trends in overall soil heat flux density Fs, the sum of the plate measured soil

heat flux density component F' tate and the stored heat flux component Fstored at the two sites (January

1992 accepted data). The UNP system was in a riparian zone and the CSIR system upslope, both in

Catchment VI
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Fig. 9.19 Comparison between soil heat flux Fs measured with the UNP system (abscissa) and the

CSIR system (ordinate) at the two sites (January 1992 accepted data). The UNP system was in a

riparian zone and the CSIR system upslope, both in Catchment VI
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exchange of energy due to the high specific heat capacity of water. No such pattern was observed in the

stored heat component, which shows that the radiative load difference is probably overshadowed by the

soil water content lagging.

The 20 minute LvFw and Fh values (Figs 9.20 to 9.22) are not very different in relative amounts.
Nevertheless, the inconsistency of the curves suggests that the sites are different. The data suggest (Fig.
9.20) that the evaporation at the upslope site is a maximum and greater before noon when compared to
the time of maximum evaporation for the riparian zone. In the afternoon, the riparian zone evaporation
appeared to exceed that upslope. This could be due to the north feeing upslope resulting in a
before-noon LVFW maximum. Also, the influence of the lagged effect of water heating at the riparian
zone could delay the time of maximum evaporation forthe riparian location.

The 20 min values are difficult to compare and need to be totalled for each day to perform a water

balance (and daily energy balance) comparison between the two sites. The 20 min data were totalled for

the period 05h00 to 19h00 with the excluded 20 min values replaced by equilibrium evaporation.

For January 1992, the evaporation from the riparian location was more than 29 % greater than the

upslope evaporation (Fig. 9.23). The top curve of Fig. 9.23 shows that the total solar radiant density

UNP
CSIR

-100
6.2 6.5 6.7 7.2 7.5 7.7 8.2 B.5 8.7 9.2 9.5 9.7 10210510.7

Day of year (1992)

Fig. 9.20 Typical diurnal trends in calculated sensible (Fh, bottom pair of curves) and latent heat fluxes

(LVFV, top pair of curves) at the two sites (05h00 to 19h00; January 1991 accepted data). The UNP

system was in a riparian zone and the CSIR system upslope, both in Catchment VI
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Fig. 9.21 Comparison between latent heat flux density Lv Fw measured with the UNP system (abscissa)
and the CSIR system (ordinate) (January 1992 accepted data). The UNP system was in a riparian zone
and the CSIR system upslope, both in Catchment VI
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Fig. 9.22 Comparison between sensible heat flux density Fh measured with the UNP system (abscissa)
and the CSIR system (ordinate) at the two sites (January 1992 accepted data). The UNP system was in
a riparian zone and the CSIR system upslope, both in Catchment VI
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Fig. 9.23 Comparison of daily evaporation totals calculated with the two Bowen ratio systems (for two
sites (January 1992) and reference evaporation. The UNP system was in a riparian zone (total of 126.7
mm) and the CSIR system upslope (total of 98.2 mm), both in Catchment VI

(MJ m"2) drives the evaporation process for both locations. The totals calculated for the two sites for

January 1992 (Fig. 9.23) are 126.7 mm forthe riparian location and 98.2 mm for the upslope location.

The daily total energy balance components for the riparian and upslope locations are shown (Fig.

9.24). All energy balance components, totalled for each day of January 1992, were determined to be

statistically different, using a paired-f-test (Table 9.4), at the 5 % level of significance. A paired /-test is

appropriate since each daily total measurement pair were obtained at the same time. The null

hypothesis of this statistical test is that the average difference between each measurement pair is zero.

The least significant difference was in the sensible heat component. The net radiant density, latent heat

and soil heat densities are all greater for the riparian location compared with that upslope. The

differences in net radiant density between the two locations does not take into account the slight

differences in the measured net radiant density at the same site during 1990 and 1991 (Table 9.3). If

these differences were taken into account, the differences in net radiant density and latent heat density

between the upslope and riparian locations shown in Table 9.4 would be even greater than the 29 %
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Fig. 9.24 The daily energy densities of the energy balance components for both upslope (CSIR system)
and riparian locations (UNP system) for January 1992

shown. If this underestimation of 4.6 % (Table 9.3) were included, evaporation for the riparian location

would be at least 30 % greater than that upslope (Table 9.4). This large difference exceeds the

differences between measurements when the two Bowen ratio systems were upslope.

The values for evaporation in Fig. 9.24 clearly show the greater evaporation for the riparian site
compared with that upslope. The evaporation for the riparian location was greater than that upslope two
out of every three days on average. The data of Figs 9.14,9.15 and 9.24 show three possible reasons for
the increased evaporation for the riparian location compared with upslope, the first tow of which are
associated with the generally wetter surface conditions of the riparian site:

1. the measured air temperature profile differences (87) were generally smaller for the upslope (CSIR
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Table 9,4 Paired two-sample f-test for means for net radiant density, latent heat density, sensible heat
density and soil heat density for the January daily totals for the two Bowen ratio systems (UNP system
in the riparian zone, CSIR system upslope). The comparative differences were all significant at the 5 %
level of significance and in most cases the 1 % level

Mean (MJ m"2)
Mean (mm)

Percentage difference
between the two means
(relative to upslope site)

Variance (MJ)2 m"4

Variance (mm2)

Observations
Pearson correlation

Pooled variance (MJ)2 m"4

Pooled variance (mm2)
Hypothesized mean

difference
Degrees of freedom

/

\OOxp{t<tQO5) one-tail

/ (5 %) Critical one-tail

UNP/nBf CSIR/,,,,

14.208 13.241

7.31

23.892 22.715

31 31
0.977

23.304

0

30

5.205
0.001

1.697

UNP

9.990
4.09
29.02

16.436
2.76
31

0.577
16.164
2.72

0

30
3.381
0.101

1.697

CSIR
LVFW

7.743
3.17

15.892
2.67
31

UNP

3221

-28.80

3.047

31
0.440
7.675

0

30
-2.303
1.419

1.697

CSIR

Fh

4.532

12.303

31

UNP CSIR

*", F,
1.333 0.966

38.06

0.553 0.437

31 31
0.945
0.495

0

30
8.279
0.000

1.697

system) location (Fig. 9.14);

2. the measured water vapour pressure profile differences (5e) were generally greater for the upslope
(CSIR system) location (Fig. 9.15);

3. a greater net radiant density for the riparian location than that upslope (Fig, 9.24).

These three reasons all operate to increase evaporation for the riparian location (Fig. 12.23): for the

first two reasons, the Bowen ratio p=yS7V5e is generally smaller upslope and therefore, in

combination with the third reason, LVFV = (Imt -F^{\ - P) is generally smaller upslope than in the

riparian location. However, offsetting these three reasons is the generally reduced soil heat flux density

upslope that increased evaporation compared with the riparian location (Fig. 9.19).

Greater evaporation for the riparian location results in a generally reduced sensible heat from the

riparian location compared with the upslope location. The differences in soil heat, particularly the

stored soil heat flux density, between the two locations does however play a significant role in

decreasing this difference.

9.4.5 Seasonal comparisons

Comparisons between the two independent Bowen ratio systems before moving one system, and
between these and the lysimetrically determined evaporation have verified the accuracy and integrity of
the systems (Chapter 5; Fig. 9.11). The seasonal comparisons were made over the open grassland site
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that had a fetch of some 125 m and is thus considered representative of the catchment as a whole.

Measurements commenced in autumn 1990 and continued to autumn 1993. The variation in

evaporation and net radiant density for each day of 1991 is shown (Fig. 9.25).

The daily total evaporation for 1992 is shown (Fig. 9.25) with the net energy density (MJ m*2). The

rainfall total was 973.4 mm and the total evaporation was 1311.4 mm.

Our initial comparisons in this project involved the use of equilibrium evaporation as a simplified

method of calculating total evaporation. These initial experiments were conducted in a wet year. The
variation in jbp Rnrap.n ratin pvapnrarinn talren. ac -fae nypfpgp ĴCtSSteen 'the "riparitCl Slid -UpslopC

evaporation measurements, with the calculated equilibrium evaporation (Section 5.5.4) is shown for

two periods during 1992 (Fig. 9.26a, fa). The equilibrium evaporation estimate may be valid for long

periods when the canopy is wet. During winter however, the method may be a poor estimator of

evaporation (Fig. 9.26b).

Monthly total rainfall levels for the catchment (Figs 9.27 to 9.30), compared with the 51-year mean

monthly rainfall illustrate the relatively dry years through which the measurements have been made.

