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Abstract
Two global models (HadAM3: The Hadley Centre Atmospheric Model version 3 and CAM3:
The Community Atmospheric model version 3) have been studied regarding their capabilities in
reproducing the small scale features over southern Africa compared with the NCEP reanalysis. In this
study, geopotential height at 500hPa and 850hPa pressure levels are used to investigate the variability
of small scale circulation features over southern Africa. The investigation took into consideration the
magnitude of the models standard deviations. Most of the results were linked with rainfall and
temperature over the region. It was found that the standardized anomalies in the geopotential height at
the 500hPa pressure level are in phase with that of rainfall. In contrast, the standardized anomalies of
850hPa pressure level geopotential height are out of phase with the standardized anomalies of rainfall
and temperature. In addition, the models are able to capture the variation in the mean cut-off lows,
number of days with deep tropical lows and number of days with Tropical Temperate Troughs (TTTs)
quite well. However, the models could not capture the number of days with temperate lows very well.
Generally, the models are able to reproduce the synoptic scale circulation features which are crucial
for reliable seasonal forecast over southern Africa.
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1. Introduction
Seasonal variability in the southern African climate strongly depends on synoptic scale
circulation systems (Tyson, 1981; Tyson and Preston-Whyte, 2000). The synoptic scale
features considered here are small scale features such as cut-off lows, deep tropical lows, deep
temperate lows and Tropical Temperate Troughs (TTTs). These features are very transient and
short lived. However, they interact with the large scale circulation and their interactions
determine the southern African climate (Hudson and Jones, 2002; Reason and Jagadheesha,
2005; Anyah and Semazzi, 2006). In many cases, when the small features interact with the
large scale circulation, they produce intense weather conditions. Additionally, their
interactions significantly affect the Sea Surface Temperature (SST) (Qiu et al. 2004), which is
normally used to force seasonal forecasting. Seasonal rainfall over southern Africa is a result
of the interaction of different small scale and large scale circulation systems over the region.
However, it is difficult to predict the rainfall distribution caused by the small scale features
because the complex terrain of the region may enhance or inhibit convective activities of the
synoptic features (Nieto et al. 2007; Hobbs et al. 1998). Therefore, investigating the possible
variations of the small scale features is very important and topical in seasonal forecasting.
The predominant small scale features in southern African climate that induce rainfall
may include cut-off lows, deep tropical lows, deep temperate lows and tropical temperate
troughs (Hobbs et al. 1998; Harrison 1984a; 1984b; Todd and Washington, 1999; Tyson and
Preston-Whyte 2000; Jury and Nkosi 2000). These waves are well recognized at 500hPa
height and are deep if they extend near the surface at 850hPa. Disturbances in the mid-latitude
westerlies include the troughs, cold fronts and cut-off lows. The frequency, duration and
intensity of these circulation features either induce or suppress rainfall, thus leading to rainfall
variability over southern Africa (Harrison 1984; Tyson and Preston-Whyte 2000). For
example, Taljaard (1985) showed that the westerly disturbances and the formation of cut-off
lows induce rainfall. Cut-off lows seen in the upper air as a trough, deepens until it forms a
closed circulation. This deep closed circulation that develops from an upper westerly trough is
one of the most intense synoptic features over southern Africa. It induces unstable troposphere
at low levels, produces severe convective events that lead to heavy rainfall and floods over
large areas, and may trigger severe cyclonegenesis that induces strong wind (Nieto et al 2005;
Tyson and Preston-Whyte 2000). Harrison (1984) reported in his study that tropical and
temperate perturbations are major determinants of southern African rainfall. Deep tropical
lows and deep temperate lows are low level circulation centres in the Rossby waves. The deep
tropical and temperate low can intensify into a cyclone and if more intense, can lead to a
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storm. Tropical easterly lows are caused by disturbances in the easterly wave, driven largely
by thermal heating of the continent. They help in tropical moisture and energy transfer. This
process significantly facilitates rainfall over the region (Mason and Jury 1997; Van den
Heever et al. 1997). Also, Miron and Tyson (1984) found that synoptic situations responsible
for rain-bearing winds are consistent with easterly low disturbances. The tropical and
temperate easterly lows are responsible for rainfall over the interior during summer.
The transient circulation features occur progressively as they change from one form to
the other on a day-to-day basis. In one case, troughs and ridges occur and eventually develop
into cut-off lows (Hobbs et al. 1998; Tyson and Preston-Whyte 2000; Browning and Mason
1980; Fuenzalida et al 2005; Smith and Reeder 1988; Garreaud 2000). In another case, when
the upper westerly wave coincides with an easterly wave or depression in lower levels, it
results in the formation of a tropical temperate trough. This feature is associated with tropical
moisture and energy transfer and it has been known to significantly contribute to summer
rainfall over southern Africa (Harangozo and Harrison 1983; Harrison 1984b).
This study reports the capability of CAM3 and HadAM3 in simulating the mean
number of cut-off lows, number of days with tropical lows, temperate lows and tropical
temperate troughs (TTTs) from 1971 through 2000. In addition, we report how the small
scale features are related to the rainfall variability over southern Africa.

