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Executive Summary

This research project aimed to use atmospheric and ocean general circulation models to
better understand the variability of the South West Indian Ocean, a region known to sig-
nificantly influence southern African rainfall and also extreme event characteristics in the
region. An eddy-permitting regional ocean model was applied towards understanding the
mechanisms by which ocean variability in the region may arise. This variability then im-
pacts on regional sea surface temperature which influences evaporation, weather system
development, moisture transport over southern Africa and hence rainfall. An atmospheric
general circulation model was applied towards studying the influence of warm and cool
anomalies in the South West Indian Ocean on southern African seasonal circulation and
rainfall pattern. Finally, a regional model was used to model the evolution of an extreme
rainfall event over southern South Africa and to investigate the influence of low level
moisture emanating from the Agulhas Current region.

In summary, the atmospheric modelling results confirm that the South West Indian Ocean
is an important source of moisture for seasonal rainfall over southern Africa, when
warmer than average sea surface temperature may have a significant influence on extreme
weather evolution and tends to lead to drier (wetter) rainfall seasons over the eastern half
of South Africa when cooler (warmer) than average. This information may be particularly
useful for seasonal forecasting interpretation and development. The ocean modelling in-
dicated that the southern Agulhas Current is a highly variable region on meso-. seasonal
and interannual scales. The associated anomalies in heat transported into the southeast
Atlantic by the current may influence the evolution of weather systems approaching
southern South Africa as well as influence both winter and summer rainfall variability
over the country.

The project was successful in terms of the achievement of its objectives, which were ex-
tended to address the influence of the larger South West Indian Ocean region instead of
the Agulhas Current region only. The project was also very successful in terms of pro-
ducing peer-reviewed publications and conference presentations. In addition, two PhD
students were supported by the project funds, helping to build local capacity in atmos-
pheric and ocean modelling. Two workshops were held during the project attracting par-
ticipants from several institutions in South Africa.

Acknowledgements

We thank WRC for funding. Arne Biastoch and Marjolaine Kxug assisted with ocean
model diagnostics. Ross Murray assisted with AGCM diagnostics. The project benefited
from the input of the steering committee members (Profs Tyson, Jury, van Heerden,
Hewitson and Dr Rautenbach) as well as international collaborative links with CSIRO
Atmospheric and Marine Research, United Kingdom Meteorological Office, Australian
National University and the University of Melbourne.



Table of Contents

1. Introduction

2. Modelling meso- to interannual variability in the Agulhas
Current and inter-ocean exchanges south of Africa using
an eddy-permitting model

3. Modelling the atmospheric response to an idealised SST
anomaly in the South West Indian Ocean using a general
circulation model 22

4. Using a regional atmospheric model to investigate moisture
Sources during the storm of December 1998 32

5. Conclusions and recommendations 47

6. Refereed publications to which this project contributed 47



1. Introduction

This report presents atmospheric and ocean modelling work aimed at firstly, quantifying
and better understanding the inherent variability of the South West Indian Ocean region,
including the Agulhas Current, and secondly, assessing the potential influence of this
ocean variability on South African weather and climate patterns. It builds on numerous
previous papers (e.g. Walker, 1990; Mason, 1995; Reason and Mulenga, 1999) that have
provided strong observational evidence for a link between sea surface temperatures in the
South West Indian Ocean and South African rainfall.

Given this previous work and the underlying premise that variability in the South West
Indian Ocean significantly influences atmospheric circulation patterns and rainfall over
large parts of South Africa, we begin by considering the inherent variability in the Agul-
has Current region as diagnosed from an eddy permitting ocean circulation model. This
analysis is then followed by applications of atmospheric models towards better under-
standing South African weather and climate patterns influenced by the Agulhas Current.
A concluding section synthesises the work and provides recommendations for future re-
search.

2. Modelling meso- to interannual variability in the Agulhas Current and inter-ocean
exchanges south of Africa using an eddy-permitting model

2.1 Introduction

Exchanges of water south of Africa between the South Indian Ocean and the South At-
lantic Ocean are an important component of the global thermohahne circulation (Gordon,
1986) and impact on South African climate (e.g., Reason, 1998). These exchanges are
predominantly driven by components of the southern Agulhas Current (Gordon, 1985).
They come about through the formation of Agulhas rings at the Agulhas retroflection
(Lutjeharms and van Ballegooyen, 1988) as well as other, smaller exchanges by circula-
tory features such as Agulhas filaments (Lutjeharms and Cooper, 1996). It has been sur-
mised that a considerable exchange also takes place (Gordon et al., 1987) by throughflow
of water masses that are not directly related to any mesoscale dynamics such as eddies,
rings or filaments. It has aiso been suggested that the exchange is not a uni-directional af-
fair, but that a considerable amount of water may recirculate in a gyre connecting the two
ocean basins (Gordon et al., 1992). A detailed review of what is known about the flow
components of the greater Agulhas Current has been given by Lutjeharms (1996). All
these flow elements contribute in various proportions to what amounts to a key part of the
global heat balance of the ocean. The rate at which heat and salt is exported to the South
Atlantic by Agulhas rings has, for instance, recently been shown in a model (Weijer et al.,
1999) to influence the rate of meridional overturning in the North Atlantic.

Estimates of the rate of mass and heat exchange south of Africa have varied and it has
been extremely difficult to verify these in any reliable manner. Results to date have been
comprehensively reviewed by De Ruijter et al. (1999). Most of the heat flux may be car-
ried by upper and intermediate layers since the temperature and therefore the heat content
of these water masses is highest (Valentine et al., 1993), but this makes reliable estimates
even more difficult because of the extreme mesoscale variability that has been observed
in these layers at the Agulhas retroflection. Some estimates of heat and salt flux have
therefore concentrated on that brought about by a specific component of the system only.
In this way the heat flux due to Agulhas ring water (i.e., warmer than 10° C) has been es-
timated to be 0.945 PW and the salt flux at 78 * 1012 kg/year (Van Ballegooyen et al.,
1994). The salt flux due to Agulhas filaments has been estimated as about 9 % of that of
rings (Lutjeharms and Cooper, 1996). However, the range of estimates by different
authors is substantial (viz. De Ruijter et al., 1999). These differences may be due to dif-
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ferent estimation methods used, different assumptions made in calculating the fluxes
(e.g., the average number of Agulhas rings shed annually), but may also result from the
inherent variability of the system itself on intra-annual, interannua! and longer time
scales.

Attempts to observe the potential variations in the fluxes in the region have been carried
out by placing a line of monitoring instruments on a line across the expected path of
Agulhas rings (Duncombe Rae et al., 1996; Garzoli et al., 1996; Garzoli et al., 1997; Goni
et al., 1997). In a forthcoming monitoring programme, there are plans to enhance previ-
ous efforts by one consisting of a more closely spaced line of moorings, placed closer to
the origin of the rings (D. Byrne, personal communication). The results from these obser-
vational programmes will contribute towards quantifying the fluxes, but regrettably do
not include all aspects. For instance, components such as the Agulhas Return Current,
which transports water back into the South Indian Ocean (Lutjeharms and Ansorge,
2001), and the mixing of rings before they reach the moorings, have not been considered
so far.

Similar to its predecessors, the KAPEX (Cape of Good Hope Experiment) observational
programme was partially motivated by the need to estimate the exchanges between the
South Indian and the South Atlantic Oceans and particularly those at intermediate depths
(Lutjeharms et al., 1997; Boebel et al., 1997). The results from this float study (e.g. Boe-
bel et al., 2001a; Boebel et al., 2001b; Lutjeharms et al., 2001; Schmid et al., 2001) have,
for the first time, shown the extreme complexity and variability of all components of the
exchange at intermediate depths in the southern Agulhas Current and South East Atlantic
Ocean. Taking into consideration the results from the BEST programme (e.g. Garzoli et
al., 1997), as well as recent observations from the MARE (Mixing in Agulhas Rings Ex-
periment; Lutjeharms et al.. 2000) which have shown that Agulhas rings extend to the sea
floor (C. Veth, personal communication), there are sufficient reasons to expect this vari-
ability to extend throughout the whole water column in the extended Agulhas retroflec-
tion system.

Given the challenges and uncertainties of observational programmes like those described
above, it is clear that model based diagnostics of the inter-ocean fluxes are essential. As a
first step in this direction, a model designed especially for the Agulhas system (Biastoch,
1998), which has already been shown to realistically simulate mesoscale features of the
system (e.g. Biastoch and Kraufi, 1999), has been used in this initial study of the inter-
ocean heat and volume fluxes and their seasonal to interannua! variability. Where possi-
ble, these model results are compared with fluxes estimated across WOCE lines south-
west of South Africa.

2.2 Data and methods

The results presented below were obtained from a twelve year post-spin up integration of
the regional eddy-permitting model of Biastoch and KrauB (1999) which is based on the
Modular Ocean Model (MOM version 2, Pacanowski, 1996) developed from earlier ver-
sions of the GFDL global ocean model (Bryan. 1969; Cox, 1984). The model domain ex-
tends over the South Indian and South Atlantic Oceans from 65-6.5°S and 60°W to 115"E.
Within the SW Indian and SE Atlantic Oceans (20°W - 70°E) of interest here, the hori-
zontal resolution is 1/3° x 1/3° (i.e., eddy-permitting with a grid spacing of 30 x 37 km at
35°S for example), while outside this region it gradually coarsens in the zonal direction to
reach 1.2" at the meridional boundaries. This region of finer resolution in the SW Indian
and SE Atlantic Oceans allows the model to represent larger mesoscale features like
Agulhas rings but not much smaller scale features such as Natal pulses. As discussed in
Biastoch (1998) and Biastoch and KrauB (1999), the model simulation contains a range
(in both size and timing) of cyclonic and anticyclonic eddies. The model Agulhas rings
are comparable in size and timing to observations, although the rotation and translation



velocities are towards the lower end of observed values. About 2-4 model rings per year
occur at the retroflection zone, which is less than the observations of Byrne et al. (1995)
and Duncombe-Rae et al. (1996). However, due to splitting and other interactions in the
Cape Basin, 4-6 model eddies per year cross the WOCE Al I line in the Cape Basin
which is more realistic. The model produces a realistic spatial distribution of eddy kinetic
energy, although its magnitude tends to be too low in mid- to high latitudes compared to
observations as is expected for a model of this resolution (Smith et al., 2000). Given these
aspects of the model and its resolution, the term "eddy-permitting" has been used in this
paper rather than the more commonly used term "eddy-resolving".