The lowest rainfall in recent times was recorded during 1992 (Everson 1993). Of particular note during

Total evaporation = 975.3 mm

Rainfall = 1311.4 mm

•0
'sfe' Wlli'iio'ite'i&e' kbi' 2^2' 266' 368' 3ie' 364

Day of year (1992)
Fig. 9.25 The daily variation in latent heat and net energy density for 1992. The measurements are an
average of the measurements collected at the riparian and upslope locations
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Fig. 9.26a Comparison between daily total energy density for latent heat estimated using the Bowen ratio

technique and the equilibrium evaporation for the first 90 days of 1992. The values were estimated by

averaging measurements for both riparian and upslope locations. The net radiant density is shown - this

value is crucial for the calculation of equilibrium evaporation (Chapter 5)

b As in 9.26a except that a period during the middle of the year (drier) was chosen, showing the

comparatively poor agreement between equilibrium and Bowen ratio measurements for this time of year
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Fig. 9.27 The variation in some components of the energy and water balance of Catchment VI as a

function of time. The soil water content (%) was the value at month-end. Occasionally, in particular

before March, the data was patched from the long-term mean values available. The totals for the

various components are also shown as is the date of the 1990 bum (Day 237)
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Fig. 9.28 The variation in some components of the energy and water balance of Catchment VI as a

function of time. The soil water content (%) was the value at month-end. Occasionally, the data was

patched from the long-term mean values available. The totals for the various components are also

shown as is the date of the bum (Day 140)
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Fig, 9.29 The variation in some components of the energy and water balance of Catchment VI as a
function of time. The soil water content (%) was the value at month-end. The Bowen ratio evaporation
of the upslope and riparian locations were averaged. Occasionally, the data was patched from the
long-term mean values available. The totals for the various components are also shown
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Fig. 9.30 The variation in some components of the energy and water balance of Catchment VI as a function of

time. The soil water content (%) was the value at month-end. Occasionally, the Hata was patched from the

long-term mean values available. The totals for the various components are also shown
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1992 is th at the total annual rainfall was less than the measured (averaged between riparian and upslope
locations) Bowen ratio evaporation (Fig. 9.29). The rainfall for 1993 was also low up to the end of the
work. Missing data during the summer of 1990 was patched from long-term or other available data.
The temporal variation in monthly evaporation, rainfall and net radiant density is shown in Fig. 9.31.
The monthly evaporation, net radiant density and rainfall lows and highs are reasonably synchronised.
Of note though is that the low rainfall in December 1991 resulted in decreased evaporation in January
1992.

Having observed the rainfall variations, one would expect the evaporation levels to follow some

similar related pattern. As Everson (1993) noted, this does not seem to hold during these dry years

(Figs 9.27 to 9.30). Everson (1993) suggested that evaporation from these catchments during these dry

years might be independent of rainfall to which Figs 9.27 to 9.30 attest. Certainly, for 1993, the year

with the greatest evaporation, the lowest rainfall was measured.

Following the spring bum of 1990 (Fig. 9.27) the evaporation rate did not attain the high levels of

the 1992 spring, yet maintained its consistent summer rate for longer than was the case after the high

levels of 1992's spring.

The wildfire of autumn 1991 upset the biennial spring burning management regime applied to this

catchment. It also resulted in lower winter evaporation levels than the previous year (Fig. 9.31, comparing

evaporation for May to September in 1990 and 1992) when the trash level (from two unbumt growth

seasons) was high and could have impeded soil evaporation considerably (Metelerkamp et al, 1993).

However, it was not as low as the 1992 winter levels (with only a single season's trash load). The bum had

the unique result, when compared with the previous and subsequent years, that the evaporation rate took

longer to increase in spring. Unfortunately, due to missing Hata for spring 1991, any conclusions as to the

effect of this wildfire have to drawn from inferences made by looking at the levels of the start of the 1992

data, and the pattern at this time during the previous year. The levels at the beginning of 1992 suggest that

there was a complete, albeit delayed spring recovery. The lower and late rains of that spring could,

however, have been entirely responsible for this delay. If this were the case, the autumn fire would have

only aggravated any effect the late rains may have had.

By summer 1992, no bum had occurred for more than 12 months, and high evaporation rates were

measured. At this time, the canopy's biomass would have been at its greatest.

The late 1992 spring and subsequently low summer rainfall patterns were similar to those of the

previous season. Since the summer evaporation rates were similar, and the rainfall slightly lower during

1992, the high rates can only be attributed to the greater biomass (due to the lack of fire for more than

one season).

The soil water content levels for the period (data not shown) fallowed similar trends for each year,

and were not obviously linked to rainfall levels. The soil water content was only slightly influenced by

the evaporation.

The cumulative totals of net radiant density, rainfall and Bowen ratio evaporation are shown (Fig.
9.32). More than 90 % of the total rainfall for the 39-month period was measured as evaporation.
Concerning the energy balance, the latent heat component totalled nearly 65 % (8126.91 MJ m'2) of the
net radiant density (12470.82 MJ m*2). Evaporation is a therefore a significant part of the water and
energy balances for this fire-determined climax grassland.
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Fig. 9.31 The temporal variation in evaporation, rainfall and the monthly total radiant density for
Catchment VI for the January 1990 to March 1993 period. Occasionally, in particular before March
1990, the data was patched from the long-term mean values available
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Fig. 9.32 The cumulative totals of evaporation, rainfall and the monthly total radiant density for
Catchment VI for the 39 month period (January 1990 to March 1993). Occasionally, in particular
before March 1990, the data was patched from the long-term mean values available

The calculation of hourly or sub-hourly Penman-Monteith evaporation for modelling purposes

requires the available energy flux density Imt-Fs in addition to other values for aerodynamic

resistance rg, re and r{, water vapour pressure deficit and temperature dependent constants A, y and c

(Eqs 2.10 and 2.11). However, under high rainfall and humid conditions, usually during summer

months when evaporation is greatest, one may calculate equilibrium evaporation (Eq. 2.13) from air

temperature and Inel - Fs. Often, Inet - Fs data are unavailable, but there is a correlation with solar

inadiance Is from an automatic weather station. The regression for January 1992 had a slope of about

0.552 and an intercept 26.85 W m"2 (Fig. 9.33). This regression suggests that Inel~Fs could be

calculated from measured solar irradiance Is. Part of the scatter in this plot could be due to the differing

time constants of the various sensors used to gather the data, particularly the lag in the Fz data.
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Fig. 9.33 Solar irradiance as a function of net irradiance less the soil heat flux density for Catchment VI
for January 1992 - data is for the time period 05h00 to 19h00 only. Most of the data points below the
regression line occurred under high radiation conditions (solar irradiance greater than 900 W m*2). Each
point is a 20 min value

9.5 Conclusion

We have shown that it is possible to measure evaporation continuously using the Bowen ratio technique

in Catchment VI. Winter total evaporation rates varied very little whether the canopy was one year old,

two years old or even completely burnt. Equilibrium evaporation, dependent on the ratio between the

difference between net irradiance and soil heat flux density and (1 + P), is not a good indicator of

Bowen ratio evaporation in winter. It may however be a reasonable predictor for the summer months

for this catchment.

The evaporation for the riparian location, for the month of January 1992, was about 30 % greater
than that upslope. Apart from the soil heat, each term of the Bowen ratio equation used to calculate the
evaporation contributed to greater evaporation values at the riparian location. The term that showed the
most marked difference between the two sites was the soil heat flux, which decreased evaporation for
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the riparian location compared with that upslope.

The total net radiant density for the 39-month period was 12470,82 MJ m"2. Evaporation (latent

heat) is a significant fraction of both the energy and water balance. It represented more than 65 % of

the net radiant density over the 39-month period and more than 90 % of the rainfall over the same

period. The total evaporation was 3330.7 mm and the rainfall was 3618.4 mm.
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Savage, Everson and Metelerkamp

Bowen ratio brlo[d.d[d/br2new.dld: 16/6/1997
The santplt Bowen ratio program applied by Campbell
Scientific may Kit junction with the newer 21Xdatalog-
gers with PROM's OSX 1,1 and OSX2.1, The change
involves the intermediate processing disabUJlag (flag PJL
The program listed here will work with both old and new
dataloggers.
Important note: 1. In order lo continuously check the
validity of the dewpoinl temperature meuuremenli,
a 207 relative humidity sensor must be connected; 2.
mirror cleanliness and bias mlut be checked weddy;
3. most of the problem! with data lots have been due
to flat batteries, accidental i witch ing off of the battery
jupply (by bumping) or the ruse problem; 4, on occa-
sion, the incorrect day of year hai been entered in to
the data logger when there hai been a power interrup-
tion; 5. when there ii a power interruption, memory1

must be repartitioned ui ing the • A option; 6, compari-
sons between the net radiometer and a standard set
radiometer are crucial and ihould be performed quar-
terly.
Tiroes for 2IX. Table 1:590 mi; total time for sland-
ird deviations = 155 mj; time TC temp (SEVmi = 40
+ 23.2 • Rrp; lime TC tanp (DIFF)/ms = 39.2 + 4 1 7
• Rep; time full bridge/mi = 41.8 + 73 • Rep; time
standard deviation/ms - 2.5 + 17.7 * Rep
Flag Usage. Set flag 6 lo initiate program by twitching
on pump: preii * 6 A D 6 The reipanie to letting the
flag may not be immediate.; Set flag 7 to terminate
program by switching on pump: press *7 A D 7 May
not be an immediate response to setting this flag.
Mirror and pump on/offroutine. Input location 29 is for
minutes into day for switch on time; 30 u forminutes
into day for switch off time; 31 is for current time
(minula into day). Press 'A 31 A *0 lo repartition
input memory allocation from default of 28 input
locations to 31 input locations.

