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Introduction
In East Africa, rainfall amounts and distribu-
tion are the most important factors gov-
erning crop yields (Muti and Kibe, 2009). 
Since most food production systems over 
the region are mainly rain-fed, weather 
forecasts are crucial. Therefore, this analysis 
focuses on divergence of the atmospheric 
flow with the aim of contributing to the 
understanding of regional weather. 

The idea that surface convergence and 
rainfall are related is not new. Marshall et al. 
(2001) found that initial rainfall morphology 
is related not only to the amount of low-level 
convergence but to the depth of the conver-
gence. Convergence is the piling up of air 
above a region, whereas divergence is the 
spreading of air above some region (Ahrens, 
2011).  Convergence and divergence of air 
may result from changes in wind speed or 
wind direction (Ahrens, 2011). In addition, 

convergence may be due to frictionally 
driven, cross-isobaric flow (Zehnder, 2001). 

Area of study
The area under the focus of this analysis 
is equatorial East Africa (Figure 1). Twenty-
one stations have been selected to repre-
sent the region, based on homogeneous 
rainfall zones.

East Africa experiences two climatological 
rainy seasons. During southern hemisphere 
summer, the weather of equatorial East Africa 
is influenced by the northeast monsoon. 
During northern hemisphere summer, the 
region is under the influence of the south-
east monsoon. The southeast monsoon is 
cool, moist and shallow, and is generally 
associated with cool, cloudy and dry condi-
tions over the region (Christian et al., 2011). 

Data
Two datasets were used in the analysis. 
These are monthly mean rainfall and diver-
gence data for the period 1979–2008. The 
rainfall data were obtained from the National 

Oceanic and Atmospheric Administration 
(NOAA) Climate Prediction Centre (CPC). 
The spatial resolution of the CPC dataset is 
0.5° × 0.5°.  Divergence data were obtained 
from European Centre for Medium Range 
Weather Forecasting (ECMWF) ERA-Interim 
dataset. The spatial resolution of the ECMWF 
dataset is 0.125° × 0.125°.  

Seasonal variation of upper 
tropospheric divergence
As atmospheric sounding and instability indi-
ces reveal, most of the tropical zone is essen-
tially convective, although variations occur 
on diurnal, latitudinal, and seasonal scales, 
as well as with altitude (Galvin, 2008). In this 
section, we focus on the seasonal variation 
of upper tropospheric divergence over the 
region. The seasonal variation is based on 
the monthly mean for the period 1979–2008.

The seasonal march of upper tropo-
spheric divergence has a bimodal pattern 
(Figure 2). During March-April-May (MAM) 
and October-November-December (OND), 
there is peak upper level divergence at 
300 and 200hPa over the region. During 
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MAM there is a relatively higher peak in 
upper level divergence compared with the 
peak divergence in OND. This implies that 
convective activity during MAM season is 
deeper compared with the OND season. 
This leads to the relatively high rainfall peak 
that is observed in MAM (Figure 2). These 
peaks are associated with the presence of 
the Intertropical Convergence Zone (ITCZ) 
over the region.

During June-July-August (JJA), there is peak 
upper level convergence over the region at 
300 and 200hPa. The upper level convergence 
during JJA can be attributed to the prevailing 
wind. During JJA, East Africa is under the influ-
ence of the southeast monsoon. The south-
east monsoon is fairly moist, diffluent and has 
a subsiding nature (Opijah et al., 2008). Due to 
the diffluence at the lower troposphere, upper 
level divergence must occur.

The subsidence that occurs during JJA 
has two effects. The first is that vertical air 
motion is either curtailed or is confined 
to the lower troposphere over the region. 
Consequently, stratified clouds such as stra-
tus and stratocumulus are formed, leading 
to overcast skies, foggy conditions and driz-
zle. This large-scale subsidence is the major 
factor in the origin and maintenance of the 
trade winds inversion (Sarah and David, 
2012). The second effect of this subsidence 
is that it weakens disturbances and troughs 
over the region during JJA.

Diurnal variation 
of  tropospheric divergence
Three types of diurnal cycle in tropical 
precipitation can be identified, according 
to Kikuchi and Wang (2008). These are: 
 oceanic, continental, and coastal diurnal 
cycles of tropical precipitation (Kikuchi and 
Wang, 2008). In this section, we will focus on 
identifying only the coastal and the conti-
nental diurnal regimes in the upper tropo-
spheric divergence.