In the vertical, there are 29 levels from the surface to a realistic bottom topography (Fig.
1 of Biastoch and KxauB, 1999) that resolves important features like the Walvis and
Southwest Indian ridge, Agulhas Plateau and Bank etc. Near the surface, the layers are
15 m thick in order to better resolve the mixed layer and thermocline, and this vertical
grid coarsens to 250 m at deep levels. This grid is a compromise between the desire to
represent the mesoscale variability of the Agulhas Current system on interannual time
scales while allowing regional water mass formation and exchanges to take place without
exorbitant computational cost.

A regional model such as this necessarily includes several open boundaries (Drake Pas-
sage, Indonesian throughflow, equatorial Indian and Atlantic Oceans, and the SE Indian
Ocean south of Australia) where it must be connected to the rest of the ocean. As dis-
cussed in Biastoch and KxauB (1999), this is best achieved through means of the open
boundary condition formulation of Stevens (1990) so that waves and other disturbances
can propagate out of the domain and will not be reflected at the open boundaries. In this
formulation, the linearised horizontal momentum equations are used to calculate the
baroclinic velocities at the open boundaries so that the vertical current shear may adjust
to the local density gradients. Heat and salt are transported out of the domain using a ra-
diation condition plus advection if the normal component of the velocity at the boundary
is directed outward. For those boundary points where the normal velocity is into the do-
main, restoring of temperature and salinity to the monthly climatology of Levitus et al.
(1994) and Levitus and Boyer (1994) occurs. Information about the barotropic circula-
tion in the rest of the World Ocean is supplied to the model by prescribing the barotropic
stream function at the open boundaries from the POCM_4A run (Stammer et al., 1996) of
the Parallel Ocean Climate Model of Semtner and Chervin (1992).

Horizontal sub-grid scale diffusion and viscosity are parameterised using a biharmonic
operator with respective tracer and momentum coefficients Ah = Am = -2.5 x 1019 cm4 s"1

which are constant in the eddy permitting part of the domain and then scale according to
the third power of the zonal resolution elsewhere. The latter is done because of the strong
dependence of numerical stability on the biharmonic coefficients. In the vertical, a con-
stant Laplacian mixing parameterisation is used for both tracers and momentum (kh = 0.3
cm2 s"1; km = 5.0 cm2 s"1).

Wind and heat flux forcing derive from the monthly climatology (Barnier et al., 1995) of
the ECMWF model for 1986-1988 while the surface salinity is restored on a 50 day time
scale to the Levitus et al. (1994) climatology. Implementation of the heat fluxes is via the
Haney (1971) parameterisation with restoring to an apparent atmospheric temperature
using the Han (1984) time and space dependent coefficients. Shortwave radiation is im-
plemented as a direct penetrative insolation and the cube of the friction velocity is used
to drive a simple mixed layer model of the Kraus and Turner (1967) type.

The model is initialised with potential temperatures and salinities from the Levitus
WOA94 dataset (Levitus et al., 1994; Levitus and Boyer, 1994) and spun up from rest
for 30 model years with a time step of 1/2 hour. At this stage, the wind-driven circulation
is stationary with a seasonal cycle. There is of course a slow drift remaining in the tern-



perature and salinity (particularly at depth) since the thermohaline circulation takes thou-
sands of years to adjust - achievement of equilibrium conditions at this resolution is im-
possible with current computing facilities. However, the general circulation and interme-
diate to upper ocean water masses are well represented. The model has then been inte-
grated for a further twelve years after this spin up and it is the results from this integra-
tion that are analysed below.

The results of interest here are heat and volume fluxes averaged over the years of post-
spin up along various transects in the region south of Africa and assessment of the meso-
scale to interannual variability of these and other parameters. The heat and volume fluxes
are calculated from 5-year statistics after the spinup (i.e. for years 31 - 35). Thus, the
zonal heat transport through an arbitrary section was calculated from the averaged cor-
relations as

0 +<j 0 ^v 0 1*v

apcp\\u6 d(f>dz = apcp\lu0 d<f>dz + apcp\ \ u'&' d<j>dz

where a is the Earth's radius, p potential density, cp specific heat capacity, u zonal ve-

locity, 0 the potential temperature between the latitudes $s and $N and primes and

overbars indicated eddy components and averages respectively. Thus, the total heat
transport can be split into the mean flux (first term on the RHS) and an eddy flux (second
term). Similar formulae were used for the meridional heat transport and for the volume
transports.

23 Results

2.3.1 Mean heat and volume transports

The transects along which model volume and heat transports have been calculated in the
southern Agulhas Current region together with a general indication of the flux direction
are shown in Fig. 2.1 while the annual mean volume transport along these sections is
presented in Fig. 2.2 and Table 2.1. Also plotted as contours on Fig. 2.2 is the barotropic
stream function, highlighting the Agulhas Current, its retroflection back into the SW In-
dian Ocean and its inertial re-circulation in that basin, the Agulhas Return Current and
the Antarctic Circumpoiar Current further south.

Fig. 2.2 and Table 2.1 suggest a transport of around 2.9 Sv into the SE Atlantic along
20°E (section F) and about 15.5 Sv north through 35°S (section A) on the annual mean.
It should be emphasized that there is substantial variability in these inter-ocean fluxes on
monthly through to interannual time scales. This variability will be discussed in detail
later but at this stage it is useful to consider the mean monthly transport through 20°E to-
gether with the standard deviation from the mean and the extreme values (Figure 2.3a) as
well as the associated time series from which these statistics were derived (Figure 2.3b).
While the mean annual transport of 2.9 Sv is always to the west through section F into
the SE Atlantic, it ranges from as much as 12 Sv east from the SE Atlantic to the SW In-
dian Ocean during the summer of year 34 to almost 16 Sv west into the SE Atlantic dur-
ing the winter of years 31 and 34 (Figure 2.3b). The standard deviation (Fig. 2.3a) ranges
from about 2.4 Sv in winter to about 3.6 Sv in summer. While Fig. 2.3a suggests that the
net flow through section F is generally only eastwards back into the SW Indian Ocean in
summer, it can be seen from the time series in Fig. 2.3b that weak eastward net flow can
also occur at other times of the year (e.g. autumn of year 31 and spring of year 33).

Much of the flow west through section F re-circulates so that only about 0.3 Sv escapes
into the SE Atlantic west of 5°E (section E) on the annual mean (Fig. 2.2 and Table 2.1).
The southward flow of 61.3 Sv through section B east of Cape Agulhas is consistent
with the 65 Sv total Agulhas transport estimated by Stramma and Lutjeharms (1997)
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from historical hydrographic data. The model indicates that the net return flow through
35°E (section G) back into the SW Indian Ocean is 66.5 Sv, and a substantial part of this
joins the inertial re-circulation in the SW Indian Ocean that is the major source of the
Agulhas Current. For example, Stramma and Lutjeharms (1997) estimate that the inertial
re-circulation contributes about 45 Sv to the transport of the Agulhas Current.

The contribution of the upper and intermediate layers to the total depth integrated trans-
ports discussed above can be seen from Table 2.2 which lists the transport for the upper
436 m and 436-1575 m layers. It can be seen that roughly half the total transport through
sections B and G (the Agulhas Current and Return Current respectively) occurs in each
of the upper and intermediate layers with only about 3 % and 7 % respectively coming
from that part deeper than 1575 m. On the other hand for section A, west of South Af-
rica, Table 2.2 implies that at depths beneath 1575 m, there must be a return flow of 8.3
Sv south from the SE Atlantic to balance the excess contributions from the upper and
intermediate layers to the total northward transport through this section of 15.5 Sv. For
Section E, the weak net westward flow of 0.3 Sv comprises 6.5 Sv in the intermediate
and 4.8 Sv in the deeper layers since the upper layer flow is 11 Sv to the east on the an-
nual mean. Both sections A and E are characterised by shifts in the location of the
Agulhas retroflection and significant ring shedding which makes the diagnosis of the
contributions from each layer more complex.

The flux calculations through sections E, F, G are sensitive to the southern boundary
since this may result in part of the Antarctic Circumpolar Current being included in the
transport. Table 2.1 lists the annual and seasonal mean fluxes (the latter to be discussed
later) through sections C, D, E, F, G re-calculated for the southern boundary located at
43"S and 47°S respectively. As expected, there is considerable sensitivity along these
sections but particularly for sections C, E, F since these most closely reflect the strong
gradients associated with the Agulhas retroflection and Return Currents and the ambient
flow to the south.