2. Model Description and Techniques
HadAM3 is the atmosphere component of the Hadley Centre Coupled Model version 3
(HadCM3) (Gordon et al. 2000; Pope et al. 2000), which was developed at the Hadley Centre
for Climate Prediction and Research, UK. HadAM3 has been used for operational seasonal
forecast over South Africa by the Climate Systems Analysis Group, University of Cape Town
since 1971. In this study, the horizontal resolution of HadAM3 used is 3.75o longitude, 2.5o
latitude, and 8 layers in the vertical which are based on a hybrid vertical coordinate system
(Simmons and Burridge 1981). The model employs spherical polar coordinates on a regular
latitude-longitude grid. The development and description of the HadAM3 model can be found
in Gordon et al. 2000; Pope et al. 2000; Jones et al. 2005; Murphy et al. 2002. The work of
Hudson and Jones (2002) concluded that the model is generally able to capture the circulation
dynamics of the present-day climate.
The CAM3 model is the atmosphere component of Community Climate System
Model, version 3.0 (CCSM3) (Collins et al. 2004), which was developed at the US National
Centre for Atmospheric Research (NCAR). In this study, the finite volume dynamic core
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option, with horizontal resolution of 2.0o x 2.5o and 26 vertical levels were used.
Both HadAM3 and CAM3 were applied to produce 30 years (1971-2000) climate
simulation with 5 member ensembles of daily data each. Statistical average of these
ensemble members’ estimation of the features were used in the analysis. In the simulation,
the observed SST as the lower boundary forcing was used. For better comparison, the models
results were interpolated to the resolution (2.5o x 2.5o) of the NCAR reanalysis I data
(NCEP). ERA40 reanalysis rainfall and temperature were used.
In the investigation of the models to reproduce the small scale features, the simulated
500hPa and 850hPa geopotential heights simulations were analyzed and the results compared
with those from NCEP reanalysis. The standardized anomalies calculated from the mean of
daily geopotential height from a time series of 1971 through 2000 period were done to take
care of the seasonal variations within the dataset. This removes dispersion in the dataset and
helps to recognize the magnitude of the anomalies. Additionally, we use the Laplace equation
to track cut-off lows, temperate and tropical lows. The tropical temperate trough is defined as
a tropical low coupled to a cut-off low through a subtropical trough (Mason and Jury 1997).
The tropical region is defined in this study as 25oS – 0 and 0 – 50oE and the temperate region
as 50oS – 25oS and 0 – 50oE. The identification of depressions was based on an 8 neighbour
grid value of a two dimensional geopotential field at 500hPa for cut-off lows and tropical
temperate troughs; 500hPa and 800hPa for deep tropical and temperate lows.