In order to determine the diurnal regime 
over the regional coastal strip, upper level 
divergence was analysed over Lamu and 
Mombasa. To identify the continental type, 
the diurnal pattern over the Lake Victoria 
basin was analysed over seven stations, 
namely: Gulu, Masindi, Tororo, Entebbe, 
Kericho, Bukoba and Musoma.

Over the Lake Victoria basin (Figure 3), the 
diurnal march of upper level divergence has 
a peak in the afternoon (1200  UTC). The dif-
fluent upper tropospheric flow at 1200  UTC 
favours the development and intensifica-
tion of the Mesoscale Convective Systems 
(MCSs) that are observed over the basin. The 
convective weather systems will dissipate 
towards 1800 UTC as upper level divergence 
decreases in magnitude. 

The diurnal cycle in divergence over the 
basin is  a result of the diurnal cycle of solar 
radiation. Heating of the surface during the 

Fi gure 1. Map of equatorial East Africa, showing the area under study and the rainfall stations 
whose data were used. The rainfall stations were selected based on homogeneous rainfall zones 
in the region. as developed by Indeje et al. (2000).

Figure 2. Seasonal march of upper tropospheric divergence and rainfall over equatorial East Africa. 
The seasonal march is based on the long term mean (1979–2008) over 21 stations. The seasonal 
cycle of the divergence is bimodal. Peak divergence occurs during March-April-May (MAM) and 
October-November-December (OND) with peak divergence during MAM being higher than the 
peak divergence during OND.

Figure 3. Diurnal march of upper tropospheric divergence over the Lake Victoria basin based on 
the long term mean (1979–2008) of divergence at synoptic hours. Peak divergence is observed at 
1200  UTC.

day provides buoyant energy that mixes the 
near-surface air and generates rising ther-
mals (Gordon, 2008). Due to the rising ther-
mals, a surface heat low is generated which 
favours low level convergence and ascending 
air motion. From considerations of conserva-
tion of mass, divergence must occur in the 
upper levels to compensate for accumulation 
of mass due to the rising thermals.

The diurnal cycle of upper tropospheric 
divergence for the regional coastal strip is 
shown in Figure 4. This pattern in upper 
level divergence favours occurrence of rain-
fall at night and in the early morning. The 
upper level convergence over the coast has 
economic implications in that it ensures that 
the coastal sky is clear of clouds and convec-
tive systems during daytime.
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Kenya, there is upper level convergence at 
300hPa (Figure 6).

Spectral analysis
In this section we focus on variability on 
the interannual time scale. Our interest is 
in the systems that account for most of 
the variance in the observed divergence in 
the upper troposphere. Since the tropical 
atmosphere is moist up to between 300 and 
200hPa (Carrillo and Raymond, 2005), our 
highest pressure level of interest is 200hPa.

In order to detect interannual variations, 
Fourier series analysis was used. Fourier 
series is an appropriate representation due 
to its ability to successfully model waves 
in the atmosphere, as well as phenomena 
resulting from solar forcing (Duchon and 
Hale, 2012). Fourier series decomposes a 
dataset into harmonics (sinusoidal wave-
forms) such that when all harmonics are 
added together they produce the time 
series (Duchon and Hale, 2012). The vari-
ance at each harmonic frequency is given 
by the square of its amplitude divided by 
30, except at the last harmonic (Duchon and 
Hale, 2012).

Fourier Series Analysis takes the form 
shown in Equation 1.

–
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In Equation 1:
N is the number of years. In this case 

N = 30 h = N/2. Therefore, in this case, h = 15.
j represents the individual harmonic.
i is the number of observations. i  =  1, 2, 

3, …, N
y– is the mean of the time series.
Figure 7 is a periodogram of the different 

harmonics in divergence at 200hPa. A perio-
dogram is a plot of variance associated with 
each harmonic versus the harmonic number 
(Duchon and Hale, 2012). From Figure 7, the 
oscillation that accounts for most of the var-
iance is the second harmonic. This second 
harmonic has a period of 11 years (Figure 8) 
which closely corresponds to the sunspot 
cycle (Figure 9). 

Based on the second harmonic (Figure 8), 
peak divergence at 200hPa occurred in 
1989/1990 and 2000.  During these years 
(Figure 9), sunspot maxima were recorded.  
In the 11-year cycle, changes in upper level 
divergence are such that there is an increase 
in intensity of upper level divergence during 
sunspot maxima followed by a decrease in 
intensity during sunspot minima. 