The annual mean heat budget averaged over the two boxes south of Africa (Fig. 2.4) in-
dicates that for the western (eastern) box, the ocean loses 0.054 PW to (gains 0.015 PW
from) the atmosphere and that it gains (loses) 0.050 PW (0.013 PW) through the excess
(deficit) of ocean heat transport into the region. The ocean heat transport differences for
the two boxes arise since the net Agulhas Current heat flux (section B minus A) into the
entire region plus the inflow through sections C and D from the south is slightly greater
than the net outflow which is mainly due to the Agulhas Return Current and SW Indian
Ocean re-circulation through section G. Note that there will not be a precise heat balance
between the net ocean heat transport and the net exchange with the atmosphere since the
diffusive flux has been ignored and there may be a small amount of heat change by the
region over the relatively short period of integration due to the slow drift of the thermo-
haline fields.

Of most interest for this study are the values through sections E, F and A along 5°E and
20°E south of Africa and along 35°S west of the southern tip of Africa as these indicate
the inter-ocean transfer from the SW Indian to the SE Atlantic Oceans. On the annual
mean, there is a net westward transport through section F of 0.84 PW (Fig. 2.4 and Table
2.3) but as seen from Fig. 2.5ab (the monthly heat transport through this section with
standard deviation and extreme values), this ranges from as much as 1.3 PW west into
the SE Atlantic during spring of year 32 to only about 0.35-0.5 PW west during each
summer / autumn. Standard deviations range from about 0.1 PW in winter to 0.13-0.17
PW in summer (Fig. 2.5a). Given that the westward flowing Agulhas Current water is
much warmer than that further south along section F, the net heat transport is always
west into the SE Atlantic even if the net volume transport through this section is some-
times east back into the SW Indian Ocean (Figs. 2.3ab). However, further west, this
westward Agulhas transport into the SE Atlantic is essentially returned by the retroflec-



tion so that there is in fact an eastward heat transport along 5°E (section E) of 0.02 PW
(Fig. 2.4 and Table 2.3) on the annual mean. (As discussed later, this is only true for
summer and autumn - during winter and spring, the heat transport is westwards into the
SE Atlantic).

The net 1.9 PW flowing south into the region across 35°S is comprised of 2.93 PW
southward transport via the Agulhas Current (section B) and, west of Cape Agulhas (sec-
tion A), a northward transport into the South Atlantic of 1.03 PW. The latter value is
larger than both the hydrographic estimates (0.02-0.47 PW) of Gordon (1985) and previ-
ous model estimates by FRAM (0.51 PW - Thompson et a!., 1997) and Semtner and
Chervin (1992) (0.6 PW). However, the FRAM heat transport is thought to be too low
since it neglects the role of the Indonesian throughflow (Ribbe and Tomczak, 1997).
Also, the Semtner and Chervin model does not include the Mozambique Channel leading
to a different warm water transport in the southwest Indian Ocean. A review of model
and observationally derived heat fluxes is given by de Ruijter et «/., (1999); clearly, dif-
ferent model results derive from differences in the model forcing and the parameterisa-
tions of the sub-grid scale physics.

Similar to the earlier discussion for the volume transports, there is sensitivity in the
transports to the location of the southern boundary (sections C and D) (Table 2.3) and
the depth integrated transport can be decomposed into upper, intermediate and deep layer
contributions (Table 2.4). Along the Agulhas Current dominated section B, about 75 %
of the net southward heat transport of 2.92 PW occurs in the upper layer, 29 % in the in-
termediate layer and there is a weak return transport of 0.14 PW (5 %) distributed over
the layer below 1575 m. Similar proportions were found for section G, dominated by
the Agulhas Return Current. These proportions are biased towards the upper layer com-
pared to those discussed above for the volume transports (Table 2.2) due to the water
temperature of each layer. Along section A, Table 2.4 implies a return southward flow at
depth of 0.17 PW while along section E, as for the volume transport, there is a signifi-
cant intermediate layer transport in the reverse (westward) direction to the upper layer so
that the net transport is relatively small. Again, the transport here is biased by the signifi-
cant variability in the location of the Agulhas retroflection.

The fluxes discussed above refer to that resulting from both the eddy component and the
mean current. The former is visible mostly in the case of small scale eddies where rela-
tively warm water is transported in one direction on one side of the eddy, and cooler
water in another direction on the other side. For Agulhas rings, warm water is trapped
within this mesoscale feature and transported to the northwest as the eddy drifts in that
direction from the retroflection area into the SE Atlantic. The translation velocity of the
Agulhas ring appears in the mean velocity and so the heat transport associated with
Agulhas rings will not appear in the eddy component. For the latter, there will only be a
contribution to the total heat transport if there is heat exchange with the atmosphere or by
diabatic mixing with the surrounding water. Adiabatic heat exchange with the ambient
water will appear in the eddy component but not in the total heat transport. As a result,
estimates of the direct contribution of the eddy component to the heat transport are not
straightforward. However, estimates of the eddy flux were made and reveal that along
20°E (section F), there is a net westward transport into the South Atlantic of 0.12 PW
(Fig. 2.6) as compared to the total westwards transport integrated along this section of
0.84 PW. These results suggest that in the model, eddy variability (not rings) associated
with the southern Agulhas, the retroflection region and the western part of the Agulhas
Return Current can make a small but not insignificant contribution to the heat transport
into the South Atlantic. Although resolution dependent differences in the model physics
and parameterisations preclude a direct linear comparison, it is worth noting that the
westward heat transport in a coarser 1 degree resolution version of the model is much
smaller than the 0.12 PW noted here, further indicating that eddies are significant for the
model heat transport.



2.3.2 Variability in heat and volume fluxes-
Figs. 2.7-2.8 show time series and spectra of the heat and volume transports at various
locations in the region obtained from the years 31-42 of the integration. Common to all
sections is the significant variability ranging from meso- to interannual time scales. Since
the model is forced with the same monthly forcing each year, the interannual variability
evident in the model arises from internal ocean processes and not from any imposed at-
mospheric forcing. There are small differences in the significant peaks of the spectra at
various locations which are of interest. For example, comparison of the heat flux spectra
for the northern half of section F (i.e., averaged over 35-40°S and mainly westward
flowing) (Fig. 2.7a bottom right panel) with that for the southern half of section F (i.e.,
averaged over 40-45°S and mainly eastward flowing) (Fig. 2.7b bottom right panel),
suggests that the annual cycle is slightly stronger relative to the semiannual and meso-
scale peaks in the southern half. This suggestion is consistent with earlier work by Ma-
tano et al. (1998) which relates the stronger annual cycle in the retroflection region and
the weaker manifestation of this cycle in the southern Agulhas Current to the role of
bottom topography. However, Matano et al. (2001) found a significant annual cycle in
the Agulhas Current at 32°S in the POCM simulation while Biastoch and KrauB (1999)
discuss seasonal variability of the Agulhas Current and Mozambique Channel flows re-
vealed by the model used in this study. In general, there is a tendency for lower west-
ward transfer into the South Atlantic in summer/autumn and higher in winter/spring, re-
flecting the seasonal variation in the surface forcing. For example, the corresponding
seasonal volume and heat transect values (Tables 2.1, 2.3) to those discussed above for
the annual mean indicate that there is a net westward heat export into the South Atlantic
across section F (20°E) between Africa and 45°S of 1.00 PW in winter, 0.96 PW in
spring, 0.66 PW in summer and 0.74 PW in autumn. Volume transports range from a net
westward flow of 2.5 Sv in autumn, 3.5 Sv in spring, and 8.5 Sv in winter to a net east-
ward transport of 3.1 Sv in summer. Upstream in section B east of Cape Agulhas along
35°S, the southward transports range from 57.6 Sv (2.83 PW) in summer, 59.1 Sv (2.79
PW) in autumn to 63.6 Sv (3.00 PW) in winter and 64.7 Sv (3.08 PW) in spring (Table
2.1). Similar seasonal variations in volume transport were noted further upstream at
32°S by Biastoch et al. (1999). As indicated in Table 2.1, this section (B) has the weak-
est amplitude in the annual cycle as it essentially reflects the tight core of the Agulhas
Current. The amplitude is much greater for sections C, D, E, G which are less con-
strained by bottom topography and, hence, can respond to the seasonal variations in not
just the local winds but also those across the basin (Matano et al., 1998). It is largest for
the two South East Atlantic sections A and C because the variability here is also con-
tributed to by seasonal shifts in the position of the Agulhas retroflection itself.

For the SE Atlantic section A west of South Africa, the timing and magnitudes of the
seasonal signal differ somewhat from those already described along section F south of
Africa. For section A, the strongest northward heat transport into the Atlantic occurs in
spring (1.11 PW) and autumn (1.10 PW) followed by winter (0.97 PW) and summer
(0.92 PW) (Table 2.3). The magnitude of the annual cycle along A is of order 10 % as
compared to around 20 % through F. It is possible that the timing differences result from
the mid-latitude Semiannual Oscillation being more prominent for the section A west of
South Africa than for section F south of South Africa. This may arise because section F
mainly reflects the forcing over the subtropical South Indian Ocean whereas that along A
in the South East Atlantic is more sensitive to midlatitude wind variability consistent
with the suggestion of Matano et al. (1998). Heat fluxes through section A mainly occur
via the passage of Agulhas rings shed off the retroflection region further south, and the
seasonal variability of this process in the model is less pronounced than that in the flow
upstream through section F.



Estimates from hydrographic data along the diagonal WOCE line SR02 southwest from
Cape Town have recently been made for two summer cruises that took place in 1990 and
1993 respectively. Although these diagonal lines do not directly correspond to the model
lines they are of interest as they enable one to see whether the model appears consistent
with observational estimates. For the 1990 cruise from 18° 27' E, 35° 19' S (i.e. about
100 km south of Cape Town) southwest to 9° 29' E, 44° 53' S, a heat transport of 0.51
PW was calculated. For the 1993 cruise from Cape Town southwest to 45 S, 8.5°E, a
value of 0.6 PW was obtained. These estimates were obtained using the inverse box
method (e.g. Wunsch, 1996) from stations spaced about 30-50 nautical miles apart and
assuming the level of no motion to be 2000 m. They suggest firstly, that the model
summer estimate of 0.66 PW (with standard deviation of 0.13 PW in March to 0.17 PW
in January - Fig. 2.3a) heat transport west through section F at 20°E is reasonable, and
secondly, that there may be substantial interannual variability in interocean heat trans-
ports in the real ocean. The latter is consistent with Fig. 2.7 which indicates substantial
interannual variability in the model section F.