;{}
-.Program: 17 Apr 1995
;Flagt Used in Program:
;1 High to disable averaging while the mirror stabi-
lizes.
;2 Active air intake: High - Upper, Low - Lower.
;3 Battery subroutine: High - Pump and Mirror are
off.
;4 Set high to output data up to current time and
disable
; processing. Set taw to resume processing.
;5 Used by the program when the operator disables
the station.
;6 Set high lo turn on the pump and mirror.
;7 Set high to turn off the pump md mirror.
;S Set high at the end of a 15 minute interval. Used
to average
; soil temperature during the last five minutes of a 20
minute
; interval
•Table 1 Program

01:1.0 Execution Interval (seconds)
;Measure panel temperature, air temperature, and
;eooled mirror PRT.
1: Internal Temperature (PI7)
1:1 Loc[Pan_Temp ]

2: Thermocouple Temp (SE) (PI3)
1:1 Reps
2:1 5 mV Stow Range
3: 8 In Chan
4:2 Type E (Chromel-Constanlan)
5:1 RefTemp Loc [ Pan_Temp ]
6:3 LocfLow TC ]
7:1 Mult
8: 0 Offset

3: Thermocouple Temp (DIFF) (P14)
1:1 Reps
2:1 5 mV Slow Range
3:4 In Chan
4:2 Type E (Chromel-Conitsntan)
5:3 RefTempLoc[Low TC ]
6:2 Loc[UppTC ] "
7:1 Mult
8:0 Oflsel

4: Full Bridge (P6)
1:1 Reps
2:1 5 mV Slow Range
3:2 In Chan
4:1 Excite all reps w/Exchan 1
5:5000 mV Excitation
6:8 Loc I Dew Point]
7:0.001 Mult ~
8:0.00498 Offset

'.Calculate temperature gradient, dew point
;lemperature, and vapor pressure.
5: Z=X-Y(P35)
1:3 X Loc [Low TC ]
2 :2 YLocJUppTC ]

3:4 Z Loc [ Del T ]
6: BR Transform RljX/n-X)](P59)
1:1 Reps
2:8 Loc [Dew Point]
3:200 Mult(Rf)

7: Temperature RTD(P16)
1:1 Reps
2:8 RyROLoE[Dew Point]
3:8 Loc [Dew Poinf)
4:1 Mult
5:0 Offset
8: Saturation Vapor Pressure (P56)
1:8 Temperature Loc [ Dcw_Point ]
2:9 Loc [ VapPrci ]

-.Output Processing
9: IfFlag/Port{P91)
1:15 Do ifFlag 5 a High
2:0 Go to end of Program Table
10: If lime is (P92)
J.J 0 _ rHirtiltJ-* jatrt a

2:20 Minute Interval
3:10 Set Output Fiag High
11: Set Active Storage Area (P80)
1:1 Final Storage
2:110 ArrayIDorLoc[ ]

;User can set flag 4, lo output data up to the current
;tim t and disable further output processing while
-.working on the system.
12: IfFlag/Port{P91)
1:14 Do if Hig 4 ia High
2:30 Then Do
13: Do (PS6)
1:10 Set Output Flag High

14: Set Active Storage Area (P80)
1:1 Final Storage
2:112 ArraylDorLocI ]
15: Do(P86)
1:15 SetFlag5High

16: End (P95)
17: Real Time (P77)
1:110 Dayjiour/Minute

18; Sample (P70)
1: 1 Reps
2: 1 Loc[PanTcmp ]
19: Average (P71)
1:2 Reps
2:3 Lot [ Low TC ]
20: If Flag/Port (P91)
1:12 DoifHag2isHigh
2:30 Then Do

21: Do (P86)
1:19 Set Hag 9 High

22: Else (P94)
23: If Flag/Port (P9I)
1:11 Da if Flag 1 is High
2:13 Set Rag 9 High
24: End (P95)
25: Average (P71)
1:2 Reps
2:8 Loc[Dew_Point]
26: Do (P86)
1:29 SclFlag9Low

27: If Flag/Port (P9I)
1:22 Do ifFlag 2 is Low
2:30 Then Do

28: Do (P86)
1:19 SetFlag9High

29: Else (P94)
30: If Flag/Port (P91)
1:11 Do if Flag 1 is High
2:19 Set Flag 9 High

31: End (P95)
32: Average (P71)
1:2 Reps
2:8 Loc [ Dew_Point ]
•Table 2 Program
01:10.0 Execution Interval (seconds)

;Time the coaled mirrors settling lime.
1: Time(P18)
1:0 Tenths of seconds into current minute (maxi-

mum 600)
2:400 Mod/By
3:11 Loc [ sinta m ]

2: 1F(X<=>F)(P89)~
1:11 X L o c [ s into_m ]
2:4 <
3: 100 F
4:21 Set Flag 1 Low
;Chcck for system disable or re-enable.
3: If Flag/Pott (P91)
1:15 Do if Flag 5 is High

2:30 Then Do
4: If Flag/Port (P9I)
1:24 Do ifFlag 4 is Low
2:1 Call Subroutine 1
5: End (P95)
;Switch the cooled mirror intake every two minuta.
6: If time is (P92)
1:0 Minutes into a
2:2 Minute Interval
3:30 Then Do
7: Do (P86)
1:11 Set Flag 1 High

8: lftimoi3(P92)
1:0 Minutes into a
2:4 Minute Interval
3:30 Then Do
9: Set Port (P20)
1:1 SetHigh
2:2 Port Number

[)
1:12 Set Fiag 2 High

11: Else(P94)
12: Set Port (P2D)
1:1 SetHigh
2:1 Port Number
13: Do (P8fi)
1:22 SelFlsg2Low

14: End (P93)
15: Excitation with Delay (P22)
1:1 Ex Chan
2:0 Delay w/Ex (units = 0.01 sec)
3:2 Delay After Ex (units = 0.01 sec)
4:0 mV Excitation
16: Set Port (P20)
1:0 3d Low
2:1 Port Number
17: Set Port (P20)
1:0 Set Low
2:2 Port Number
18: End(P95)
;Measure the battery voltage, net radiation, «oil
'.temperature, soil heat flux, wind speed, and
;wind direction.
19: Ball Voltage (P10)
1: 10 Loc [Battery ]

20: VDlt(Diff)(P2)
1: 1 Reps
2:3 50 mVSbw Range
3:1 In Chan
4: IS Loc [ Inet ]
5:1 Mult
6:0 OHsct

21: IF (X-==>F) (P89)
1:15 XLocjInel ]
2:3 >=
3:0 F
4:30 Then Do
; Apply the positive multiplier and wind correction.
22: Do (P86)
1:3 Call Subroutines

23: Else{P94)
; Apply the negative multiplier and wind correction.
24: Do (P86)
1:4 Call Subroutine 4

25: End(P95)
26: Volb (SE) (PI)
1:2 Reps
2J 2 15 mV Slow Range
3:9 In Chan
4:16 Loc[SHFl ]
5: 1 Mult
6:0 OSset

27: Thermocouple Temp (DIFF) (P14)
1:1 Reps
2: 1 5 mV Slow Range
3:3 In Chan
4:2 Type E (Chromcl-Conslantan)
5:1 Ref Temp Loc [ Pan Temp ]
6:20 Loc[TaoiI ]
7:1 Mult
8:0 OHiet

28: Z=X*F(P37)
1:16 XLoc[SHFl ]
2:1 F
3:16 ZLoc[SHFl ]
29: Z=X*F(P37)
1:17 XLoc[SHF2 ]
2:1 F
3:17 ZLoc[SHF2 ]

30: Pulse (P3)
1:1 RepsAppendix 1 Bowen ratio information card for 21X dataloggers
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2:1 Pulic Input Chin
3:21 Law Level AC, Output Hz
4:5 Loc [Wnd Spd ]
S: 0.75 Mull
6:0.2 Offset

31: AC Half Bridge (PS)
1:1 Reps
2: S 5000 mV Slow Rrnge
3:11 InOuui
4:2 Excite all reps w/Exchan 2
5:5000 mV Excitation
6:6 Loc[Win_Dir ]
7:355 Mult
8:0 Offset

;SDU temperature u only averaged over the but five
;minutn of the output interval in order to have the
;changc in temperature during the interval An aver-
age
;rather than i umple is wed to avoid perturbation by
;in anomalous reading.
32: Iftimeii<P92)
1:15 Minutes into a
2:20 Minute Interval
3:18 SetFlagBHigh
33: If Flag/Port (P91)
1:18 Do if Flag 8 ii High
2:30 Then Do
34: Z=X+Y(P33)
1:20 XLoc[T«oil ]
2:21 YLoc[T« tnt ]
3:21 ZLoc[T«_tot ]

35: Z=Z+1 tP32)
1:22 Z Loc [ nurn smpls ]

36:End(P95)
".Output average net radiation and heat flux, average
soil
'.temperature for the lait five minutes, the change in
soil
;lcmperaturc, wind speed, wind direction, and atand-
ard
;dcviation of wind direction.
37: Ifumeis(P92)
1:0 Minutes into a
2:20 Minute Interval
3:3D Then Do

38: Z=X/Y (P38)
1:2! XLos[Ti_tot ]
2:22 Y Loc [ num impU ]
3:24 ZLoc(avg_Ti ]

39: Z=X-Y(P35)
1:24 XLocIavg_Ts ]
2:23 Y Loc [ prevavg ]
3:25 ZLoc[DclT» ]
40: Z=X{P31)
1:24 XLoc[avg_Ts ]
2:23 Z Loc [ prcv_avg ]
41: Z=F(P30)
1:0 F
2:21 ZLoc[T» tot ]
42: Z=F(P30)
1:0 F
2:22 Z Loc [ num_>mpl« ]

43: Do (P86)
1:28 SctFlagSLow

44: Do (P8S)
1:10 Set Output Rag High

45: Set Active Storage Area (F80)
1:1 Final Storage
2:237 AnayIDorLoc[ ]
46: End<P95)
47: Real Time (P77)
1:110 Dayjlour/Minute

48: Average (P71)
1:3 Reps
2:15 Locflnet ]
49: Sample (P70)
1:2 Reps
2:24 Loc[avg_T« ]
50: Wind Vector (P69)
1:1 Reps
2:30 Samples per Sub-Interval
3:00 PolarSeiuor/(S,Dl,SDI)
4:5 Wind Speed/Eaat Loc [Wnd Spd ]
5:6 Wind Direction/North Loc [ Win_Dir ]