3. Results
a. Mean Climatologies
The mean rainfall over southern Africa from 1971 through 2000 from ERA0 reanalysis,
CAM3 and HadAM3 is shown in Figure 1. The mean rainfall increases towards the equator
from the south of the region. A minimum of 1mm/day is observed over the ocean and a
maximum of 6mm/day near the equator in ERA40. Dryness to very low rainfall emerges from
the Atlantic Ocean into the continent over most of the western and central part of the region.
About 3mm/day rainfall is observed over a small region at the Eastern Cape in South Africa.
Few differences can be seen in the models reproducing the mean rainfall. Particularly in
CAM3, the dryness that emerges from the Atlantic Ocean is only over Cape Town. The
prominent features to note here are the two maximum regions (instead of one) simulated by
CAM3 near the equator between 25oE and 30oE and also between 40oE and 50oE. The peak
near the equator, between 40oE and 50oE, decreases south eastwards in the Indian Ocean
between Madagascar and southern Africa. Again, the model simulates a small region of low
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rainfall over the eastern part of the southern continent, which is not seen in ERA40. HadAM3
generally underestimates the mean rainfall over southern Africa. However, the pattern of the
mean is fairly close to the pattern seen in ERA40. It is able to capture the 3mm/day rainfall
over the small region at the Eastern Cape in South Africa as seen in the ERA40.
In figure 2, the mean of the temperature from 1971 through 2000 is shown from
ERA40 reanalysis, CAM3, and HadAM3. The minimum temperature seen in ERA40 is 14oC
over the Atlantic Ocean and it increases into the continent. Another minimum is located over a
small region at the Eastern Cape in South Africa. Two maximum regions are found in the
pattern; between 25oS and the equator in the western and eastern parts of the domain. The
models simulate a similar pattern but generally underestimate the mean temperature in most
parts of the region. HadAM3 particularly captures the minimum over a small region at the
Eastern Cape in South Africa as seen in ERA40.
Figure 3 shows the mean geopotential height at 500hPa pressure level from NCEP
reanalysis, CAM3, and HadAM3 models. The mean height is calculated from 30 years
simulation from the models and is shown in meters with an interval of 40m. The mean height
is observed in NCEP to increase from south to north of the region. This field is about 5650m
over the southern Oceans, it increases vertically towards the equator to a high mean height of
5860m near the equator. The models reproduce similar patterns of this mean geopotential
height. Particularly, HadAM3 reproduces almost the same as that observed from NCEP
reanalysis. In CAM3, the maximum of the mean height is concentrated in the central part of
the region; it does not reach the equator, as observed in the NCEP. Near the equator at the
west and some parts of the eastern region, a height of about 5800m is simulated by CAM3.