Large scale air pressure gradients are the 
main factors whose variations can be tied to 
the sunspot cycle: gradients are large during 
sunspot maxima and small during sunspot 
minima (Wefer, 2002). Steep pressure gra-
dients imply strong winds, and weak pres-
sure gradients, light winds (Ahrens, 2011). 
A study related to stratospheric heating by 

The dominance of the mesoscale features 
can be identified at 850hPa (Figure 5). For 
example, over the Lake Victoria basin, the 
land-lake breeze circulation is evident. Over 
the adjacent highlands such as Kisii, Kericho 
and Kakamega, there is low level conver-
gence, while over the lake there is diver-
gence at 850hPa.

The tracks of the East Africa Low Level 
Jet (EALLJ) and the Turkana Jet can be 
mapped out based on the divergence at 
850hPa (Figure 5). The tracks of the low 
level jet streams are identified as zones of 
low level divergence at 850hPa over north-
ern and northeastern Kenya. The low level 
divergence over these areas is as a result 
of  acceleration of air parcels within the jet 
streams. As the air parcels accelerate they 
spread out, leading to divergence at 850hPa.

In the upper troposphere (300hPa), a mir-
ror image of the pattern in the lower tropo-
sphere is observed (Figure 6). This mirror 
image sustains the pattern at low levels by 
ensuring that there is continuity of mass. For 
example, over most parts of the highlands 
west of Rift Valley, northwestern Tanzania 
and several places in Uganda, there is upper 
level divergence. Over arid and semi-arid 
areas such as northeastern Tanzania, north-
ern Kenya and the southeastern lowlands of 

Spatial distribution plots
In this section, the distribution of diver-
gence over the region is presented at 850 
and 300hPa. The spatial plots are based on 
the long term mean of divergence over the 
study period.

In the lower troposphere (850hPa), con-
vergence is observed over the convectively 
active areas of East Africa (Figure 5). These 
areas are Uganda, northwestern Tanzania, 
highlands west of the Rift Valley (places such 
as Kericho, Kisii, Kakamega and Mt. Elgon) 
and a few places over central Kenya (the Mt. 
Kenya region and the Aberdare Range). 

The arid and semi-arid areas of the region 
experience divergence at 850hPa (Figure 5). 
These areas include the southeastern  lowlands 
of Kenya (Kitui, Voi and Tsavo), northern and 
eastern parts of Kenya (Mandera, Turkana, 
Dadaab and Garissa) and several parts of 
northern Tanzania. The low level divergence 
over these areas leads to subsidence which 
inhibits convection from taking place. The 
subsiding air warms dry adiabatically and 
contributes to clear skies. Thus, in addition 
to the dry conditions that are observed over 
these areas, relatively high temperatures are 
also observed due to the warm subsiding air 
and the resulting clear skies.

Figure 4. Diurnal march of upper tropospheric divergence over the regional coastal strip of equato-
rial East Africa. Peak convergence is observed at 1200  UTC while divergence is observed at night 
and early morning at 300hPa.

Figure 5. Spatial distribution of long term mean of divergence at 850hPa over equatorial East 
Africa. Blue and purple shading represents areas of convergence while yellow, brown and red 
shading represents areas of divergence.
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harmonic have a periodicity that ranges 
from 4 to 5 years (Figure 11).

 The sixth and the eighth harmonic 
tend to provide a close fit to the observed 
time series (Figure 11). Based on the sixth 
and the eighth harmonic, the years with 
marked upper tropospheric divergence are 
1997/1998 and 2002/2003. These are some 
of the years when there was a strong El Niño 
over the region. 

During El Niño there is anomalous weak-
ening of the trade winds (Bjerknes, 1969) 
and there is an eastward shift in the Walker 
Circulation (Philander, 1990). This eastward 
shift favours the invasion of the quasi- 
permanent low pressure systems that sit 
over the Congo basin to the East African 
region. This invasion leads to large scale low 
level convergence over East Africa. The weak 
trade winds favour the meridional arm of 
the ITCZ to sit over vast swaths of East Africa 
during an El Niño year.

The El Niño also affects the zonal arm of 
the ITCZ over the region. This is because 
during El Niño, convective zones over the 
southwestern Indian Ocean and adjacent 
land are displaced equatorward (Philander, 
1990). As a result, El Niño brings enhanced 
rainfall to equatorial East Africa but 
diminished rainfall to southeastern Africa 
(Philander, 1990).