The semiannual signal seen in the spectra and timeseries through F (Fig. 2.7) seems to
be a feature of the Agulhas and Agulhas Return Current, spectral energy at this time
scale does not show up in the heat and volume transports averaged along the other sec-
tions (e.g. E, Fig. 2.8). A semiannual signal in winds and mean sea level pressure is a
prominent feature of the Southern Hemisphere midlatitudes (van Loon and Jenne, 1972)
and relates to the semiannual variations in the temperature gradient between the sub-
tropics and the mid- to high latitude regions influenced by surface ice cover. Semiannual
signals can also be diagnosed in the tropical Indian Ocean (Birol and Morrow, 2001) and
relate to Rossby waves propagating at this period. Matano et al. (2001) diagnosed a
strong semiannual signal in the South Equatorial Current in the POCM simulation with a
weaker signal on this timescale in the East Madagascar and Agulhas Currents. It is un-
known whether this semiannual Agulhas and Agulhas Return Current signal (Fig. 2.7)
derives from the Southern Hemisphere semi-annual oscillation in mid- to high latitude
winds and surface pressure or from that in the South Equatorial and East Madagascar
Currents or whether these are related to each other.

Comparison of the spectra averaged along 20°E (section F) with that along 5°E (section
E) indicates that there are some significant events occurring in the latter which do not
appear on the upstream section (Figs. 2.7-2.8). These result from seasonal variability in
the longitudinal position of the Agulhas retroflection zone itself which directly influ-
ences section E (Fig. 2.8) and leads to the spectral peak near 12 months dominating at
this section. Meridional shifts in this retroflection zone also occur and this contributes
towards shifts in the sign of the transport between generally west and north into the SE
Atlantic to events of 1-3 month duration when the transport is reversed back into the SW
Indian Ocean. By contrast, the northern (southern) half of section F along 20°E, 35-40°S
(40-45"S) always shows heat transport west into (east from) the SE Atlantic Ocean al-
though its magnitude is highly variable on eddy to interannual scales (Fig. 2.7).
For the section E (Fig. 2.8), the spectrum is dominated by the annual cycle (e.g., shifts in
the retroflection) and by variability at meso- or eddy time scales. Note that as already
discussed, this eddy peak does not include Agulhas rings as their translation velocity is
reflected in the mean not eddy component. The mesoscale peak is at 110 days similar to
that found by Biastoch and KrauB (1999) for a 5 year integration of the model and which
they attribute to baroclinic instability in the mean flow.

2.4 Variability in the northern Agulhas Current and Mozambique channel

The main focus of the work has been on the southern Agulhas system; however, it is
pertinent to summarise at this point earlier work by the authors (Biastoch et al, 1999)
that highlights the potential significance of flow in the Mozambique Channel to the sea-
sonality in the greater Agulhas Current system. It had previously been demonstrated
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(Stramma and Lutjeharms, 1997) that at least 8% of the baroclinic volume flux of the
Agulhas Current derives from the Mozambique Channel. Furthermore it is feasible that
the changes in monsoonal winds north of about 15°S might provide strong seasonal
forcing for currents near and in the Mozambique Current (Maltrud et ai, 1998).

Figure 2.9 shows the seasonality exhibited by the model, firstly in the Agulhas Current
(at 32°S). The weakest transport here is in January and March with the maximum in
October/November. There is strong evidence of seasonality in the Mozambique Channel
with the max southward transport occurring in August. However, there is little evidence
of seasonality in the East Madagascar Current. The lag between the Mozambique Chan-
nel and the Agulhas Current (2-3 months) suggests an advective link between the sea-
sonal signal of the two.

Harris (1972) showed that the contribution to the flux of the Agulhas Current, from the
Mozambique Channel, consists largely of Tropical Surface Water (TSW). Further work
with the model demonstrated that, at 20°S, the salinity minimum (corresponding to the
model TSW) is evident from May to August. At 24°s the minimum can be seen in July
and August and at 31°S, the Agulhas Current Proper, there is a weak signature from
September to December. Taking a typical current speed for the inshore edges of the
Agulhas Current, estimates of the time for this water to be advected between 20-24°S is
23 days and 24-31°S is 32 days. These estimates appear consistent with the advective
time lags. Unfortunately hydrographic data in the appropriate spacing is sparse and
hence currently available observations are inadequate to confirm the hypothesis that sea-
sonal variations in the transport of TSW through the Mozambique channel contribute to
the seasonality of the Agulhas Current. However, they are not inconsistent with this con-
cept and their sparsity re-inforces the need for an extended field study in this important
region.

Figure 2.10 demonstrates a plausible mechanism as to why there is seasonality in the
flow through the Mozambique Channel. The core of the South Indian anticyclone moves
northward during austral winter and the associated barotropic transport can flow north of
Madagascar and can be driven into the Mozambique Channel. 25% of the total flow into
the Channel is due to Ekman Transport associated with Southeasterly winds, northeast of
Madagascar. This flow transports TSW from the Indian Ocean into the channel during
winter with advection of this signal in the Agulhas Current by spring.

The transport does not extend into the Mozambique Channel during summer as the anti-
cyclone lies too far to the south and the net southward transport in the Channel is near
zero. 2 to 3 months later the Agulhas Current receives a greater proportion of its water
from the South West Indian Ocean gyre.

2.5 Summary and conclusions

This study has used output from a regional eddy-permitting model to consider the heat
and volume transports between the SW Indian and SE Atlantic Oceans south of Africa as
well as their seasonal and interannual variability. The model estimate of 1.03 PW (stan-
dard deviation 0.2 PW) flowing north into the SE Atlantic through section A along 35°S
is larger than previous hydrographic estimates (0.02-0.47 PW - Gordon (1985)) and
model calculations (0.51 PW by Thompson et al. (1997) and 0.6 PW by Semtner and
Chervin (1992)); however, as discussed in Section 3.1 both these models left out poten-
tially important factors such as the Indonesian throughflow and the Mozambique Chan-
nel flow. The model summer transport value through section F along 20°E south of Af-
rica of 0.66 PW (standard deviation ranging from 0.13 PW in March to 0.17 PW in
January) appears consistent with recent hydrographic estimates of 0.51 PW (1990 data)
and 0.6 PW (1993 data).



Considerable attention has been paid herein to the mode! variability which refers to only
that generated internally through ocean processes since the monthly forcing is repeated
each year. Observations are sparse but those that exist do suggest that this model is able
to realistically represent the circulation and its mesoscale variability; hence, there is a
level of confidence in the model results. Further confidence follows from a qualitative
visual comparison (not shown) between virtual floats released in the model and the lim-
ited number of observational float tracks available from KAPEX.

The model results support the suggestions from previous observational and model work
that the southern Agulhas Current region is highly variable on meso-, seasonal and inter-
annual time scales. The study has focussed on variability generated through ocean proc-
esses; how it might change under the frill spectrum of atmospheric variability (which is
not represented in the monthly climatology used to drive the model) is not known. Ob-
servations, although limited, indicate that the region is highly variable from one year to
the next and therefore, were the model forced with the observed winds for particular
years rather than a monthly climatology, one would naturally expect the simulated ocean
variability to be even greater than analysed herein. These observations also suggest that
this variability (as expressed through regional SST anomalies) is significant for regional
weather and climate patterns; thus, a better assessment of the interocean exchanges and
its influence on SST is important beyond its contribution to the global thermohaline cir-
culation. For example, studies by Walker (1990), Mason (1995), Reason (1998), Reason
and Mulenga (1999), and Rouault et al. (2001) have specifically related South African
intraseasonal and interannual rainfall variability as well as the intensity of local storms to
SST anomalies in the Agulhas Current region.

Given this evidence for the potential significance of heat exchange between the South
Indian and South Atlantic Oceans on not just the global thermohaline circulation but also
for regional weather and climate variability, there is considerable motivation for more
comprehensive studies of this inter-ocean exchange. Studies using higher resolution
models which are better able to capture Natal Pulses, smaller scale eddies and other
smaller mesoscale features would be necessary to get a better idea of the contribution of
eddy features to this heat exchange. A more detailed model-based study along these lines
is planned and it is hoped that this, in conjunction with available observational estimates,
will provide a more extensive understanding of the inter-ocean exchange south of Africa
and its variability.
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Table 2.1 Depth averaged annual and seasonal mean volume fluxes (Sv) through differ-
ent sections in the Agulhas Current region. Positive values refer to northward or east-
ward transport while negative values denote southward or westward transport.