;Inscrt addition measurement/output programming
hers.
51: Do (P86)
1:2 Call Subroutine 2

•Table 3 Subroutines
'.Subroutine 1, output the time that the processing is
re-enabled.
1: Beginning of Subroutine (P85)

1: 1 Subroutine 1
2: Do (P86)
1; 25 SetFlag 5 Low

3: Do (PS6)
1:10 Set Output Flag High

4: Set Active Storage Area (PBO)
I: i Final Storage
2:303 ArrayIDorLoc[ ]
5: Real Time {P77)
1:110 Day.Hour/Mmule

6: End(P95)
•.Subroutine 2, power the pump and cooled mirror in
•japonic to a uier flag. Turn the pump and cooled
imtrror off if the battery a < 11.25 VDIII and switch it
on
'.again if > 12 volts. Also turn off pump at 1140 mm
(19H00) and on at 300 rain (OShOOJ
7: Beginning of Subroutine (PBS)
1:2 Subroutine 2

8:P30Z = F
01:300 F
02:29 Z Loc:
9:P30Z = F
01:I140F
02:30 Z Loc:
10;P18Time
01:1 Minutei into current day (maximum 1440)
02:0 Mod/by
03:31 Loc:
l l :PS8IfX< = > Y
01:29 X Loc
02:1 =
03:31 Y Loc
04:16 Set flag 6
12: Set Port (P20)
1:16 Set According to Flag 6
2:3 Port Number
13: Do(P86)
1:26 SctF3ag6Low

14:P88IfX< = > Y
01:30 X Loc
02: 1 =
03:31 Y Loc
04:17 Set flag 7
15: Set Part (P20)
1: 17 Set According to Flag 7
2:4 Port Number
16: Do (P86)
1:27 Set Flag 7 Low
17: IF(X<=>F){P89}
1:10 XLoc[Battery ]
2:4 <
3:11.25 F
4:30 Then Do
18: If Flag/Pert (P91)
1:23 Do if Flag 3 is Low
2:30 Then Do
19: Set Port (P20)
1:1 Set High
2:4 Port Number

20: Excitation with Delay (P22)
1:4 ExChan
2:0 Delay w/Ex (uniti = 0.01 sec)
3:1 Delay After Ex (unit! = 0.01 sec)
4:0 mV Excitation
21: Set Port (P20)
1:0 Set Low
2:4 Port Number
22: Do(PS6)
1:13 SelFlag3High

23: Do(P86)
1:10 Set Output Flag High

24: Set Active Storage Area (PSO)
1:1 Final Storage
2:317 ArrayIDorLoc[ ]

25: Real Time (P77)
1: 1220 Year, Dsy (current day at midnight),

HouWMinute (24h00 at midnight)
26: Sample (P70)
1:1 Repi
2:10 Loc [ Battery ]
27: End(P95)
28: Else(P94)
29: If Hag/Port (P91)
1:13 Do if Flag 3 is High
2:30 Then Do

30: IF(X<=>F)(P89)
1:10 X Loc[ Battery ]
2:3 >=
3:12 F
4:30 Then Do

31: Set Port (P20)
1:1 Set High
2:3 Port Number
32: Excitation with Delay (P22)
1:4 ExChan
2:0 Delay wVEx (uniti = 0.01 sec)
3:1 Delay After Ex (units = 0.01 tec)
4:0 mV Excitation

33: Set Port (P20)
1:0 SetLow
2:3 Port Number

34: Do (P86)
1:23 Set Flag 3 Low

35: Do(P86)
1:10 Set Output Flag High

36: Set Active Storage Ana (P80)
1: I Final Storage
2:328 ArrayIDorLoc[ ]

37: Real Time (P77)
.1:110 /38: Sample (P70)
1:1 Reps
2:10 Loc [ Battery ]
39: End (P95)
40: End (P95)
41: End(P95)
42: End(P95)
;Apply the positive calibration and wind speed
;corrections to the measured net radiation.
43: Beginning of Subroutine (P85)
1:3 Subroutine 3

« : Z=X*F(P37)
1:5 X Loc {Wnd Spd ]
2:0.2 F
3:14 ZLoc[C I

45: Z=X*F(P37)
1:14 XLoc[C ]
2:0.066 F
3:12 ZLoc[A ]

46: Z=X+F(P34)
1:14 XLoc[C ]
2:0.066 F
3:13 ZLoc[B ]
47: Z=X/Y(P38)
1:12 XLocJA ]
2:13 YLoc[B ]
3:7 ZLoc[Corr_Fact]
4B: Z=Z+1 (P32)
1:7 Z Loc [ Corr Fact ]

49: Z=X*F(P37)
1:15 XLocflnct ]
2:1 F
3:15 Z Loc [ Inet ]

50: Z=X*Y (P36)
1:15 XLoc[Incl ]
2:7 Y Loc (Con-Fact]
3:15 ZLoc[Inet" ]
51: End(P95)
;Apply the negative calibration and wind speed
correction to the measured net radiation.
52: Beginning of Subroutine (P85)
1:4 Subroutine 4

53: Z=X*F(P37)
1:5 X Loc [ Wnd Spd ]
2:0.00174 F
3:12 ZLoe[A ]
54: Z-X+F (P34)
1:12 XLocfA ]
2:0.99755 F
3:7 Z Loc [Corr Fact]

55: Z=X'F(P37)
1:15 XLocflncl ]
2:1 F
3:15 ZLoe[Ind ]
56: Z=X*Y(P36)
1:15 XLoc[Inel ]
2:7 Y Loc [Corr Fact]
3:15 ZLoc[Inet ]
57: End{P95)
End Program
-Input Localions-
1 PrniJTemp I 3 1
2 UppJTC 1 I 1
3 Low TC 13 1
4 Del T 121
5Wn3 Spd 03 I
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6 Win_Dir 0 1 1
7 Corr_Fact 0 3 3
8 Dew Point 1 5 3
9 Vap_T>ress 1 2 1
10 Battery 1 4 1
1 i • into m i l l
12 A "0 2 2
13B
14 C
l i lnet
16SHF1
17SHF2
IB
19
20TsoH T i l

on
022
084
522
1722
DDO
000

sou
21 Ti_!Dl I 2 2
22 numjimpls 122
23 prevavg 1 1 I
24 ivg Ts 13 1
2 5 D < T s 1 2 1
26 0 0 0
27 "000
28 0 00
Flag usage
To initiate program, ict Rags: ict flag 6 high to him
on pump and minor by pressing *6 A D 6 Response
to aetling the flag may not be immediate.
To switch system off, let flag 7 high to turn off pump
and mirror by pressing *6 A D 7 Response to letting
this flag may not be immediate.
Flag 411 let high to output to current time 2nd disable
data processing and let low to resume. Preu *6 A D
4 to let high to disable and low to resume.
Flag 1: High to disable averaging while minor stabi-
lizes; Flag 2: Active air intake high for upper and low
for lower; Flag 3: Battery lubrnutinc high for pump
and mirror off; Rag 4: Set high to output to current
time and disable processing and u t low to resume;
Flag 5: Used by pro gram during user disable; Flag 6:
Pulse high to turn on pump and mirror, FI13 7: Pulse
high to aim off pump and mirror; Flag 8: High at the
end of interval] while mil temperature b averaged;
Flag 9: intrrmediats processing flag

Some 2IX processing instructions
30: Z = F; 31: Z = X; 32: Z = Z + 1; 33: Z = X + V;
3 4 Z X F 5 Z X Y Z X Y Z; ;
X • F; 3 S: Z = X/Y; 40: Z = In X
Sensor connections rar21X:

lHRnet +
ILRncl -
2 H Cooled mirror PRT
2 L Cooled mirror PRT
2 G Cooled mirror PRT
3 II Soil temp TC chromel
3 L Soil temp TC conslantan
4 H Upper 0.003 TC chrotnel
4 L Lower 0.003 TC chromel
4 G Air temp TC's constantan
5 H Soil flux plate #1 high
5L Soil flux plate #2 high
5 G Soil flux plates ground
For BRUNP
6 H Advection TC 1 copper
fi L Advection TC 2 copper
6 G Advection TC 1,2
7 H Advection TC 3 copper
7 G Advection TC 3
For BRCSIR
6 H 207 Temp
6L207RH
6G
Fruit at inn
1 Cooled mirror excitation

red
black
green
white
black

purple
red

purple
purple

red
red
red

black

red
red

blue
red

blue

red
white
green

red
2 Switched analogue out for 207 RH probe black
Pnntml rtnrt*
1 Pulse for lower air intake
2 Pulse for upper air intake

green
white

3 Pulse to turn on power to mirror/ pump (flag 6)

black
4 Pulse to turn off power to mirror/ pump (flag 7)red
G Ground wire clear
PilUepnrt.i
1 2 3 Wind anemometer
TI.II tfrr .«lni tu*. i uu*._ __j_!