The amplitudes of the sixth and eighth 
harmonics (Figure 11) vary, and this causes 
the effects of the harmonics on the observed 
weather to vary over time. Due to the peri-
odic nature of El Niño Southern Oscillation, 
the harmonics in the upper tropospheric 
divergence can be extrapolated to deter-
mine when an El Niño will occur. However, 
as stated by Philander (1990), such a model 
is too crude to predict what amplitude the 
El Niño will attain.

Some of the years with marked upper 
level divergence are 1996/1997, 1999/2000 
and 2004/2005 (Figure 11). During these 
La Niña years, Kenya experienced drought. 
The trade winds are intense during La Niña 
(Philander, 1990). The intense trade winds 
confine the convective systems that are 
embedded in the meridional arm of the 
ITCZ to the western parts of the region.

Conclusions
Over the arid and semi-arid areas of equa-
torial East Africa, divergence is observed at 
the low levels and convergence at the high 
levels of the troposphere. Over convectively 
active areas such as the highlands of the 
Lake Victoria basin, there is low level con-
vergence and upper level divergence. 

Local features play an important role in 
contributing to the nature of divergence of 
air flow as evident over the Lake Victoria 
basin and northeastern Kenya. Over areas 
with generally flat topography, such as 
northeastern Kenya and southeastern 

4- to 6-year periodicity has been associated 
with the El Niño Southern Oscillation, which 
has an influence on the Walker Circulation, 
as hypothesized by Bjerknes (1969). The 
Walker Circulation is weak in March and 
April (Philander, 1990). Therefore, in order 
to detect the influence of the El Niño 
Southern Oscillation, spectral analysis was 
performed on divergence at 200hPa for the 
OND season.

The results of the spectral analysis are 
shown in Figures 10 and 11. In Figure 10, 
apart from the fundamental harmonic, the 
sixth harmonic accounts for most of the 
variance. The sixth harmonic and the eighth 

Haigh (1996) tends to be in agreement with 
this approach, which is based on pressure 
gradients. At solar maximum, a warming 
of the summer stratosphere was found to 
strengthen the easterly winds, which pen-
etrated more into the equatorial upper 
troposphere, causing the tropical Hadley 
circulations to broaden (Haigh, 1996).

Based on the harmonics in the annual 
mean (Figure 7), there is an indication of 
the presence of oscillatory systems with a 
higher frequency of variability. We therefore 
seek to identify whether there is any sig-
nature of the El Niño Southern Oscillation 
in the upper tropospheric divergence. The 

Figure 6. Spatial distribution of long term mean of divergence at 300hPa over equatorial East 
Africa. Blue and purple shading represents areas of convergence while yellow, brown and red shad-
ing represents areas of divergence.

Figure 7. Periodogram of different harmonics in the observed divergence at 200hPa over 21 
 stations in equatorial East Africa. The second harmonic accounts for most of the variance at 35%. 
There is an indication of presence of oscillatory systems with higher frequency of variability.

Figure 8. Plot of the second harmonic in the upper tropospheric divergence over equatorial East Africa.
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The upper tropospheric divergence over 
the region exhibits interannual variability. 
These variations can be detected by means 
of spectral analysis and can be modelled 
using the resulting harmonics.

The El Niño Southern Oscillation has an 
influence on upper tropospheric  divergence 
over the region. During El Niño, there is an 
increase in the intensity of upper tropo-
spheric divergence over the region. 
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 lowlands of Kenya, the role of topogra-
phy is minimal and low level divergence is 
observed.

Upper tropospheric divergence varies 
seasonally over equatorial East Africa. The 
seasonal variation is bimodal with peak 
divergence during MAM and OND at 300 
and 200hPa. These peaks are associated 
with the presence of ITCZ over the region. 
During JJA, there is upper tropospheric 
 convergence over the region due to the 
trade winds inversion.

Upper tropospheric divergence exhibits 
diurnal variability over the region. Over the 
regional coastal strip, upper tropospheric 
divergence occurs during the night, with 
peaks in the late night and early morning at 
300hPa. The continental areas (Lake Victoria 
basin) experience peak upper tropospheric 
divergence in the afternoon.

Figure 9. Monthly averaged sunspot numbers, NASA (2014). Sunspot maxima were recorded in 
1960, 1970, 1980, 1990 and 2000.

Figure 10. A periodogram of harmonics in the seasonal long term mean of divergence at 200hPa 
for October-November-December. Apart from the first (fundamental) harmonic, the sixth harmonic 
accounts for most of the variance.

Figure 11. A plot of harmonics with a periodicity of 4–5 years in the upper tropospheric divergence 
at 200hPa for October-November-December.
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