Section
A
B
C
D
E
F
G

C
C
D
D
E
E
F
F
G
G

Lon and Lat
35°S, 5-2O°E
35°S, 20-35°E
45°S, 5-20°E

45°S, 2O-35°E
5°E, 35-45°S
20°E, 35-45°S
35°E, 35-45°S

43°S, 5-20°E
47°S. 5-20°E

43°S. 20-35°E
47°S, 2O-35°E
5°E, 35-43°S
5°E, 35-47°S
20°E, 35-43°S
20°E, 35-47°S
35°E, 35-43°S
35°E, 35-47°S

Annual
15.55

-61.27
12.93
8.08

-0.26
-2.87
66.47

11.25
-5.2
8.7

14.0
-14.85
13.20

-19.15
-7.558
50.80
67.74

Summer
18.21

-57.58
14.29
8.114
7.077
3.148
68.84

16.99
-3.59
9.22

14.29
-10.39
20.00

-11.60
-1.79
55.20
70.08

Autumn
14.72

-59.12
12.92
8.635

-0.729
-2.523
65.23

15.16
15.44
4.911
15.44

-15.21
12.36

-14.76
-8.112
49.26
66.44

Winter
8.456

-63.63
10.6
4.3

-10.6
-8.466
59.46

7.12
-8.62
5.126
11.85

-24.72
2.937

-26.05
-14.17
42.71
61.30

Spring
20.85

-64.66
13.96
11.26
3.365

-3.535
72.38

5.855
-2.85
15.50
14.62

-9.017
17.65

-24.01
-6.054
56.15
73.23

Table 2.2 Annual mean volume fluxes (Sv) through different layers and sections in the
Agulhas Current region.

Section

A

B
C

D
E

F
G

Lon and Lat

35°S.5-20°E
35°S. 2O-35°E

45°S. 5-2O°E
45°S,20-35°E

5°E. 35^5°S
20°E.35-45°S

35°E, 35-45°S

Total

15.5
-61.3

12.9
8.1

-0.3
-6.4

66.5

0-436 m

16.0
-31.3

6.7
3.9

11.0
1.1

34.8

436-1575 m

7.8
-28.1

6.8
3.6

-6.5
-7.5

26.9

>1575 m

-8.3
-1.9

-0.6
0.6

-4.8
0

4.8
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Table 23 Depth averaged annual and seasonal mean heat fluxes (PW) through different sec-
tions in the Agulhas Current region. Positive values refer to northward or eastward transport
while negative values denote southward or westward transport.

Section

A

B
C
D
E
F
G

C

c
D

D

E
E

F
F
G
G

Lon and Lat

35°S, 5-20°E

35°S, 20-35°E
45 °S,5-20°E

45°S, 20-35°E
5°E, 35-45°S

20°E, 35-45°S
35°E, 35-45°S

43°S, 5-20°E
47°S, 5-20°E

43°S, 20-35°E

47°S, 20-35°E

5°E, 35-43°S
5°E, 35-47°S

20°E, 35-43°S
20°E, 35-47°S
35°E, 35-43°S
35°E, 35-47°S

Annual

1.03

-2.93
0.22

0.14
0.02

-0.84
2.25

0.03
0.15

0.28

0.21

-0.212
0.19

-1.26
-0.89
1.90
2.27

Summer

0.92

-2.83
0.25

0.16
0.08

-0.66
2.33

0.17
0.19

0.29

0.23

-0.23
0.24

-1.05
-0.72
2.02
2.35

Autumn

1.10

-2.79
0.22

0.15
0.20

-0.74
2.20

0.11
0.15

0.20

0.22

-0.06
0.38

-1.12
-0.80
1.86
2.22

Winter

0.97

-3.00
0.18

0.10
-0.16

-1.00
2.11

-0.08
0.11

0.24

0.18

-0.38
0.01

-1.40
-1.04
1.72
2.13

Spring

1.11

-3.08
0.22

0.16
-0.03

-0.96
2.35

-0.10
0.17

0.39

0.23

-0.20
0.14

-1.43
-0.10
2.013

2.37

At 45°S There is a net surface heat loss of: Left box: -0.054 error:-0.0032
Right box: 0.015 errorO.001484

At 43°S There is a net surface heat loss of: Left box:
Right box:

-0.071 error:-0.032
-0.006 error:0.044

At 47°S There is a net surface heat loss of: Left box:
Right box:

-0.039 error:0.176
0.035 error:0.0163

Table 2.4 Annual mean heat fluxes (PW) through different layers and sections in the Agul-
has Current region.

Section

A
B

C
D

E
F

G

Lon and Lat

35°S, 5-20°E
35°S, 20-35°E

45°S,5-20°E
45°S, 20-35°E

5°E, 35-45°S
20°E,35-45°S

35°E, 35-45°S

Total

1.03
-2.92

0.22
0.14

0.02
-0.84

2.25

0^36 m
0.98

-2.20

0.16
0.09

0.23
-0.68

1.56

436-1575 m

0.22
-0.86

0.08
0.05

-0.22
-0.33

0.72

>1575 m

-0.17
0.14

-0.02
0

0.01
0.17

-0.03
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Figure 2.1 Schematic map showing transects in the southern Agulhas region through hich
volume and heat transports have been calculated. After Reason et al. (2003).
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Figure 2.2 The annual mean total volume transport and barotropic stream function (Sv) aver-
aged over years 31-35 of the model integration. After Reason et al. (2003).

15



12.0 -

8.0

4.0 -

o.o -

-4 .0 -

-8 .0 -

-12.0 -

-16.0
F M A M A S 0 N D

Figure 23a The monthly mean volume transport along 20°E between 45-35°S together with
the maximum and minimum values and the standard deviation from the mean).
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Figure 23b Time series of the volume transport along this section. After Reason et al.
(2003).
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Figure 2.4 The annual mean total heat transport (PW) and net surface heat flux
(Wm2) averaged over years 31-35 of the model integration. After Reason et al. (2003).
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Figure 2.5a The monthly mean heat transport along 20°E between 45-35°S together with the
maximum and minimum values and the standard deviation from the mean.
Figure 2.5b Time series of the model heat transport along this section. After Reason et al.
(2003).
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Figure 2.6 The total, mean and eddy heat transport at 20°E. After Reason et. al (2003).
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Figure 2.7 Time series and spectra of heat and volume fluxes from a 12 year integration of
the model; (a) at 20°E between 35 to 40°S; (b) at 20°E between 40 and 45°S. After Reason et
al. (2003).
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Figure 2.8 Time series and spectra of heat and volume fluxes from a 12 year integration of
the model; (a) at 5°E between 35 to 40°S; (b) at 5°E between 40 and 45°S. After Reason et
al. (2003)
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Figure 2.9 5-year climatology of the model transport of the Agulhas Current at 32°S (solid),
through the Mozambique Channel at 23°S (dashed) and of the East Madagascar Current at
23°S (dotted); in Sv (106 mV1). Note that flow south is negative. (After Biastoch et al,.
1999).

Figure 2.10 Stream function of the model transport in February (a) and August (b), in Sv.
Absolute value and vectors of the wind stress in February (c) and August (d) (Note that only
every third vector is drawn). Units are dynes cm2 . (After Biastoch et al, 1999).
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3. Modelling the atmospheric response to an idealised SST anomaly in the South West
Indian Ocean using a general circulation model

3.1 Introduction

Motivated by previous observational work (e.g.. Walker, 1990, Mason, 1995) indicating
strong statistical links between SST in the SW Indian Ocean and South African summer
rainfall, various idealised AGCM experiments were carried out to investigate these links
further and identify potential mechanisms. In all AGCM experiments described below, the
Melbourne University AGCM was used. A brief description of the model follows.

In the horizontal, variables are represented in terms of spherical harmonics rhomboidally
truncated at wave number 21. Prognostic variables are represented at 9 a-levels. Envelope
topography spectrally analysed from the l°xl° topography data set of Gates and Nelson
(1975) is used. Soil moisture content is computed from a two-layer scheme developed by
Deardorff (1977) and surface fluxes are derived using Monin-Obukhov similarity theory
as in Simmonds (1985). Precipitation in the mode! can be generated by the large-scale cir-
culation whenever the relative humidity reaches 100%, and also through convective proc-
esses. Parameterization of the latter is via a modification (Weymouth, personal communi-
cation) of the moist convective adjustment scheme of Manabe et a\., (1965). The pre-
scribed SST used in control integrations of the model is that of Reynolds (1988). As dis-
cussed by Simmonds et a\. (1988). the model represents the current climate reasonably
well and its performance is comparable with other GCMs of its type (e.g. Boer et a\.t
1992). A number of climate sensitivity studies have been performed with the Melbourne
University GCM, many to do with SST forcing in the tropics and related circulation and
rainfall changes (e.g. Simmonds and Smith, 1986; Budd and Simmonds, 1990; Simmonds,
1990; Rocha and Simmonds, 1997).

Analyses of extratropical cyclone characteristics were conducted with the objective vortex
finding and tracking scheme of Murray and Simmonds (1991a,b). To find depressions in
the GCM integrations, the digital pressure fields on a conformal polar stereographic grid
are represented in terms of continuous functions using cubic splines computed along the
grid axes. An iterative differential routine based on ellipsoidal minimization techniques is
used to define the location of lows in continuous space. Both closed (systems having a
closed isobar at a given interval) and open depressions were included in the analysis. Lo-
cations of closed depressions were defined by minimization of the pressure functions,
whereas open depressions, indicating inflections in the pressure field, were found by
searching for minima in the absolute value of the local pressure gradient. To prevent the
inclusion of small-scale or broad, shallow features associated with topography or other ef-
fects rather than genuine, migrating systems, a minimum curvature test (e.g. Jones and
Simmonds, 1993) was applied. The ability of the Murray and Simmonds scheme to iden-
tify and track systems in the observational record has been demonstrated by Jones and
Simmonds (1993), to whom the reader is referred for further details of the scheme's tech-
nical aspects and performance.

3.2 Experimental design

The model was forced with an idealized warm anomaly imposed on climatological (Rey-
nolds, 1988) SST (fig.3.1). By choosing a smoothed idealization of the observed wanning,
it is hoped that the resulting atmospheric model response is that much more distinct and
straightforward to diagnose. In order to take account of the inherent non-linearity of the
atmosphere, results are derived from the mean of an ensemble of 11 integrations as in the
method used by Reason et a\. (1998). Each of these model integrations is forced by the
same imposed SST anomaly but start from different initial conditions (i.e. different indi-
vidual days from a previous extended control run of the model). The integrations each pro-
ceeded for approximately 2 years and the results shown below correspond to the austral
autumn, spring and summer seasons of the year after initialization of each model run.