Note
will
AC voltagi
component should be used. Sustained operation on
D C voltage or A C voltage with a D C component may
result in a calibration shift.
When unit was supplied, red: T on ch SI; white: RH en ch 52;
clem: ground; black: excit 1 (switched analogue cut)
Wiring orfuit207 probe purchased wu extended with cdloix*
code changed: Hcd is now red; white is white; clear a now

green (wa» crsnge but changed it); black u black. Wtriixc. of
iecond 307 probe purchased wai fed H, while L, puole G,
block EX. this wue m i extended with colour code chang ed:
Red n now red; white n while; purple is now green; black is
black. Datalogger iintrucucnFU 11 uaedtameasure tempera-
ture and PI 2 for relative humidity Tor 207 probe. Iralructicfi
Fl 1 provides AC excitation, makes a single ended voltage
rocmaemeia and p»lml»t*« temperamre laing a fifth order
polynomial (multiplier of 1 mid CQKI 0 if°C wits art used)
Ira trueoonP12proy ides AC ex citation, makes nn%lc ended
voltage tneasutemcoi, calculates relative hunidity tsing a
fifth arderpdyncfntal (multiplier oft andcflselofOifrelative
humidity/% is to be displayed) and then performs
required temperature compensation. The (cnsor must
be grounded; now o u t data is collected otherwise.
Analogue

7 H 207 Temp red
7L207RH white
7 G green/orange or purple

lnmm

Instructions Tor tstn/kad prrjgnun tram tape
Load from tape: *D 4A Monitor/car connector of
SC93 Amust be in EARposiu'on of taperecorder and
power to power aocket of tape. Tape must be on play,
not play/record. Itieenu thatthe new 21X cannot load
programs from tape
Store on tape: *D 3A For Philips recorder, moni-
tor/car connector of SC93A in EAR position, power
connector in power s octet of tape and third connector
in MIC position. For Tandy recorder, monitor/ear
connector of SC93A m AUX position, power to
power socket of tape and third connector in MIC
position. Tape must be on play/record, not play
Modes
Modes to be ict prior to unattended logging: On'pi'l
nptirm' *4 11 2 (for tape and printer on and 9600
baud); Sgt/Hwpiw'thm nptinn- *5 yy A ddd A hhmm
A; niiiplayMtr** Tnptit ntfiT̂ gr* *6 Panel temperature;

3 4
; py

2 JW, 3 Tt ^
For BRUNP only 5 Windipeed W nf UNP BR ayi-
Icm at 0,8 m; 6 Windspeed 4 m H of UNP logger at 2
m; 7 Windipeed W of UNP logger at 1,8 m;
For BRCSIR only 6 Tin; 7 em/kPa;
For both logger systems: 8 7"n>; 9 e (kPa); 10 BaUery
voltage; 11 a into min; 151M (W m"2); 16 F, #1; 17
Fi H2\ 20 Ti\ 21 T, integrated (5 min period); 22 ND.
of lamples for T, integration; 23 Previous T, average,
24 Average 7,; 25 A7V, 29 minutes on; 30 minutes off;
31 time of day (minutes)
For BRUNP only Tor part of 1990 26 27 28 TC 2,4,
6 m (respectively) N of UNP logger at a height of 2
m(aUTC'i in UNP shield,)
Display mttpilt wTnra£ff* mJ
Outputstorage can only beiensibty viewed 20 min after
sensors have been connected to datalogger
1110; 2Day of year;3hJtmrn;4Samplepanel tempera-
ture; 5 Tb.\ 6 Average JW - Tm; 7 Average 7 + w , 8
Average rj^.; 9 Average T^,^; 10 Avenge clfT
1 237; 2 Day of year, 3 hhmm; 4 Avenge l*t\ 5
Average F* #1; 6 Average F, #2; 7 Average T, (last 2
min); 8 Change in T, from previous value;
For BRUNP 9 Windspeed W of UNP BR system at
0,8 m; 10 Windipeed 4 ra N of UNP BR system at 2
m; 11 Windipeed W of UNP BR*y«tem at 1,8 m; 12
13 14 Advedion TC 2 m, 4 m and 6 m from UNP
Bowen ratio system respectively (at a height of 2 m)
For BRCSIR 11 T,m\ 12eio7/kPa

frffn^frr tn tape* *8
f

p
1. To check data transfer prior to unattended operation,
press *S 3A 3ATapc should advance automatically.
2, To transfer part of memory ring, preu *8 A 1 A A
3 A Format wilt be comma delineated ASCII,

1. To transfer part of the memory ring, press *9 A 1
A A 3 A The format for these data will be printable
ASCII, not comma delineated ASCII
Tape checks
1. Power to power, EAR/MONITOR of SC93A to
AUX; third connector to MIC;
2. Pros *8 3A 3A to check and transfer last stored
data to tape.
System operation
Air ii drawn from both heights (flow rale of D.4 1
min ) with 21 mixing chambers to yield a 5 min time
constant. Every 2 min air being drawn through coaled
mirror is switched from one height to the other. About
40 s is used for mirror stabilization on new T4, and 1
min 20a for measurements for an individual level for
each 2 min cycle. Tap ii measured every 1 1 and t
averaged every 20 min.
Souor accuracy
Resolution of Xo> is within 0.003 t and stability within
0 . 0 5 1 yieldingresolution in* ofwithin lOPa. Datalog-

ger resolution n T is 0.006 °C Radiation error mini-
mized by measuring I t . - T^y with neither sensor
shielded.
Irtstrurnaitstion detaSs
1. Soil heat flux plates placed at a depth of 80 mm; 2.
Soil Irmperature probes placed at a depth of 20 and
fiO mm; 3. Windspeed measured at a height of 2 in; 4.
Upper Bawen ratio arm height to not exceed 0.01 of
the uniform upwind fetch; 5. Lower Bowen ratio arm
to be placed above canopy, 6. Change air intake filters
every 1 to 2 wecla. Only one filter a necessary. Do
not touch filters, use tweezers. Fillers have a' blue
separator which should not be used. Use white filter
only. Fitter consists of two layers. First layer (has a
coarse and fibrous look) fillers out particulate matter.
Second layer fulcra out liquid water and appears thirty
(manufactured from teflon). Shiny tide should be on
pump aide and coarse side exposed to atmosphere. If
flow rates do not set properly, blue separator should
he irmm'cd as it is not. allowing a sufficient flow of
air, 7. CleanTC'a frequently (cobwebs). ConUmiiu-
tionof one therm oj unction and.not the other can cause
crrorr, 8. Radiometer at a height of 1 m. Clean net
radiometer domes of net radiometer with hair brush
and distilled water frequently. Always replace bath
domes when replacing domes; Check colour of d a k -
cant monthly but more often in rainy season; 9. Ane-
mometer details in order of input storage location,
output storage position, Caiclia serial number, posi-
tion and calibration equation where W is in m J and
C is the average counts per 10 s:
1, 9, 558, W of UNP logger at 0,8 m; W = 0,19 +
6*C*0,0379I

2,10,572, 4 m N of UNP logger at 2 m, W = 0,14+
6»C'0.03726;
3, 11,2141, W of UNP logger at 1,8 m, W •= 0,1 +
6*C'0,02552
10. Clean mirror and adjust bias every 1 to 2 weeks;
11 Check the water vapour pressure of the 207 RH
probe (input location 7) with that of the Bowen ratio
system (input location 9); 12 Check the air tempera-
ture of the 207 RH probe (input location 6) with that
of the Bowen ratio system (input locations 2 and 3).
Optical bias adjustment is normally preceded by
cleaning of mirror.
3.4. Mirror Contamination
The DEW-10 uses a "submicron" filter to remove
particular contaminant* below 1 pm. Some contami-
nants on a molecular scale, particularly salts, may stilt
be carried into the measurement cavity causing grad-
ual contamination of mirror.
As mirror accumulates contaminants, reflectance de-
creases causing system to have a thinner layer of dew.
Over a broad range of decrease in mirror reflectance
there is a little influence over system accuracy. If
contaminated mirror u not cleaned, system will fail to
control at dew point.
Another effect caused by certainsDlublecontam hunts
is lowering of saturation vapour pressure. This
slightly increases mirror temperature with respect to
true dew point in order to maintain equilibrium with
water vapour pressure of sampled atmosphere.
The mirror must be cleaned periodically to maintain
system's staled accuracy. Cleaning of mirror surface
is simple, does not deteriorate surface and maintains
system at its specified accuracy over its life. DEW-10
has a built-in capability to check mirror reflectance.
When mirrorreflectance lest is activated system gives
the "acceptable"answerwhenever decrease in reflec-
tance is < 10 %. This percentage decrease is, by a safe
margin, leas than what would cause a deterioration in
measurement accuracy. When mirror reflectance has
decreased by > 10 %lhen system gives "unacceptable"
and should be cleaned for accurate T4, measurements.
4.4.1 Manual Munor Contamination Test
Wait at least 120 a between turning off cooler and
adjusting - essential for cvapouration from mirror.
Manual mirror reflectance test requires a tingle pole
momentary action normally open switch with T.FT)
across it Switch and LED combination should be
connected to terminal! 16 and 1 ofPCB HI board. Test
consists of depressing switch for a period of 120 s,
releasing it and observing if LED turns on. If light
turns on for at least a few seconds, mirror reflectance
is acceptable If light doea not turn on when switch is
released, clean mirror or replace unit.
5.2 Mirror Cleaning and Bias Adjustment
Adjustment of optical bias determines dew layer
thickness on which system reaches its control point.
Proper adjustment of this bias is essential; system will
not control on excessively thick dew layer whereas
controlling on a thin layer requires more frequent
mirror cleaning.

