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Abstract

Mean annual precipitation (MAP) and mean monthly precipitation (MMP) are two of the most widely used variables in hydrological design,
water resources planning and agrohydrology. The use of short-term records can bias estimates of MAP and MMP significantly. Such bias is
‘more pronounced in semi-arid regions which cover much of South Africa. The objective of this study was to estimate appropriate record
lengths for good estimates of MAP and MMP in 24 regions covering South Africa.

The results of this study are presented in tabular form for one of the regions and also as a map of South Africa on which appear the 24
regions. A regional delimitation of the number of years of record required in order to produce an estimate of MAP which is within ap-
proximately 10 per cent of the long-term mean, 90 per cent of the time is presented on this map.

Introduction

The importance of mean annual precipitation (MAP) as an index
in hydrological applications may be gauged by the numerous
examples mentioned below. MAP is an index which is used to
characterise overall climate and moisture status of a catchment. It
has a major influence on both soil conditions and their drainage
characteristics (Bedient er al,, 1978) and is a dominant factor in-
fluencing type and condition of vegetation. MAP was used by Pit-
man (1980) as a basis for the regionalisation of Namibia into
homogeneous meteorological zones. He also related the frequency
of accurrence of severe storms and amount of rainfall per event to
MAP. Midgley and Pitman (1969) used MAP in the estimation of
mean annual runoff (MAR) and Midgley and Pitman (1978)
used MAP in their depth-duration-frequency relationships for
point rainfall in South Africa. In this capacity alone MAP must
surely be used many hundreds of times per year in southern
Africa. Pitman (1973) expressed the rainfall input to his well-
known monthly streamflow estimation model in terms of MAP
and Pitman and Stern (1981) used MAP in the same role in
Namibia. MAP was used by Seeber (1983) in an extreme-
value expression for the determination of the cumulative distribu-
tion of point rainfall rate, in a model for use in the telecommunica-
tions industry.

Schulze (1984) used the streamflows from Pitman ez al. (1981)
and related MAR to MAP through regression analysis in 21 runoff
regions in Natal to then map MAR using MAP as the only predic-
tor. An underestimation of 10 per cent in a catchment MAP of
1 300 mm was shown by Midgley and Pitman (1969) to underesti-
mate"MAR by 26 per cent in the Drakensberg. Boughton (1981)
found that MAR varied from 100 mm to 530 mm for an MAP
variation from 850 mm to 1 700 mm in the Upper Condamine
River Basin, Australia and that variations of 20 per cent in MAR
for 10 per cent change in MAP are common.

In the field of agrohydrology, MAP has been used extensively.
Eragrostis curvula yield was expressed as a function, snzer alia of
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MAP by Jones (1982). MAP and other variables were used by
Brockett (1982) to obtain a function for kikuyu yield. Jones et al.
(1980) expressed a minimum percentage fodderbank accumulation
in terms of MAP and other variables. Schulze (1983) used recom-
mendations from the Department of Agriculture and Fisheries
(1981) and then developed regional regression equations which in-
cluded MAP in order to enable the mapping of average first burn-
ing dates of veld in Natal. MAP was incorporated as one of their
criteria for determining optimum growing areas for pineapples by
Nield and Boshell (1976), whilst Schulze (1983) obtained correla-
tion coefficients typically of 0,84 when he related first planting
dates for maize to MAP in Natal. MAP, altitude, temperature and
duration of soil moisture deficit were used by Schonau (1982) in
order to determine criteria for optimum growth of various timber
species.

It is evident from the above that good estimates of MAP and
mean monthly precipitation (MMP) are of fundamental concern in
a number of fields. The choice of the appropriate period and
record lengths for the estimation of MAP and MMP in South
Africa is therefore important. This study was instituted with the
objective of answering these questions. Such findings were to be
used ultimately in a project to map MAP and MMP in South
Africa.

Mapping long-term rainfall statistics

The statistics MAP and MMP are really useful when they are
presented as areal estimates. Such areal estimation of long-term
rainfall, from point measurements, is therefore an important pre-
requisite to the use of this fundamental hydrological variable in,
for example, distributed modelling and agricultural land-use plan-
ning. It is therefore necessary to estimate and then extrapolate and
interpolate these variables in space.

It is not only essential to have a good estimate of the population
statistic, for example of the MAP, at a few rainfall stations but it is
also desirable to have a comprehensive spatial and representative
altitudinal distribution of stations with an acceptable record
length, before attempting to achieve a good areal estimate of long-
term rainfall. It is reasonable to expect that increasing the length of
the rainfall record at each station will improve the spatial distribu-
tion of rainfall stations which meet any record length criterion.
This point is illustrated aptly in Fig. 1, which depicts the location
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of stations which would qualify for inclusion, should 10, 20 or 40
years’ minimum record length limits be set. In addition to the im-
proved two-dimensional spatial distribution shown in Fig. 1 the
altitudinal representation should also be considered. Fig. 2 depicts
the cumulative frequency distribution of the rainfall station
altitudes and the grid point altitudes for the area shown in Fig. 1.
The dearth of stations in the higher altitudes of, for example the
south-western Cape region, is noticeable and is of concern when
regression techniques to estimate MAP using inter alia altitude are
applied, particularly where the regression equations-are used to
estimate MAP beyond the altitude range of rainfall stations for
which the regression equation was developed in a region.