22



3 3 Precipitation and circulation changes over the adjacent landmasses

There are various changes in circulation and precipitation over the adjoining African
landmass in response to the SST anomaly. Focus is mainly directed towards the seasons
when southern Africa receives the bulk of its annual rainfall; thus, there is little interest in
the austral winter in this context except for the southwestern margins of South Africa
(winter rainfall maximum) or the south coast of South Africa (all seasons rainfall).

One may envisage that the imposed SST anomaly mainly east of South Africa (fig. 3.1)
may result in both a local and a remote impact. Local modulations in the latent heat flux
may result in changes to the amount of moisture advected onto the coastal region by pre-
vailing southeasterly winds as well as in the intensity of any atmospheric disturbances
passing over the anomaly. The latter can then influence tropical-temperate trough forma-
tion leading to rainfall changes over the landmass remote from the anomaly. Dynamical
adjustment of the atmosphere to the anomaly (a warm region dynamically acts as negative
orography, thereby potentially leading to a cyclonic anomaly; Gill, 1982) may contribute
via modulations to the strengths of the prevailing winds and associated instability and
moisture convergence over southern Africa.

Aspects of these modulations are evident in the model response to the warm SST anomaly.
For example, model results suggest that the lower atmospheric response, particularly dur-
ing the summer and autumn, is a cyclonic anomaly near, and downstream of, the SST
forcing. This cyclonic anomaly not only represents a weakening of the subtropical high in
the South Indian Ocean but is also favourable for tropical low formation over the southern
African landmass. The latter appears particularly likely in summer where a cyclonic anom-
aly also exists at the 500 hPa level in the northern Namibia/southern Angolan region. As-
sociated with the low level cyclonic anomaly over the Southwest Indian Ocean during each
season, but particularly during the wetter summer and autumn months, is a southeasterly
flow towards the South African east coast and westerly anomalies across tropical southern
Africa (Figure 3.2). Upper level wind anomalies over tropical southern Africa tend to be
easterly (Figure 3.3); this combination with the low level westerlies is thought to be asso-
ciated with wet conditions over southern Africa since it implies convergence and ascent
over the landmass (ascending branch of the local Walker circulation) with subsidence and
low level divergence over the adjoining tropical South Indian and Atlantic Oceans.

The results of the extra-tropical cyclone tracking scheme applied to the model pressure
fields indicated that there were increases in cyclone system density southeast of South Af-
rica and in the intensity of these systems. The tracks tended to be further north suggesting,
with the increases in density and intensity already noted, a significant midlatitude input
into tropical-temperate troughs stretching NW-SE across South Africa. Thus, aspects of
the model transient weather systems appear to respond in a way that also favours in-
creased summer rainfall over eastern South Africa.

Both the marine southeasterly airstream and the tropical westerly anomalies are associated
with moist airmasses, particularly the former (Figure 3.4). Thus, where there is enhanced
convergence between these winds over southeastern Africa, one might expect increased
convection and rainfall. Analysis of the model fields indicated that there were significant
increases in relative convergence over northeastern South Africa, Mozambique and Zim-
babwe during summer, and to lesser extent, autumn (not shown). Some areas of increased
convergence over southern Africa also occurred during spring (not shown) but they were
not statistically significant. All three seasons displayed increases in model velocity poten-
tial (not shown) over this southeastern region, implying relative ascent in the lower atmos-
phere which is favourable for increased rainfall. During summer, there were large regions
of subsidence over the South Atlantic in the model (not shown), consistent with an as-
cending Walker limb over southern Africa and descending over the ocean areas to the
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west. Consistent with these changes in circulation and the low level convergence of moist
air masses (Figures 3.2-3.4), are significant positive rainfall anomalies over eastern South
Africa and southern Mozambique during autumn, spring and summer (Figure 3.5).

Maximum rainfall increases tend to be near the coast with strong gradients inland near the
Drakensberg mountains. This suggests that surface heating and moisture contrasts as well
as orographic effects may play a role in locally enhancing the rainfall changes. During
winter, weaker rainfall increases were noted (not shown) which were mainly confined to
the south and southeast coasts of South Africa. This pattern is consistent with the climatol-
ogy of this region which is one of all season rainfall, with that during winter being associ-
ated with cold fronts. Further north, the subtropical high is very dominant over the land-
mass during winter, and the model velocity potential anomalies for this season (not shown)
imply relative subsidence, unfavourable for rainfall.

When accumulated over the given season, the magnitude of the rainfall increases over
southeastern Africa are of the order 90-180 mm (autumn), 90-225 mm (spring), and 90-
300 mm (summer). These represent a sizeable fraction of the mean seasonal totals further
reinforcing the potential importance of SST anomalies in the Southwest Indian Ocean.
However, further investigations with higher resolution models would be necessary before
these model results can be regarded as more than suggestive. GCMs like that used here
may have difficulties with simulating regional precipitation, particularly where this is in-
fluenced by local factors such as steep orography which cannot be represented by the rela-
tively coarse resolution. Mesoscale numerical models offer an alternative to improve re-
gional representation; however, their computational expense precludes integration on the
seasonal to interarmual timescales considered here. Downscaling techniques using some of
the dynamical fields produced by the GCM to infer precipitation may be a practical alter-
native but this is beyond the scope of the current study.

Figures 3.2-3.5 have suggested that much of the increased rainfall over southeastern Africa
arises from the convergence of moist airmasses that originate mainly over the tropical to
subtropical South Indian Ocean. Examination of the mixing ratio, wind and latent heat flux
anomalies (Figures 3.2, 3.4 and 3.6) suggests two somewhat related mechanisms behind
the moister air advecting towards southeastern Africa. The first involves a local response,
namely enhanced evaporation (Figure 3.6) of moisture off the warm SST anomaly by the
prevailing southeasterlies (Figure 3.2). Combining with this locally-enhanced evaporation
is the effect of the remote circulation anomalies induced by the SST forcing. These (Figure
3.2) show tropical westerly anomalies, originating over tropical southern Africa and the
western equatorial Indian Ocean, extending well into the central subtropical South Indian
Ocean and subsequently feeding into southeasterly anomalies east and southeast of South
Africa.

The magnitude of the contribution of the locally-enhanced evaporation to the rainfall in-
creases over adjacent southeastern Africa can be estimated by dividing the numbers in
Figure 3.6 by 28.5 to convert from latent heat flux units of Wm'2 to mm/day (rate of
evaporation or precipitation). This procedure leads to maximum values just off the coast of
2 mm/day (autumn), 1.9 mm/day (spring) and 2.8 mm/day (summer) which implies (cf.
fig. 3.5) that most of the increased rainfall comes from locally increased evaporation off
the warm SST anomaly. Some of the remaining rainfall increase appears to come from
evapotranspiration off the coastal landmass (Figure 3.6 shows strong latent heat flux gradi-
ents extending to the Drakensberg mountains) with the remainder arising from conver-
gence of moist airmasses that originate remote (tropical Africa, western equatorial Indian
Ocean) from the SST anomaly.
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3.4 Summary

The model results suggest that SST anomalies of the order I-2°C over the southwest Indian
Ocean result in quite significant seasonal reainfall changes over adjoining southeastern Af-
rica. It should be noted that these imposed SST anomalies are comparable in magnitude to
those observed during individual wet or dry seasons in the region. Accumulated over a
given season, the model rainfall anomalies are about 90-300mm and, therefore, represent a
sizeable fraction of the annual total in many areas.

The mechanism by which rainfall is modified in the model in response to the anomalous
SST appears to involve changes in the convergence over southeastern Africa of moist air
streams which originate from either the tropical south Indian Ocean or the tropical south
Atlantic by way of low-latitude southern Africa. On the larger scale, there appear to be co-
herent low level westerly anomalies over tropical southern Africa and easterly anomalies
aloft, a situation which has been previously identified in observational studies as being as-
sociated with increased rainfall over South Africa since it implies that the ascending
branch of the local Walker circulation is located over the landmass with subsidence over
the surrounding oceans. Thus the mechanisms by which model rainfall increases arise tend
to be consistent with what might be expected observationally. The model results suggest
that ongoing monitoring of SST in the southwest Indian Ocean is needed for improved un-
derstanding of South African rainfall variability.

The work presented above has provided evidence that an AGCM can be usefully applied
towards investigating the sensitivity of South African seasonal rainfall and circulation
patterns to SST anomalies in the SW Indian Ocean. However, each season is made up of a
number of wet and dry spells and individual weather events. To understand these systems
better, a mesoscale atmospheric model needs to be applied and the next section examines
such an application to the extreme convective weather event that occurred over the south-
western and Eastern Cape during December 1998.
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Figure 3.1 Idealization of the warming in the Southwest Indian Ocean imposed in the atmos-
pheric model experiments. Contour interval 0.25°C

26



(b)
2-0 M/S

(c)
2.C M/S

Figure 3.2 Difference in winds at the 850 hPa level between the runs with the SST forcing
and an ensemble of control runs for (a) austral autumn, (b) spring and (c) summer seasons. A
scale vector is shown.
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(c)
Figure 3 3 As for Fig. 3.2 except winds at the 200 hPa level.