b. Seasonal Variations
The seasonal variations in the simulated climatological rainfall from the models and ERA40
are shown in figure 4a. The models show a good agreement with ERA40 reanalysis but
CAM3 over predicts the summer rainfall (by about 2 mm/day) while HadAM3 under predicts
it by about 1 mm/day. Similarly, in figure 4b the maximum climatological temperature is in
summer and the minimum temperature is in winter. CAM3 over predicts March, April and
May temperatures by 1oC and HadAM3 under predicts the JJA temperatures by 1oC.
The seasonal variation of the standardized rainfall and temperature anomalies over
southern Africa for the 1971-2000 year period are shown in figure 5. The standardized
anomalies are calculated from their daily anomalies and climatological standard deviations. In
figure 5a, positive standardized anomaly of rainfall almost equal to 1 is observed, from NCEP,
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in January and it decreases to zero at the end of April. The negative anomaly starts in May and
peaks in July, it then rises through to October. Positive anomaly starts again at the beginning
of November and it increases in December. The models simulate these anomalies precisely.
Both have a correlation coefficient of 0.98 with ERA40 reanalysis. In figure 5b, positive
standardized anomaly of temperature decreases from 1 in January to zero at the end of April.
The negative anomaly starts in May at zero and decreases to near -1.5 in mid July, it then
increases gently from -1.5 in July to zero in October. The Positive anomaly starts again in
October at zero to a little above 0.5 in December. The models are estimating standardized
anomaly.
Figure 6 compares the models standardized anomalies of their daily geopotential
height at 500hPa pressure level (figure 6a) and near the surface at 850hPa pressure level
(figure 6b) with NCEP reanalysis. In figure 6a, NCEP shows a positive anomaly that increases
from January till May and in December. The positive anomaly peaks in March at 1.5 and
decreases to zero in May. The negative anomaly is between 0 and -1.5, within this range, the
standardized anomaly decreases from zero in May to -1.5 in August but rises again between
August and November. Similarly, both models simulate a similar pattern in the range of their
deviations. In particular, CAM3 reproduces the positive anomalies from January through May
and negative anomalies between June and November. December has positive anomalies. The
peak of the positive anomalies in this case is in April. Like in NCEP, CAM3 simulates the
negative anomalies from June through November. Moreover, CAM3 shows a correlation
coefficient of 0.89 with the NCEP. Interestingly, HadAM3 reproduces very a similar pattern as
in NCEP with a correlation coefficient of 0.94. In figure 6b, negative anomalies at 850hPa are
observed from January through May and from October through December. The winter months
starting from May have positive anomalies up to about 1.5. The range is between -1.5 and 1.5.
The models simulate the range of the standardized deviation as in NCEP. However, CAM3
simulates the transition from negative to positive anomaly more than a month earlier,
sometime in March while HadAM3 has a closer transition time as NCEP.
Figure 7 shows the seasonal mean number of cut-off lows estimated from NCEP and
the models. A high mean number of cut-off lows is observed from NCEP during the onset of
the austral winter season in March and April from NCEP. A smaller peak is present in
October. Both models capture the peak of the mean number of cut-off lows in March but they
represent the second peak (in October for NCEP) a bit earlier in September. Although, both
models generally under estimate the mean number of cut-off lows over the region, HadAM3
simulates the mean number closer to that of NCEP reanalysis with a correlation coefficient of
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0.63 with NCEP.
In figure 8a, the observed number of days with deep tropical lows from NCEP varies
between 17 and 30 per month. The highest number of days with tropical lows from NCEP is
close to 30 in February. The number of days with deep tropical lows decreases as winter
approaches. May, June and July recorded the lowest number of days with tropical lows and 17
days is the observed minimum. The number of days increases from July through December
and from January through February. Both models underestimate the number of days with deep
tropical lows although they show similar pattern to that of NCEP. For CAM3, the months
January, February, March and December have 25 days of deep tropical lows. The number of
days with tropical lows decreases to 15 in April and May then increases from 15 to 20 through
June. CAM3 has a correlation coefficient of 0.87 with NCEP. In the case of HadAM3, the
number of days with deep tropical lows is in the order of 5 to 20 days from January through
December. It also reproduces less number of days with tropical lows from the onset of winter
season in May till the peak of winter season in July but the correlation coefficient is still high
(0.83).
In addition, the number of days with deep temperate lows from NCEP reanalysis and
the models is shown in figure 8b. Generally, lower number of days with deep lows is seen
from NCEP over the temperate region than over the tropical region (see figure 8a). The
number of days with deep temperate lows increases from September through December and
also from January through March. The highest number of days with deep temperate lows from
NCEP in March is 8. The NCEP reanalysis shows the lowest number of days with deep
temperate lows to be 4 per month during the austral winter season. The models extremely
underestimate the number of days with deep temperate lows. CAM3 particularly estimates
almost zero number of days per month of temperate lows in winter and close to 1 day per
month in summer. HadAM3 estimates about 2 days of temperate lows in summer and winter
months have between zero and 1 day of temperate lows per month. The highest estimated
number of days of these lows is close to 3 in April. The models have a correlation coefficient
of 0.59 and 0.47 for CAM3 and HadAM3, respectively.
Figure 9 shows the seasonal variation of days with TTTs from 1971 to 2000 over the
same domain. It is evident that the number of days with TTTs estimated from NCEP increases
from September through March. The number of days with TTTs from NCEP is between 4 and
8 throughout the seasons. The pattern is reproduced fairly in both models except with CAM3,
which overestimates the number of days with TTTs throughout the year and more
significantly in January, February, March and December. HadAM3 reproduced the number of
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days with TTTs between 4 and 8, as seen from NCEP reanalysis.

4. Discussion
Most of the synoptic scale features presented here are rainfall inducing systems, which are
noticeable at the 500hPa pressure level. As seen in the spatial patterns, the mean geopotential
height at 500hPa pressure level is similar to that of the mean rainfall and temperature over the
study region. Negative anomalies in the daily geopotential height at 500hPa correspond to low
climatological rainfall between May and November. In contrast, at the 850hPa (figure 5b),
positive anomalies in the daily geopotential height correspond to low climatological rainfall
between May and October. The link between the 850hPa geopotential height and rainfall has
been reported in a related study by Landman and Goddard (2002) using a pattern analysis
from Canonical Correlation Analysis.
Moreover, from figures 7 and 4a, as the mean number of cut-off lows increases, there
is an increase in the mean rainfall and when the mean number of cut-off lows decreases, the
mean rainfall decreases. However, a correlation coefficient of 0.44 not significant at 95%
confidence level is shown for cut-off lows from NCEP and ERA40 rainfall (table 1). CAM3
also shows a low correlation coefficient for cut-off lows and rainfall, which is not significant.
In table 1, HadAM3 shows a high correlation coefficient for cut-off lows and rainfall which is
significant at 95% level of confidence.
In addition, the months with a high number of days of TTTs correspond to months
with high rainfall. The link between TTTs and rainfall over southern Africa has been
explained through moisture convergence by Todd and Washington (1999). Also, low number
of days of temperate lows agrees with low winter rainfall over southern Africa. It can be seen
in table 1, that there is a significant correlation coefficient from NCEP for tropical lows,
temperate lows, TTTs and ERA40 rainfall at 95% confidence level. Similarly, CAM3 also
shows high correlation coefficients which are significant at the same confidence level for the
same features and rainfall. However, HadAM3 shows a strong correlation coefficient for
tropical lows and for TTTs but no relationship at all for temperate lows. The pattern of the
features discussed above can be confirmed from related studies (Harrison 1984a; Miron and
Tyson 1984; Tyson 1986; Mason and Joubert 1997; Todd and Washington 1999).