1. Locate PCS til board and be certain power is
applied to unit
2. Shut off thermoelectric coaler by sliding switch
SW1 towards nearest edge of the card.
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3. Remove •eninr lyitcm from hs homing to giin
access to mirror by • pulling and twitting motion.
4. CleanmnTormlncincajuianenlcavityuimgacotlon
awib and a mixture of 40 % mdhinol and GO % water.
Remove *-**rw* cleaning iluid with x clean dry swab.
5. Rdumioiitn'ibidd;thiiwplblock ambient light fium
entering mirror cavity which ii important for next step.
6. Uiing a screwdriver, turn potentiometer R34, lo-
cated on top edge ofPCB #1, CCW until fed LED
located near by extinguishes. Turn h CW ilowly until
u m c light juil ennea on. Wait at least 120 • between
turning off coaler and before adjuiling - caienlial for
cvapotirau'on front mirror.
7. Return •witch RSW1 to normal operating petition.
With two extra steps, the period between minor clean-
ing cm be extended:
8. Allow system to return to noimal operation fcr 8 tn 24 h.
9. Repeat steps 2 and 6 above «nd retain SW1 to
operate penition.
For the newer Bowen ratio system, the procedure for
testing for mirror dcajilincis.and letting of bias ii as
follows: 1. Pras *6 A D 4 to diiable autpuL ONE
HAS TO REMEMBER TO THEN PRESS '6 A D 4
TO ENABLE OUTPUT WHEN THESE PROCE-
DURES ARE COMPLETED; 2 Press *6 8 A to
display the dewpoint temperature; 3. Slide iwilch
SW1 down. The red light ihould be off; 4. Wait 120
s until the dewpoint incrcaiei to the ambient. tempera-
turc 5. Switch the iwitch to the middle position. The
red LED light ihould come on. If it does not, the
m iiTor needs to be cleaned; 6. To set the mirror bias,
•lide the switch SW1 upwards. Wait 120 i for the
dewpoint to increase to the ambient temperature. The
tight ihould come on. If not, turn potentiometer R34
CW until the red light just comes on. Then switch the
switch to the middle position. If the light did come on,
turn the potentiometer CCW until the light goei off
and then ilowly CW until the light comes on. Then
switch the iwitch to the middle position.

Battery details
U i e a 20 W solar panel and 70 A h battery capable of
providing a continuous current of 300 to 350 mA.
What to do If the 21X power tab
1. Make a note in diary that power failed. Try and
establish the cause of power dip and note this in diary
as well; 2. Power up the datalogger, 3. Set the date and
time by pressing "5 A 90 A 278 A 0927 A *0 to set
the year at 1990, the day of year 278 (corresponding
to 5 October) and a lime of day of 09h27); 4. Down-
load the datalogger program using a persona] com-
puter, 5. Alternatively, type in Bowen ratio program
tables 1, 2 and 3 shown on the card. To type in
p r o g r a m U b l e l , t y p e - l A I A { 7 B A l A } 1 3 A 1 A
1 A etc. and then *0 to compile it. The braces obvi-
ously cannot be typed and arc used to indicate that the
contents are only used for the UNP system. In i
similar manner, type tn table 2 and 3; 6. If the pump
and mirror are being switched off i t night and on in
the early morning, repartition the memory. Press *A
31 A *0 to allow for 31 inputstoragc memory alloca-
tions; 7. If the program has been typed in manually
(as opposed to downloaded using a computer), set the
enable final storage mode (*4 mode) by pressing *4
A 11 A 2 A to let the tape ind printer/computer on
(11) and the baud rats at 9600 (2); 8. To initiate the
Bowen ratio program, press ' 6 A D 6 This will let
flag 6 and start the pump; 9. Check the values of the
input storage locations by pressing *7 A A A A A A
etc and examining these against uie card.

Cumputalkm detdfa using Split
Order of data after pass 1 (using bownupsl orbow-
ceps 1) is: 1 day of year; 2 time; 3 average Tin - Tier',
4 f t . ; i etfp; 6 Jm; 7 average F', #1; 8 average Fj #2;
9 change in 7V from previous value; 10 11 12 wind-
speed
Order of data after pass 2 (using bowenps2) is: 1 day
of year; 2 time; 3 1^,; 4 F, {plite + that above the
plate); 5 Bowen ratio; 6 L, F>;
7 Fv, 8 F, i t SO mm;9Fi stored above plate; 10 1112
Windspeed 1,2, 3; 13 14 IS Air temperature 1,2,3;
Standard deviations

File name convention
For raw data: ddmmbynrn.pm whcic dd is day of
month, mm month Df year, b Bowen ratio data, y is 0
for 1990, 1 for 1991, etc^ n file number to be trans-
ferred, and m for Bowen ratio system of MJS (c for
Colin*! data). Date used is date data was captured
from datalogger or tape recorder. H03b01m.pm
where 0 is for 1990 and I lint file to be transferred.
Psychrometcr files are named: 1103p01m.pm and
iystitieter files 11031Dlc.prn. If Split is used for any
of these files (a 1 paiiago), file name convention is:
iiifHbm.ps 1 where b is forBowen ratio, m for Bowen
ratio system of MJS (c for Colin'i) and pi 1 for SPLIT
(pass 1); iii is lint day of year of data and fff lastDOY.

Following Una! Split, file name convention it:
dddeesbm.pi2 where ddd is initial DOY of data, eee
final DO Y, b for Bowen ratio data and y year.
Doy ofyear cmvtnjon
KonJcip_)!car31Jan: 31;28Feb: 59; 31 Mar 90; 30
Apr 120; 31 May: 151; 30 June: 181; 31 My; 212;
31 Aug: 243; 30 Sep: 273; 31 Oct: 304; 30 Nov: 334
Ijap4£eir31Jm:3I;29Feb:60;31Mjr:91;30Apr:
I21;31May. 152;30 June: 182;31 July:2i3;31 Aug:
244; 30 Sep: 274; 31 Oct 305; 30 Nov: 335

Tape meaiun:; lilicagcl; net radiometer dona; ilhEn;TCi*.
methanal; cation btuh; nnnli lacw driver, soldering iim;
•older, toolbox; Bowen taiio card; ipair tzpa (I C60'» «nd 2
C W f b d i bp f p
keyi fcr gile; spare batteriei; generator, peaol; Annum
hygnxn ctcr, distilled water, manual for numr, bur bnnh and
water for cleaning netndiefnclcr dcmnei
Hfciory and ate details (Cathedral Peak)
MUTCTI finl cleaned on 20/690 (DOY 171). Bin adjlalcd;
rcadjmlrd a week laSrr
Net radiometer (UNP); blown over between 13 and 20/SW)
(DOY 164 and 17 J). ReinflalEd dome, ttp laced till a gel und
moved bothradianeten away fitan ihadcnvi. CSIR'l mtlTor
cleaned on 16/JSO (DOY 197) and biaj of kodi lyitenu
BdjiWed Replaced domes of C3R'i net radiometer.
Canopy height it 2<V6/1 990 {DOY 1641 0.A m
Bowen ratio m u were 1,0 and 1,8 01 before 1 9/6/1 990 (DO Y
170). Heighb fur UNP lyitem literal to 0,7 and 1,5 m on
19/&9Q.
Adveetion TC'i (UNP) connected 10/4(90 (DOY 100),
Changed ihr lead wnra of TC2 and T O around on 19/6OT
(DOY 163).
AncroanetetifUNP)coraiectedlQ'4/S0(DOY 100)
CSER'i Bowen ratio raimr wai rccleaned on 16 July 1990
(DO Y197) and biai adjusted The UNP mirror wi i found to
be clean and the biai wai adjusted
FctrhBRiyitmuirei] ra from rood wi!habcut26m of uniform
fetch below the rad. The riparian jone ii about 145 m &om Ihe
md.
Burning cWu: 3CVB/90 DOY 2437)
Eddy coreliuicn with Bowen ratio companion: 6 and E
November 1990. On 6 Nov, h wii extremely windy bul
reasonably clcudleii; cm 8 Ncvember, cabn and icnnewhat
cioudleu. Main problem for both diryi wa) that the lew tide
oflhe icnic anoncndciErwai not connected to tow lide of the
fme wire ihennccauple.
llXxrtalmmbtritftl* cUhatrT. BHUNP S/N 6520(prcnu
391B. 392E "A 60 72 19160 ! « "B 20294 33OB0 97220
59355), BRCSIR W 5600 (pronu 391B 3S2E "A 31 64
19234 *B 10643 33080 97220 36855); 21X ryibneter logger
LYCSffi. sm 6537 (pranu 574/2 57V2 576/2 "A 70 100
19084 6ii* -B J967.0 65053 45425 52177); UNPPSY7X
logger S«15697(pmm405Biig 21136pmm406Diig 15318
pron4O8EBg456791/O357iigl2196)-AI6064-Bn802
211361531845679110CL 21XBrialnmnben of the new UNP
loggen: S/N S06S (picmi 6145, 6146. 6147) and S.N 8066
(pronu 6145,6146,6147) am ihc iabat type of2IX (iiandarj
deviation bmmctionF52replaced by F92)received 24/9/1990
Changed FROM's of UNP 21X data loggers on
23/9/1991: serial number 8539 top left chip changed
to 6146, top right 6145, bottom right 6070 with the
result that logger can download program to tape; aerial
number 6.520 top left chip kept 392E, top right 39 IB,
bottom right 40 IF has the old PKOM'i with the result
that logger can still download program to tape; serial
number 8512 top left chip changed from 6363 tofi 146,
top right kept chip 6145, bottom right changed from
6147 to 6070 with the result that logger can download
program to tape.