2.0 M/5
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(a)

(c)
Figure 3.4 As for Fig. 3.2 except mixing ratio at the 850 hPa level. Contour interval
0.0001 kg/kg
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(b)

(c)
Figure 3.5 As for Fig. 3.2 except rainfall. Contour interval 0.25 mm/day
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(a)

Figure 3.6 As for Fig. 3.2 except latent heat flux. Contour interval 5 Wm"
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4. Using a regional atmospheric model to investigate moisture sources during the storm
of December 1998

4.1 Introduction

Motivated by the observational analysis of the December 1998 storm (Rouault et ah, 2002
- henceforth referred to as RWRJLJ02), a modelling study of the same storm was under-
taken using a mesoscale atmospheric model. This mesoscale convective weather system
produced flooding in the SW Cape on 14/12/98, and later evolved into extensive squall
lines on 15/12/98 with significant rainfall in the Eastern Cape and tornado occurrence at
Umtata and Hogsback. The objective was firstly to see whether a mesoscale model could
capture the salient features of this devastating and complex weather system, and secondly,
assuming this to be the case, to use the model to better understand the storm evolution and
behaviour.

4.2 Model description and experiment design

MM5V3 is a limited-area, nonhydrostatic, terrain-following sigma-coordinate model de-
signed to simulate or predict mesoscale and regional-scale atmospheric circulation. The
model configuration includes a coarse mesh of 50km resolution, an intermediate mesh of
16.67km resolution and a fine mesh of 5.57km resolution (Fig. 4.1). Domain size for each
mesh is 102x70, 181x121 and 337x145 respectively. There are 29 sigma levels in the ver-
tical from the surface to 10 hPa. The model is initialised at 0000 UTC 10 December 1998
with data from NCEP reanalysis of 2.5°x2.5° resolution, which also provides the boundary
conditions updated every 6 hours. Parameterisation of the model is summarised in table
4.1. Sea surface temperature (SST) data is taken from a combination of TRMM (Rouault et
al, 2001) and AVHRR satellite data, which is high resolution and resolves the temperature
gradients and warm core of the Agulhas Current region accurately.

Table 4.1 MM5 options used

Microphysics
Cumulus
Boundary layer
Radiation

Domain 1
Goddard
Grell
MRF
Cloud radiation

Domain 2
Goddard
Grell
MRF
Cloud radiation

Domain 3
Goddard
None
MRF
Cloud radiation

4 3 Weather station model validation

In this section, model performance is compared with weather station observations from the
South African Weather Service (SAWS) on or near to the south coast of South Africa;
namely, Cape Town, Port Elizabeth and East London. At all these stations, temperature is
on the whole overestimated by the model, and surface pressure underestimated. A more
detailed analysis from each of the weather stations follows.

Time series of temperature and surface pressure at the Cape Town International airport
station are shown in figure 4.2. Observations show that on 13 December temperature
reached a maximum of 31°C followed by a maximum of just 21°C on 14 December as
heavy cloud developed over the region as can be seen from the satellite pictures in
RWRLJ02 fig. 5. Over the following two days the diurnal cycle continues with a maxi-
mum temperature of 23°C on 15 December and 22°C on 16 December. The model under-
estimates maximum temperature on 13 December by about 3°C and overestimates by
about 4°C on the following day. Moreover, the temperature trend on these two days is not
well simulated by the model. Observations show that on 13 December temperature remains
around 28°C for a prolonged period throughout the day whereas the model shows cooling
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throughout the day after an early maximum. On 14 December, when heavy rainfall oc-
curred over the Western Cape region, observations show that temperature remains cool
around or just below 20°C throughout the day, whereas the model shows a typical diurnal
cycle with warming in the morning followed by cooling in the afternoon. Outgoing long-
wave radiation from the model (fig. 4.9) shows that this warming is likely due to a lack of
cloud over the region at this time. This may be due to the underestimation of temperature
the previous day not generating enough convective uplift to form cloud. As will be seen
later, the model heat low over the western interior is too far north and weak compared to
observations and the midlevel westerly wave too weak. All these factors suggest insuffi-
cient instability and moisture content in the model airmass present over the Western Cape
and therefore, compared to observations, less favourable conditions for convective cloud
formation On the following two days, the diurnal cycle is well simulated by the model, but
with temperature overestimated by about 3°C on 15 December and about 1°C on 6 Decem-
ber.

Surface pressure in Cape Town shows a gradual increase of approximately 7 hPa from 13
- 16 December. Over the same time, the model shows a pressure increase of just 4 hPa.
Throughout the period surface pressure is underestimated by the model, probably due to
the overestimation of temperature. The trend of increasing pressure is well simulated ex-
cept for a 2 hPa drop in model pressure early on 15 December. It is thought that this is due
to the large overestimation of temperature on 14 and 15 December.

At the Port Elizabeth weather station (fig. 4.2) observations show temperature following a
diurnal cycle with maximum temperature of about 25°C on 13 and 14 December. How-
ever, on 15 December, when the storm passes over the region (RWRLJ02 fig.5), there is
no daytime increase in temperature with the maximum just over 20"C. On 13 and 14 De-
cember, the model follows the trend well, although temperature is overestimated by 2-3°C
and leads observations in the morning and lags observations in the evening. On 15 Decem-
ber, the model continues to show daytime warming, with temperature overestimated by up
to 9°C. Outgoing longwave radiation from the model (fig. 4.9) shows that there is some
cloud over the region at this time, but not as thick as shown in the satellite pictures
(RWRLJ02 fig. 5). Whether such a large overestimation of temperature can solely be at-
tributed to a lack of cloud cover is debatable and there may be other factors influencing
this (see section 6).

Observations of surface pressure in Port Elizabeth show a 9 hPa fall over the course of 13
December. The model initially underestimates the pressure by about 5 hPa, but over the
same time period model pressure drops by just 5 hPa. Observations show that pressure be-
gins to increase again from about midday on 15 December, but, probably due to the large
overestimation of temperature on 15 December, model pressure does not begin to increase
until early on 16 December, and is consequently underestimated by up to 6 hPa as the
pressure increases.

At East London (fig. 4.2), the model appears to perform better than at the other locations.
Observations show a clear diurnal cycle throughout the 1 3 - 1 6 December period, with
lower daytime temperatures on the 15 and 16 December. The model follows this diurnal
cycle well although temperature is generally overestimated by approximately 2°C.

Surface pressure is underestimated by the model by up to 10 hPa, and the initial drop in
pressure is not so strong in the model. Similar to the case in Port Elizabeth, the final in-
crease in pressure from the model lags observations by about 12 hours.

Overall, the model appears to overestimate temperature and underestimate pressure at the
three coastal stations. The model generates insufficient cloud for already reasons men-
tioned briefly above and considered in more detail below, and this lack of cloud leads to
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increased solar radiation at these stations and an overestimation of temperature during the
period.

4.4 Sea level pressure and geopotential height

Mean sea level pressure synoptic charts from SAWS (RWRLJ02 fig. 4) show a heat low
over the Western Cape of South Africa on 13 December which propagates east and deep-
ens over the following two days before moving out to sea on 16 December. A well devel-
oped anticyclone is present over the south west Indian Ocean and there is a weak cold
front to the south of South Africa. RWRLJ02 suggests that it is the interaction of this heat
low, the trailing edge of the anticyclone and a midlevel westerly trough that was responsi-
ble for the storm.

Figure 4.3 shows model sea level pressure from 1 3 - 1 6 December. There is a well devel-
oped trough over southern Namibia and the Northern Cape but less evidence of a distinct
heat low over the Western Cape as analysed in the SAWS synoptic charts. However, the
depression over the SW Indian Ocean analysed in the synoptic chart on December 16 is
captured by the model. The anticyclone in the South West Indian Ocean appears to be well
simulated, but there is less evidence of the cold front, although the model domain may not
extent far enough south for it to be seen.

However, due to the complex topography of South Africa, it is perhaps to be expected that
these features will not be strongly apparent in the model sea level pressure fields. Figures
4.4-4.5 show the 850 hPa and 500 hPa geopotential height from 13 - 16 December. At 850
hPa, the heat low over the interior can be clearly seen on 13, 14 and 15 December, and the
depression off the south east coast is well simulated on 16 December. The low over the
interior is seen to deepen over the period 13 - 15 December from 1490 dam to 1480 dam.
However, the eastward propagation of this feature suggested by the SAWS synoptic charts
is not seen at this level in the model with the low remaining centred around 22°E from 13 -
15 December. At 700 hPa (not shown), there is little evidence of the thermal low apparent
at 850 hPa consistent with it being a low level feature, forced by strong surface heating.

In order to investigate the reasons why the depression does not propagate east in the
model, the u component of wind at 500 hPa and 200 hPa was examined and compared to
NCEP. Figure 4.6 shows the difference between the u component of wind from the model
and NCEP at 500 hPa. Over the central and western interior, it is clear that westerly com-
ponent of the wind is much weaker in the model on 14 and 15 December by up to 8 m.s"1.
The cause of this large model discrepancy is still under investigation. Unlike observations,
it appears that the westerly component of wind at 500 hPa is not strong enough to promote
eastward advection of the low in the model. Similarly at 200 hPa (not shown), the westerly
component of wind in the model is weaker than NCEP over the interior.