The rainfall record may be lengthened beyond and prior to the
period of active recording at the station and gaps in the record fil-
led in to produce the same effect on the distribution of stations
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Figure 1
Spatial distribution of rainfall stations in the south-western Cape with
record lengths of more than 10, 20 and 40 years.
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which meet a record length criterion as would the lowering of the
record length criterion itself.

The choice of the period of rainfall record and its length is not a
straightforward matter. There are three aspects to this question
whiich require detailed consideration, viz.:

® the length of the base period;

® the start and end years of the base period, or alternatively; and

@ the acceptability of having no fixed period as long as the span
of the record is long enough.

Whilst reviewing these questions it is important to reflect on the
following extracts from Dyer and Tyson (1977), the World
Meteorological Organisation (1974) and Dunne and Leopold
(1978). Dyer and Tyson (1977) state that: “No evidence can be
found to show that South African rainfall has increased or decreas-
ed progressively throughout the period of meteorological record.
Instead quasi-periodic fluctuations appear to have persisted
throughout the period” (p. 145). This may be interpreted as im-
plying that it does not matter when one takes one’s period of
record so long as it is of sufficient duration to have spanned
enough of the “quasi-periodic fluctuations™ that their influence
does not affect critical statistics. The World Meteorological
Organisation (1974) states that the choice of the optimum base
period for MAP estimates is “a period long enough to represent a
good sample of record through time. Too short a period may be
unduly influenced by a particularly dry or rainy period. Too long a
period will require too much synthesis of record” (p. 5.3) and will
most probably result in having to use a poor network of rainfall
stations.

Dunne and Leopold (1978) made a significant contribution to
the discussion on the base period: “By international agreement,
the average climate of the world used to be defined as the average
value of precipitation, temperature and other variables for the
period 1931 to 1960. As the period of observation was extended
forward and backward in time, it became apparent that the period
1931 to 1960 had one of the most abnormal climatic regimes in the
last several hundred years. The average climate of a place is now
generally updated each decade to another 30-year period, 1941 to
1970, 1951 to 1980, and so on. Many published records and atlas
maps, however, are based upon data from 1931 to 1960 and they
should be checked against older and more recent information
wherever possible” (p. 71).

On the existing 1:250 000 isohyetal maps of southern Aftica it is
stated that the MAP is for the period 1921-1960. A study of the
rainfall record length and period for stations in several regions
revealed that the records at these stations must have been “nor-
malised” in order to allow the station to be used for the isohyetal
mapping exercise, bearing in mind the 40-year base period from
1921 to 1960. Such a normalisation technique generally involved
the determination of the ratio between the annual rainfall at the
station to be normalised and a long-term station (covering the base
period). This ratio was then used to estimate annual totals for the
“missing” years at the station with the short record. Such a techni-
que, which is a rudimentary form of linear regression, has several
shortcomings, notably that the variance of the synthetic annual
values is considerably reduced as stated by Matalas and Jacobs
(1964) and Zucchini and Hiemstra (1984). The reduced variance of
the synthetic data impairs the use of these data in regression
analyses where the variance of the annual totals is used in the
weighting of the input variable MAP. In addition the usefulness of
one of the most important by-products of this study, namely the
synthetic monthly rainfall data, would have been reduced, had the
normalising technique been applied, since the variance of the
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Cumulative frequency distributions of rainfall station altitude and
grid point altitude for rainfall stations in the south-western Cape with
record lengths of more than 10, 20 and 40 years.

monthly rainfall record is vital, if used for example in any rain-
fall/runoff modelling for the purposes of assessing water resources.

Several preliminary studies revealed the paucity of rainfall sta-
tions with 30 or more years of record and thus made it imperative
to review the concept of a fixed long-term base period. It was
decided that the best possible estimate of the population statistic at
a rainfall station was to be gained by using the data at that station,
irrespective of the start and end years of the rainfall record period,
provided of course that the record was sufficiently long.

It therefore remained to establish a minimum record length of
annual totals in order to calculate a reasonable estimate of the long-
term MAP and MMP. Furthermore it was necessary to determine
whether this minimum record length varied from region to region.
Knisel er al. (1979) suggest that the use of short-term records can
bias estimates of MAP significantly and that this bias is more pro-
nounced in semi-arid regions. Large parts of South Affrica are
semi-arid. Numerous studies on South Africa’s annual rainfall
have shown the apparent persistence of high and low periods (for
example Dyer, 1976; Hall, 1976; Dyer and Tyson, 1977; Dyer and
Gosnell, 1978). Rawson (1908), cited in Dyer and Tyson (1977)
and discussed by Louw (1982), reported a 19-year oscillation in the
position of the Atlantic and Indian Ocean anti-cyclones for the
period 1841 to 1906. Nevill (1908) found an 18 to 20-year oscilla-
tion to be present in Natal for the period 1850 to 1908. Hall (1976)
analysed the growth rings of a tree felled near Pietermaritzburg in
1910 and suggests that a quasi 20-year oscillation was evident from
the width of growth rings from 1910 back to 1750. Dyer and
Gosnell (1978) found a significant long-term oscillation with a
mean wavelength of 19,2 years in the sugarcane belt of Natal. Dyer
(1976) used the quasi 20-year oscillations in order to estimate ex-
pected future rainfall in selected parts of South Africa. Whitmore
(1962) reported “a significant degree of persistence” in the annual
rainfall of South Africa. Louw (1982) found oscillations of 18 years
and shorter in the South African annual rainfall record. Research
conducted by Bramley (1980) in Zimbabwe on annual rainfall