History and ike details (UNP metsrte tipper)
Msrnn finl cleaned on MTII9A (DOY 193). Biai adjutcd;
readjusted • week later
Replaced pump of BR2NEWDLD end June 1994.
Replaced pump of BRIOLD.DLD 13 July 1994. En-
tered in new active storage areas on 12 July 1994.
Definitions 114 for brlold.dld for table 1 for 1994;
214 for brlDld.dld for table 2 for 1994; 314 for
brlold.dld for table 3 for 1994; 124 for br2new.dld
table 1 for 1994; 224 for br2n£w.dld for table 2 for
1994; 324 for far2new.dld for table 3 for 1994; 134
brtcoZdld for table 1 for 1994; 234 for br3co2dld for
table 2 for 1994; 334 for br3co2dld for table 3 for
1994; 144 for ec'.dld for table 1 for 1994; 154 for
3dlower.dld for 1994; 164 for 3dappcr.dld for 1994;
174 for irt'.dld for table 1 for 1994
Use of storage modules
Data
The SM192 and the SM716 are identical except for
their storage capacity -which is 192 896 bytes (lix 32k
RAM chips), and 716672 byles (16 extra chips} re-
spectively. Up to eight datalogger pro grim i may be
stored on the SO.
To manually dump ill data in adala logger to i storage
module, use the necessary 9-pin connectors and type

the following at the datalogger:
•9 30 A (forSM192/716 storage modules - 31 for a
filemark)
1 A (start of dump); A (end of dump); 3 A (to start
dumping).
To diunp only the new data logger data, the pointer
corresponding to thestartofdumpbg has to have been
previously recorded. If this pointer is n y 45456, then
typing *9 3D A 45457 A3 A will transfer only thenew
data.
To routinely dump data to a SO permanently con-
nected to a datalogger, ensure that there is a P96
command with a 30 option (fortheSMI92/716 SMi).
Programs
Use the "D mode with option 71 (for store/load/clear
program from storage module):
lz to STORE program from logger to SO
2z to LOAD program from SO to logger
3z to clear program from SO
where z n a any number from 1 to 8 representing
program tLV.tr, Hi.Sn, for example, *DA 71A 24 will
transfer program 4 in SO to logger, *DA 71A17 will
transfer program 7 in loggerto SO; *DA 71A3S will
clear program 8 of the SO.
Pre-17 July 1994
Order of did programs in the storage modules: 1.
3t240S94.dld (3D lower); 2. 3u2J0594.dld (3D up-
per); 3. tsurEdld (IRT'i); 4. blr2iO5.dld (Bowen ra-
tio, system on the left - newer BR system); 5.
b2r240i.d!d (Bowen ratio, system on the right • Did
Cath Pcalcsyitem); 6.2I0grpc.dld (AMET 210 group
project on the met lite data collection). All of these
files, in this order were placed on the largest storage
module on 14 June 1994. This storage module was
connected to the second Bowen ratio system - this
should be checked.
Fost-17 July 1994
Order of did programs in the storage modules:
1. BRIOLD.DLD; 2. BR2NEW.DLD; 3 .
3DLOWERJ3LD; 4.3DUPPERDLD; 5. IRTDLD
M J Savage 13 July 1994 c:\eamp-
bell \pc208\bowen.chp boweno.wp c:Mype-
set\&campbeLsty
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Eddy comiaiicn n i t o n
Caut ion
1. Sonic anemometer can be permanently damaged if
t u b a get wet;
2. the 100 nun path length of ionic anemometers
allow icruor placcmcnthtjghtat 6rt 0.1 = 1.9 m above
canopy; 3. lunitalion in height is due to effect of
acoustic reflections off of vegetation and the fact that
only one eddy muit be sensed; 4. theory requires that
the mean vertical wind speed is 0 m s over the
averaging time period. Ii this assumption comet?
Theoiy

To convert w' T" In sensible h a t flux deniity Fi, in W
m'2:F* = £>I>owTwhtre£> = !pt£ifiehcat capacity
of air at constant pressure (= 1.010 J g"1 K'1) and De
= air density (g m'1).
Comment on the P62 covariance sratructini
It can be ihown that w7?* = w T - i*T,
Hfnvrvnr, Ihr pnv»"*w^ Vî hi>^^ w.aad T is defined
M C O V ( » , D = » r - i*T, which must also equal to
wT7.
System operation
Sonic anemometer (CA27) and fine-wire chfomcl-
constantan 127 TC are m onilored every 0,1 j , Covari-
ance imtruction P62 in then performed on Tint 2000
data points (corresponds to time interval of 200 s) and
these 200 s data are averaged 3 times in 10 min period
and sent to output storage. Thu can be altered for
convenience.

Distribution of atmospheric frequency and fluid
transport
Tanner (I9S8) states that distibulion of atmospheric
frequencies important to scalar transport is a function
of mean horizontal wind speed u, measurement height
r and atmospheric stability. From several studies,
range of interest is defined by: I0"3 < / r ' u < 10 where
/ i » frequency. For a given s and u, upper frequency
dictates sensor response and lower frequency the av-
eraging lime needed to include longer time periods,
Forr = 1 m, 10° u < / < 10 L.
Sensor accuracy

Apart from calibration factors provided for the sen-
sors, no manufacturers information was supplied with
regard to sensor accuracy. An absolute measure of
wind speed and air tempera tun is not required for the
calculation of sensible heal flux density. The TC
response is quoted as 30 Hz.
Instrumentation details
Main advantage of eddy correlation instrumentation
is that placement height of sensors can be much lower
than Bcrwen ratio instrumentation. However, Kaimal
(1975) showed that the minimum operating height is
dud where d is the spatial resolution of the sonic
anemometer. Limiting factor is loss of response to
eddies dimensionally smaller than sonic palhlength
(100 mm) (Tanner, 1988). Measurement height
should therefore exceed 2 m

Sonic anemometer
Primary limitation in measurement height is the effect
of acoustic reflections off of vegetation. The device
experiences offset drift with temperature changes be-
cause of transducers, precluding its use for absolute
wind speed measurempts. The calibration factor for
the senior is 1 m s'1 V and the resolution is 1 mm s
(equivalent to 1 mV). Sensors can sustain permanent
damage if wetted. Sensor current drain is 4 mA from
a 12 V battery. A100 mm path length limits measure-
ment to heights exceeding 2 m. However, Kaimal
{1991, personal communication) claim* that it is pos-
sible to place the tonic anemometer 1 m above the
canopy surface for which scnsibel heat flux density
measurements are required without having to apply
any corrections to the data. Alignment errors of verti-
cal anemometer or vertical placement over flat but
sloping surfaces causes fluctuation! in horizontal
wind speed to appear larger than normal fluctuations
in measured vertical wind speed.
Fine wire thermocouple

Temperature fluctuations are measured with a 13 urn
type E TC (with a frequency response greater than 30
Hz). The TC is referenced to temperature inside base
mount of sonic anemometer. Thermal lime constant
is about 20 minutes for reference junction. Shins in
reference temperature during 10 min averaging period
affect measurement af Fi, for sonicananomeler. Base
mount can be insulated to increase lime constant.
Absolute air temperature is not measured. The TC
plugs into a shaft on anemometer for easy Held re-
placement. Junction is 20 to 30 mm from sonic path.
Circuitry on sonic anemometer amplifies output sig-
nal o f the TC to 0 . 0 0 4 1 mV1 .
In the Limeij experiment, the fine wire thermocouple

on the smal number 1149 of the tonic anemometer
sometimes did not appear to make contact and the
value of 289 or thereabouts was notedforthe tempera-
ture fluctuation. It appeared as if the wire inside the
iherniocoimleshaftbadbecometwisted.Ononeaflhc
days, the temperature fluctuation was reasonable but
then indicated 289 for no apparent reason. Some
patience and care was required when the thermocou-
ple end was twisted while plugged in while the tem-
perature fluctuation was noted. When the fluctuation
decreased from 2B9 to a variable value, this was a sign
that the unit was functioning satisfactorily.
Simple check program for fine nire thermocouple
Then: are a number of checks that one should perform
on the sensors. At the back of the sonic anemometer
arm there is a green military connector. Connect a
wire between the A position of the connector and 1H
of the 21X. Connect another wire between the H
position of the military connector and lLof the2IX.
* 1 Table 1 Programs
01:0.2 s Execution Interval

01: P17 Panel Temperature
01; 1 Loc:

02: P14 Thermocouple Temp fDIFF)
01: 1 Rep
02:11 5mV fait Range
03:1 IN Chan
04:2 Type E (Chromel-Constantan)
05: 1 Ref Temp Loc
06:2 Loc:
07:1 Mult
08:0.0000 Officl

03: P End Table 1
Press *0 to compile and *6 A A to visw the actual
temperature of the fine wire thermocouple {not the
temperature fluctuation*). When placed in a labora-
tory, the temperature of the line wire thermocouple
should be fairly close to the datalogger panel tempera-
ture. Afinewire thermocouple temperature of-99999
indicates a disconectivity which would imply a dam-
aged thermocouple or a loose wire.
Systan checks
There ire two tests that onemay perform to determine
if the temperature signal is getting through to the while
electronic box and in turn to the datalogger:
1 (a) CARE IS NECESSARY IN ALL OF THESE
CHECKS AS THE FINE WIRE THEMOCOUPLE
CAN EASILY BE DAMAGED. The fust check in-
volves checking the actual thermDJuncticm and that
the wiring is correct At the fine wire thermocouple,
there are three thrrmojunctions. The main theimo-
junction (call it junction 2) is formed by the connec-
tion of the thin chromcl wire and the thin constantan
wire. There are two other thermojunctions: one
formed by the connection between the thin chrome!
wire and the thicker chrcutiel wire (call it junction 1)
and yet a third therntDJunction formed by the connec-
tion between the thin chromcl wire and the thick

Bare chromel

chitnncl wire (call it junction 3). Any temperature
changes near junction 2 will cause major changes in
the milivollagc signal viewed on the 2IX LCD (refer
to it u TEST 1). Any temperature changes near
junctions 1 and 3, because the wires making up these
junctions are of similar wires (thin chromcl and thick
chrome! wires in the case of junction 1 and thin
constanlan and thick canstanlan wires in the case of
junction 3), should not cause large changes in the
milivoltage signal viewed at the datalogger. If tem-
perature changes near junctions I and 3 do ciuae large
changes in the millivoltage signal, then there is a
problem with the Ihermojunction wiring. These tests
u referred to u TESTS 2 AND TESTS 3. The tem-
perature changes can be created by using a very small
heated needle that can be held close to BUT NEVER
TOUCH each of the thermojunctions in turn. If the
temperature increases near junction 1,2 and 3. in turn,
only cause msJDr increases in the temperature signal
occurs in the case of thomoj unction 2.
NOT£ ON HEATING:!wd a syringe for the small
needle. In Older to standardize things, 1 always heated
the tip ofthe needle for exactly 5 a and then waited 10
I before placing near a ihcrmajundion. For junction
2,1 always held the needle about 7 mm below the
junction with theneedle axis beingparallel to the thick
metal axis of the metal arm of the temperature sensor.
For junction 1,1 also held the needle about 7 ram
below the junction but with the needle axis perpen-
dicular to the metal axis ofthe temperature sensor. For
heating of junction 2,1 observed a more than 10 K
temperature increase. For junctions 1 and 3, the in-
crease was less than 2 K.