NCEP reanalysis data shows the presence of a midlevel trough propagating east over South
Africa (RWRLJ02 fig. 6), which was thought to play an important role in the storm devel-
opment. Figure 4.5 shows the model geopotential height at 500 hPa from 13 -16 Decem-
ber. At 500 hPa, the trough is seen to be propagating eastwards over South Africa with
time. However, on 15 December the trough does not appear to be as well pronounced in
the model and, consistent with the too weak midlevel westerly winds in the model, its axis
is located west of that resolved by NCEP. This discrepancy suggests that the model wave
development is less marked than observed due to weaker temperature gradients and a less
baroclinic model atmosphere
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4.5 Moisture sources

RWRLJ02 concluded that the Agulhas Current and its recirculation in the south west In-
dian Ocean (henceforth Agulhas Current region) was a major source of low level moisture
contributing to the storm. Analyses of moisture fluxes derived from wind and specific hu-
midity data showed that at low levels there was a sizable flux of moisture onto the south
coast of South Africa from the Agulhas Current region. A similar analysis was performed
on the model output. Daily moisture flux values at the 1000, 850 and 500 hPa levels are
shown in figure 4.7. At 1000 hPa, it can be seen that about 180 g.kg"1 m.s"1 of moisture was
advected into the storm region on 13, 14 and 15 December; about 40 g.kg"1 m.s"1 more than
suggested by NCEP. The model also shows that the moisture flux is much higher nearer to
the coast of South Africa. This is due to the low resolution of the NCEP data, and poten-
tially due to the NCEP model underestimating latent heat fluxes due to the low resolution
of the SST data used not capturing the strong temperature gradients over the Agulhas Cur-
rent (Rouault et al, 2002). The moisture is advected by the easterly and northeasterly
winds of the trailing edge of the anticyclone situated in the south west Indian Ocean (fig.
4.4). At 850 hPa, less moisture is advected into the storm region although motion is still
anticyclonic over the south west Indian Ocean. This suggests that it is the moisture at the
surface that is contributing most to the storm region.

At 700 hPa, up to 50 g.kg"1 m.s"' is advected into the storm region from the north and west,
consistent with NCEP, and at 500 hPa much drier air is advected into the region by the
westerly wave discussed in section 4. The vertical wind shear, together with warm moist
air at low levels and cool dry in the mid to upper levels are consistent with conditions fa-
vourable for severe storm and tornado formation.

Figure 4.8 shows latitudinal cross sections of moisture flux from 13-16 December at 35,
33 and 30"S. 35°S being the ocean just south of South Africa, 33°S across southern South
Africa just inland of the coast, and 30°S the South African interior. RWRLJ02 performed
latitudinal transects of moisture flux at 35° and 30°S and showed that there was a north-
ward flux of low level moisture from the Agulhas Current whose maximum shifted east as
the storm evolved. Maximum contribution to the storm of low level moisture from the
Agulhas Current region occurred on 15 December. However the low resolution of the
NCEP data does not give a clear indication of where the majority of the moisture is ad-
vecting. For example RWRLJ02 shows that between about 10°E and 20°E there is a
northward flux of up to 80 g.kg"1 m.s"1 at 30°S. However the model suggests that there is a
large northward flux of moisture over the south east Atlantic ocean west of 17°E, and a
considerably smaller northward flux of about 30 g.kg"1 m.s"1 over the continent. NCEP also
suggests that there is a greater northward flux at 30"S than at 35°S, whereas the model
suggests the opposite. Inclusion of the 33°S latitudinal transect shows that as the air mass
is advected northward from the ocean, the moisture content decreases consistent with sig-
nificant precipitation over the southern Cape and coastal ocean.

The NCEP data also shows that the boundary between the northward moisture flux and
southward moisture flux shifts to the east over the period of the storm. Figure 4.8 shows
that at 30°S this boundary also moves to the east between 13 and 15 December and further
still as the wind becomes southwesterly on 16 December. There is some eastward propa-
gation of the boundary at 33°S, moving from around 27°E on 13 December to around 28°E
on 15 December. However the boundary between the northward and southward moisture
flux is wide as there is a large are of zero meridional flux. This may be due to the station-
ary nature of the thermal low in the model (fig. 4.4), which synoptic charts suggests
propagates eastward over the period of the storm.

The model confirms that a large amount of moisture is advected into the storm region from
the Agulhas Current region. However, latitudinal transects suggest that less moisture is ad-
vected from this region onto the continent than had previously been surmised from analy-
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sis of NCEP data. Also since the model shows that the boundary between northward and
southward flux of moisture is wide, the model may not be producing sufficient horizontal
shear in the atmosphere to enhance vertical vorticity and therefore upward motion of the
system.

4.6 Discussion and concluding remarks

Analysis of MM5 output has confirmed that the Agulhas Current region was a major
source of low level moisture feeding the storm as concluded in RWRLJ02. However,
MM5 is seen to have some weaknesses in simulating this event. In both Cape Town and
Port Elizabeth temperature was greatly overestimated as the storm passed over these re-
gions. Figure 4.9 shows outgoing longwave radiation (OLR) from the model at 2 hour in-
tervals from 1000UTC 14 December to 1800UTC 15 December. It shows that convection
produced by the model is not as organised as that seen from satellite pictures (RWRLJ02
fig. 5) with no initial circular convection and no discernable squall line. OLR from the
model suggests that the reason that temperature has been greatly overestimated in Cape
Town and Port Elizabeth is that the model is not producing enough cloud in these places at
these times. There are a number of possible reasons for this weakness: weaknesses in the
subgridscale schemes used by the model, inaccurate topography, inaccurate vegetation
data, and the resolution of the forcing data.

Extensive testing of various parameterisations available in MM5 (not shown) has led us to
believe that the chosen schemes perform best in simulating this event. It is possible that the
available parameterisations, which were developed in the Northern Hemisphere, need to be
significantly modified for South African conditions.

Topography used in the model is at 2 minute resolution for domain 3 shown in Fig. 4.1.
Although land features seem to be fairly well resolved, many of the small scale topog-
raphical features are missing. Also around Cape Town the height of large features is
greatly underestimated, e.g. Table Mountain which is around 1000m high is just 600m
high in the model. Increasing the resolution of the topography in Cape Town and Port
Elizabeth to 30 seconds and running the model with a fourth domain at higher resolution
yielded little improvement in the time series at these stations.

The vegetation data used is from USGS, and it may be the case that this is not so applica-
ble to South African vegetation. Initial conditions and boundary forcing is from the 2.5" x
2.5° NCEP reanalysis data, and it is possible that this forcing is not of sufficient resolution
to properly simulate this event. We plan to run the model with higher resolution data from
MRF in the future to assess sensitivity to higher resolution boundary and initial conditions.
Ongoing work is applying the model to other storms; namely, the cut off low events of
August 2002 and March 2003 that led to severe flooding in East London and Montagu re-
spectively. A major problem in trying to simulate strongly convective storms of this nature
is the lack of high resolution sounding data with which to initialise the model. Without
high vertical resolution of initial temperature, moisture and winds, it is difficult for the
model convective boundary layer to grow properly and to form sufficient convective
cloud. This problem is likely to get worse for South African applications given the ongoing
reduction in radiosonde releases.
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Figure 4.1 Model Domains
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Figure 4.9 Model outgoing long wave radiation. Darker grey indicates areas of heavier
cloud
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5. Conclusion and recommendations

The major findings of the ocean and atmospheric modelling detailed above can be listed
as follows:

1. The Agulhas Current region is highly variable on intraseasonal through to interde-
cadal scales. This variability implies significant anomalies in sea surface temperature,
ocean heat content and transport, local evaporation and moisture fluxes, and hence in
regional weather and climate patterns over South Africa.

2. Atmospheric general circulation model experiments have confirmed earlier observa-
tional work suggesting that South African summer rainfall is sensitive to sea surface
temperature anomalies in the Agulhas Current region.

3. Mesoscale atmospheric model experiments confirm that moisture uptake over the
Agulhas Current region may significantly influence severe weather over at least the
southern part of South Africa.

The research emphasizes the need for South Africa to better monitor and understand its
neighbouring oceans, particularly the Indian Ocean from where much of the moisture flux
feeding into summer rainfall producing weather systems arises. Local forcing from the
SW Indian Ocean is undeniably important but so are large scale near- global modes such
as ENSO and other remote forcings (e.g. ocean teleconnections via the Indonesian
throughflow. atmospheric teleconnections via Rossby wave signals emanating from areas
of strong tropical convection). Being a relatively narrow subcontinent in an ocean domi-
nated environment, southern Africa poses great challenges for better understanding of its
climate variability and for improving seasonal forecasting capabilities. Crucial to these
activities is ongoing support of observational and modelling research by South African
funding agencies.
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Other related WRC reports available:

Air-Sea interaction over the Agulhas Current and implication for South African
weather

Rouault M • Lutjeharms JRE • Lee-Thorp AM • Jury MR • Majodina M

Previous investigations have revealed that the oceanic environment of Southern Africa
plays an important regulating role in the climate of the subcontinent. In particular, statistical
teleconnections between oceanic temperature anomalies and precipitation over South
Africais summer rainfall region have been demonstrated. This research project was
designed to investigate the physical mechanisms of ocean-atmosphere interaction as a
means of contributing to a better understanding of the role of the oceans in affecting the
weather of the subcontinent. The Agulhas Current region was selected as the study area.

The first task was to assemble and test a portable micrometeorological instrumentation
system required to make the necessary on-board ship measurements in order to quantify
the turbulent exchanges of water vapour, heat and momentum above the ocean surface.
Measurements obtained at ship level could then be linked to measurements at other
levels in the atmosphere through the use of radiosondes. Considerable difficulties had
to be overcome before the instrumentation could be used successfully to obtain the
necessary high-quality data. A large volume of data were collected during several cruises
undertaken over the five-year research period. Among the many results was the finding
that the core of the Agulhas Current, about 50 km wide, transfers about 5 times as much
water vapour to the atmosphere as the surrounding water, all year long.

The instrumentation and expertise developed during the course of this project, when
used in conjunction with satellite remote sensing, should provide the means of extending
the quantification of air-sea interactions to much larger surrounding ocean areas than
have up to now been investigated. This will greatly benefit the further development of
atmospheric circulation models and add to the understanding of the mechanisms whereby
the surrounding oceans affect the climate of South Africa
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