:showed a 19 to 20-year periodicity in Harare, an 18-year periodici-

ty in Gweru and a 27-year periodicity in Bulawayo.

The fact that the existing 1:250 000 scale isohyetal maps
employed a 40-year base period combined with the apparent
tendency for a periodicity around 20 years in the annual rainfall
led to the decision that, initially, a minimum record length of 40
years be considered. However, it became apparent during the
study that parts of the country are not represented realistically
with rainfall data, if only the stations with 40 years or more of

‘record are considered. It was evident that some relaxation of this

record length criterion was necessary in order to achieve an accep-
table spatial distribution of stations. However, such a reduction
was not to lead to a poorer estimate of the mean. It was felt that the
resultant inclusion of vital stations would certainly lead to more
realistic isohyetal estimates than if those stations had been omitted.

Determining the upper limits of the percentage
error of the short-term mean

The problem of estimating the error of the estimates of the mean
may be approached from a purely statistical point of view if it is
assumed that the distribution of errors of estimating the mean is a
function of the t-distribution. Under such an assumption the stan-
dard error of the estimate of the mean (sem) would be

sem =/ §2/N

s2 = variance of the observations
N = number of observations

In this study no assumptions were made regarding the dis-
tribution and the analysis proceeded as outlined below.
A first step in the proposed relaxation of record length was to
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Figure 3
Record lengths required to ensure that the mean of annual rainfall
estimates to within 10 per cent of the long-term mean, 90 per cent of
the time

determine the possible error, in the estimate of the long-term
mean, which would be introduced if shorter term means were to be
used. The rainfall stations were grouped according to the 24 major
rainfall regions of southern Africa proposed by Welding and
Havenga (1974) and shown in Fig. 3. Thereafter all the stations in
each region which had more than 40 years of record were selected.
Moving “windows” of 5, 10, 15, 20, 25, 30, 35 and 40 years were
passed through the data and the MAP and MMP were calculated
for each of these windows. The difference between this short-term
(window) mean and the long-term (>40 year) mean was then ex-
pressed as a percentage of the long-term mean. The 80 and 90
percentile limits of these errors were established for each of the
windows, i.e. the percentage error, both positive and negative that
may be expected to be exceeded on 20 and 10 per cent of occasions,
respectively, if a shorter record were to be used to estimate the
long-term mean. A table similar to that shown in Table 1 was com-
piled for each of the 24 major Welding and Havenga (1974)
regions. These tables are presented in Dent ez al. (1989).

Summary and conclusions

It is evident from Fig. 3 that the length of record required varies
from region to region. As may be expected, the length of record re-
quired in the more arid regions of southern Africa is longer than
that required in the wetter regions. However, it should be noted
that the expression of the possible error in per cent may be
somewhat misleading. For example when consulting Table 1 the
percentage possible error at the 90 per cent confidence level of 13
per cent for the 10-year mean may seem high. However, this possi-
ble error should be seen in the light of the improvement in the
estimate of the mean that can be expected from a 40-year record.
The improvement would only be 9 per cent. The corresponding

96 ISSN 0378-4738=Water SA Vol. 16 No. 2 April 1990

reduction in the spatial and altitudinal coverage of stations would,
on the other hand, be drastic in most cases.

The use of percentages to express the “error in the estimate” has
a disadvantage in that a 10 per cent error in MAP in the Karoo
may only be equivalent to 20 mm whilst a 10 per cent error in the
Drakensberg may be 150 mm. The only “solution” to this dilem-
ma is to bring the above-mentioned points to the attention of the
reader so that the results of these analyses are interpreted correct-
ly. In some of the drier months the percentage errors show
anomalous trends with respect to the record lengths. This “ap-
parent error” may be attributed to the high variability of rainfall in
the dry months.

After completion of the above-mentioned studies and having
gained experience in mapping the statistics of rainfall it became ap-
parent that the question of the minimum length of record was one
which cannot be answered unequivocally. Generally the objective
was to use an estimate which, at the 90 per cent confidence limits,
yielded a probable error of less than 10 per cent.

The results of this study have many practical applications since
the rainfall index MAP has numerous uses which have been
outlined in the introduction to this paper. The major purpose of
the study, however, was to provide, on a regional basis, guidelines
for the minimum acceptable record length for rainfall stations
whose data were used subsequently to map MAP and other rainfall
statistics over southern Africa. The techniques and results of that
mapping study are reported by Dent e al. (1989).
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