5. Conclusion
The models have shown their capabilities in reproducing the small scale features over
southern Africa in comparison with the NCEP reanalysis. The variations in the geopotential
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height has been studied with the models and compared with NCEP reanalysis. The variability
of the small scale features is associated with the position and intensity of rainfall over the
region. The models correlate well with NCEP in the standardized geopotential height
anomalies at both 500hPa and 850hPa pressure levels. The variations in the geopotential
height have been linked with rainfall and temperature through their means and standardized
anomalies. The standardized anomalies in the geopotential height at 500hPa pressure level
have been shown to be in phase with the standardized anomalies of rainfall and that at 850hPa
pressure level to be out of phase with that of rainfall and temperature. In the summer months
(DJF), when the region experiences maximum rainfall, small scale features like cut-off lows,
tropical lows and TTTs show increased intensity. Also during winter, low rainfall corresponds
to low intensity of the small scale features. The seasonal variation in tropical lows, temperate
lows and TTTs has also been shown to relate with the mean rainfall with strong correlation
coefficient, which are significant at 95% confidence level.
Generally, the models are able to reproduce the synoptic scale circulation features and
have estimated the relationship between them and rainfall. These features are crucial for
reliable seasonal forecast over southern Africa. Moreover, the accuracy of forecast produced
from these global models will depend on the ability of these GCMs to simulate the synoptic
scale circulation features that play dominant roles in determining the climate over the region.
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Table 1. Correlation coefficients between Small scale features and rainfall from NCEP, CAM3
and HadAM3. Values with * are not significant at 95% confidence level

NCEP
CAM3
HadAM3

Cut-off
lows
0.44*
0.39*
0.83

Tropical
lows
0.84
0.95
0.89

Temperate lows
0.89
0.78
0.00*

13

Tropical Temperate
Troughs
0.88
0.85
0.72

Figures captions
Fig 1. Rainfall mean (mm/day) for 30yrs from ERA40 (upper row), CAM3 (middle row) and
HadAM3 (bottom row)
Fig 2. Temperature mean (oC) for 30yrs from ERA40 (upper row), CAM3 (middle row) and
HadAM3 (bottom row)
Fig 3. Mean of geopotential height (m) at 500hPa level from NCEP (upper row), CAM3
(middle row) and HadAM3 (bottom row)
Fig 4. Seasonal variation in climatological rainfall (a) and temperature (b) over southern
Africa (0-50E, 40S-0) from ERA40 (deep solid), CAM3 (dashed) and HadAM3 (light solid)
Fig 5. Standardized anomalies of rainfall (a) and temperature (b) over southern Africa (0-50E,
40S-0) from ERA40 (deep solid), CAM3 (dashed) and HadAM3 (light solid)
Fig 6. Standardized anomalies of geopotential height at 500hPa (a) and at 850hPa (b) over
southern Africa (0-50E, 40S-0) from NCEP (black), CAM3 (deep grey) and HadAM3 (light
grey)
Fig 7. Seasonal variation of mean number of cut-off lows over southern Africa (0-50E, 40S-0)
from NCEP (deep solid), CAM3 (dashed) and HadAM3 (light solid)
Fig 8. Seasonal variation of number of days with tropical lows (a) and temperate lows (b) over
southern Africa (0-50E, 40S-0)
Fig 9. Seasonal variation of number of days with tropical temperate troughs over southern
Africa (0-50E, 40S-0)
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