(b) One may check the wiring between the military
type connector at the metal arm of the sonic ane-
mometer/temperature sensor. Fintly remove the fine
wire thermocouple. Next, remove the four screws at
the back of the tonic anemometer base. Pry the mili-
tary connector away from its' seal (carefully). Care-
fully putt the wiring out to expose the wires at the
other end ofthe military connector. Locale the wire
corresponding to the label A (a black wire). Now
measure the electrical resistance (with a multimeter)
between the gold pin at the temperature sensor end
and connection point A of the military connector end.
The resistance should be a couple ofohms. Obviously
a large resistance means that there is an open circuit
between the two. Refer to this as TEST 4. Similarly,
measure the electrical resistance between the socket
(right near the gold pin) it the temperature sensor end
(with the sensor removed) and point H of the military
connector. Again, the resistance should be a few
ohms. If not, there is an open circuit. Refer to this ai
TEST 5.

The next check invotva opening up the white elec-
tronic box. Locale in the middle electronic circuitry
the H10 atrip and position 5. In some cases the strip
may be labellcdHlO but not in others. Thcnumbering
of the positions may be figured as follows; hold the
box with the two grey cable wires toward your body.

Bare constantan

Junction 1

Thicker
bare chromel

Junction 3

Thicker
bare constantan

Insulated
chromel

Insulated
constantan

Diagrammatic reprrsoitatkn (not to scale) ofthe Campbell Scientific CA27 Ene-wire
dirom cJ-cuiutantan thermocouple used as part of the eddy correlation system for the measurement of
air Uropentfure fluctuations
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The lint H10 position nearest your body it position 1
jind ths furthercst ii 5. The electrical resistance be-
tween the gold pin al the thermometer end (with the
thermocouple removed) and pin 5 of the H10 boird
should be very low. Refer to this as TEST 6. Ths
electrical resistance between ths socket at the ther-
mometer end (with the thermocouple removed) and
pin 4 of the H10 board ihould also be very low. Refer
to this as TEST 7.
1 (b) To check the sonic anemometer, get a 20 liter
driun and wrap sound absorbing material around the
inside. Place the anemometer in the drum and seal the
open end with cloth and towel material to absorb the
sonic signal. At the logger, view the signal from the
anemometer (input location number 1). The signal
ihould be less than 30 mV. Much larger than 200 mV
is cause far concern. Refer to this as TEST E.
It is possible to test the sign of the sensible heat flux
density using an eddy correlation system. Using a hat
air blower (- a hair dryer worts fine), blow upwards
to the top sensor (TEST 9). Al some distance from the
sensor J measured -300 W m for the lensible heal
flux density. Blowing downwards, ] m casured 3 DO W
m** sensible heat (TEST 10).
2. It may be better Ihat the reference thermocouple of
the fine wire temperature sensor is al the datalogger
and not at the reference in the base of the sonic
anemometer. This would mean rewiring the tensor. In
the meantime, ilmay be best to improve the insulation
on the reference thermojunction. Remove the four
screws at the base of the sonic anemometer arm.
Carefully remove thewiring (two thick grey wires and
a number of thinner red and black wires). Follow the
one set of red and black wires until there is a foam
rubber insulation covering tied with two cable lies.
Cut the lies and remove the insulation. Replace the
insulation with insulation of the same type but double
the thickness. Get another set of cable ties to replace
those thai were cut off.
3. Construct, from perspex, a protective caver for the
sonic anemometer. The perspex would need to be
roughly the iame shape as the anemometer with two
amall screws to keep the unit attached to the anenomt-
ter.
Data logger program
Program: cddygjc.dld 23 March 1992 for eddy corre-
lation for sensible heal flux density only. ND other
seniors other than a sonic anemometer and a fine wire
thermocouple have been allowed for.
The factor of 1200 = p Cj, where p is the density of air
(kg ni'1 and cF is the specific heat capacity of air (J
kg'1 K ) may need to be altered for air temperature,
water vapour pressure and atmospheric pressure:
p=2934.7773 4831451 (7>273.15H0.2S362157;i)]
where TV is the avenge air temperature in °C and ft a
the altitude in m
and
Cf = 1,0047226 + 1.148154 *e'P
where c is an average water vapour pressure (in kPa)
and P is the atmospheric pressure (kPa). If in doubt,
usejrf= 25 t a n d e'P = 0.01.
For Texas, Tj = 23 "C, e'P - 0.01 and h - 100 m so
thatp= 1.17kgm"J and eJ>=1016.2iJkg' tir tSD that
p c , = 1188.97 I m J K"1 which is equivalent to
iTo.001 * 0.004 pcf = 0.06896 .
For an altitude of 700 m, p c, - 1113.85 J m'3 K'1 or
•fO.001 » 0.004 p cf = 0,06671.
Table 1. The numer of samples per average for two,

ndent on the execution

Execu- "tf Sample/av Somplc/av Sample/av
lion time time" -erage -erage -enge

(s) time for 3 av- for 2 av- for 4 «v-
interval erages erages erages
(min)

Flag Usage:
Input Channel Usage:
1 H: sonic anemometer sensor
1 L: temperature sensor
Excitation Channel Usage:
Continuous Analog Output Usage:
Control Port Usage:
Pulse Input Channel Usage:
Output Array Definitions:

• 1 Table 1 Programs
01:0.2 s Execution Inicrvil

01: Fl Volt(SE)
01:2 Reps
02:15 5000 mV fait Range
03: 1 IN Chan
04: 1 Loc:
05:0.069 Mult0.001m/(smV);0.004K/mV; 1200

= P£>
Multiplier is the square root of 0,001 * 0.004

• 1200 to yield F* in W r o -
06:0.0000 Ofisel

02: P92 If time is
01:0 minutes into a
02: 5 minute interval
03:10 Set flag 0 (output)

03: Pfi2 CV/CR(OSX-0)
01:2 No. of Input Values
D2: 2 No. of Means
03: 00 No. of Variances
04: 00 No. of Std. Dcv.
05:1 No. of Covarianca
06: 00 No. of Correlations
07:0.0000 Samples per Average; Mike this 500 for

three subintcrval averages, 750 for two averages and
375 for four averages during the If time 5 min interval.

08: 1 First Sample Loc
09:3 Loc:

04: P77 Real Time
01: 110 Day,Hour-Minute

05: P70 Sample
01:3 Reps
02:3 Loc

06: P71 Average
01:3 Reps
02:6 Loc

07: P End Table 1
Sensor conncdians for 2IX for two eddy
corrcsntiaR systems
Analngue (single-ended measurements)
1 H Sonic anemometer CA27 number one (serial
number 1147) green
1 L Fine wire 127 TC while
1 ground black
2 H Sonic anemometer CA27 number one (serial
number 1149) green
2 L Fine wire 127 TC whits
2 ground black

4 H Net radiometer + red
4 L Net radiometer - blick
5 H Soil temperature TC chrome) purple
5 L Soil temperature TC constanlan red
6 H Soil flux pUtefll high red
6 L Soil flux plate #2 high red
6 G Soil flux plates ground black
7 H 207 Temp red
7L207RH white
7G
3H
8L
8G
9H
9G
Pulse pnrt«
1 2 3 Wind anemometer

green/orange or purple
red
red

blue
red

blue

1 Switched analogue out for 207 RH probe
black

PA77 <rmir anffmnnielgr an rnnnffrltrmt
Power cable
Red 7 to 12 V unregulated power supply; blick power
supply ground
signal cable green wind signal; white temperature
signal; black signal ground; clear shield
VT47O Vfypiftn fiyprnTnHFT enrnneglErmt
Red 12 VDC; black power ground; white signal (0 to
5.2 VDC); black signal ground; clear shield
Day of year conversion
Nan-leap vear31 Jan: 31; 28Feb: 59; 31 Man 90; 30
Apr: 120; 31 May: 151; 30 June: 181; 31 July: 212;
31 Aug: 243; 30 Sep: 273; 31 Oct 304; 30 Nov: 334
Leap year31 Jan: 31; 29 Feb; 60; 31 Mar 91; 30 Apr:
121; 31 May: 152;3DJune: 182;31July:213;31 Aug:
244; 30 Sep: 274; 32 OcU 305; 30 Nov: 335

M J Savage c:\cairjpbc!IVdocupTOg\edctytajnu.txt
c:\campbeIl\docunraeVeddytarnuxhp
4 June 1992
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