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ABSTRACT

The eastern Africa monsoons during the Northern Hemisphere spring (NHS) season are described based on
composites derived from various rainfall anomaly scenarios.

The years 1981/1984 were delineated as some of the recent wettest/driest years over this region during the NHS
season. Wet/dry spells within these anomalous years were further selected using PCA T-mode analysis. Both the
anomalous years and the wet/dry spells identified from these years were used to create wind composites that were
used to describe the eastern Africa Monsoon circulation.

Composite wind analyses showed the dominance of the westerlies/easterlies in the lower/upper troposphere and
their migration from the Southern Hemisphere to the Northern Hemisphere. Analysis of the individual wettest/driest
years showed that before the start of the equatorial eastern Africa (EEA) long-rains season, easterlies are dominant
near the Equator and westerlies near 15°S in the lower troposphere, while at the end of the rainy season the westerlies
were located to the north of the Equator, near 5°N, with easterlies on their lateral sides. However, during the EEA
long-rains season westerly/easterly wind events occurred in alternation over the region. These westerly/easterly
episodes were associated with wet/dry rainfall spells.

Vertical sections of zonal wind component showed that the wind alignment during wet spells was similar to that
generally observed in other monsoonal regions, with lower tropospheric westerlies overlain by upper tropospheric
easterlies. But the reduced frequency of lower tropospheric westerlies is suggested to be due to the barrier effect of
the north–south mountain chains which allow only the most intense westerlies to cross the mountains into the EEA
region. Copyright © 1999 Royal Meteorological Society.
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1. INTRODUCTION

Two distinct monsoons are observed over the equatorial eastern Africa (EEA) region. These are the
northeast (NE) and southeast (SE) monsoons. The NE monsoons dominate during the Southern
Hemisphere summer (December–February), while the SE monsoons are observed during the Northern
Hemisphere summer (June–August). A transition occurs from the NE to SE monsoons during the period
of the Northern Hemisphere Spring (NHS) season (March–May).

The transition is characterized by convergence, in the EEA region, of low-level equatorward moving air
masses from both hemispheres. These low-level air masses constitute the monsoonal flows and the zone
of convergence is the Intertropical Convergence Zone (ITCZ).

The ITCZ has been observed most clearly in the wind field near 700 hPa level (Anyamba, 1983;
Mukabana and Pielke, 1996) in the EEA region. It passes over the region twice in each year and
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associated with the passage are the two rainfall seasons occurring during March–May and October–mid-
December. Over the EEA region the ITCZ is the major synoptic-scale system controlling the seasonal
rainfall (Asnani, 1993). However, easterly waves have also been shown to produce significant rainfall at
the East African coast (Lumb, 1966; Nyenzi, 1988; Camberlin and Planchon, 1997).

Other major monsoonal regions of the world include West Africa, India, Southeast Asia, and Northern
Australia where summer monsoons are experienced. In these regions the monsoons have been defined as
equatorial lower tropospheric westerlies of the summer hemisphere. Holland (1986) has defined the onset
of North Australian monsoons as the first occasion on which the smoothed 850 hPa zonal component
flow at Darwin (12°26%S, 130°52%E) changes from easterly to westerly. Holland (1986) has further shown
that this definition of the monsoon over northern Australia corresponds well with rainfall over a large
part of northern Australia. Similar definitions based on the ‘first’ occurrence of the lower tropospheric
westerlies have been advanced for the other monsoonal regions. Mean summer winds in these regions
show westerlies in the low-levels.

Johnson and Morth (1961), Nakamura (1968) and Camberlin and Wairoto (1997) have studied the
origins and nature of equatorial westerlies over East Africa. They have shown that westerlies in the mid-
and lower troposphere were associated with rainfall in the region. However, these studies did not
document any mean seasonal westerlies over the EEA region.

The objective of this study is to document the observed circulation during the long-rains (March–May)
season during anomalous rainfall years over EEA. An attempt will also be made to show the origin of the
monsoonal westerlies over EEA during the March–May (NHS) season and their importance to the
rainfall climatology of the EEA region.

This study was concentrated within the months of March–May which constitute the major rainfall
season over the region. This season is normally referred to, by local climatologists, as the ‘long-rains’
season.

2. DATA USED IN THE STUDY

The data used in this study include daily and monthly station rainfall totals and the European Centre for
Medium-range Weather Forecasts (ECMWF) Global Analyses data sets.

The rainfall data used consists of daily and monthly records at 90 stations distributed all over eastern
Africa within the period 1961–1990. The pentad (5-day totals) records were calculated from the daily
observations. The NHS records (March–May), the ‘long-rains’ season, over eastern Africa, were used to
generate the NHS season regional time series for 1961–1990 from which the anomalously wet and dry
years were delineated. These data, both the daily and monthly, were obtained from the Drought
Monitoring Centre (DMC), Nairobi, Kenya.

This study also utilized the once daily (12:00 h UTC) grid-point meteorological variables operationally
analyzed by the ECMWF. These ECMWF analyses are produced using the four-dimensional data
assimilation system (Bengtsson et al., 1982). The spatial resolution is 2.5° latitude×2.5° longitude for the
low- and mid-latitude sector 25°N–45°S and between longitudes 30°W–85°E. The data were for the
selected anomalous rainfall years based on the seasonal rainfall time series analysis.

The general circulation parameters derived from these records include wind fields and the associated
wind derived parameters at 850, 700 and 200 hPa. The 12:00 h UTC data were averaged to make 5-day
(pentad) mean values. These general circulation components included the zonal and meridional wind
components. The ECMWF data sets used in this study were obtained through the Bureau of Meteorology
Research Centre (BMRC), Australia.

Many researchers including Murakami and Sumathipala (1989), Mukabana and Pielke (1996) and
Okoola (1996) among others have successfully used the ECMWF data sets for various studies. These
researchers have shown that the ECMWF analyses were good approximations of the real flow fields over
the EEA and the adjacent Indian Ocean.
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3. METHODOLOGY

The methods which were used in this study include determination of anomalous rainfall years using
seasonal area-averaged rainfall time series, determination of the characteristics of anomalous rainfall years
in terms of onset, duration and withdrawal of the rainy season, composite analysis, principal component
analysis (PCA), and cross-sectional analyses.

3.1. Determination of anomalous rainfall years

The major wet/dry years within the study period (1961–1990) were delineated. These were determined
from the regional rainfall anomaly indices. The regional rainfall anomaly indices were of the form:

xt=
1
m

%
m

j=1

100Xtj

X( j

(1)

where m is the total number of rainfall stations within the EEA region.
The xt values, as a time series, were used to delineate the wet/dry rainfall scenarios for the respective

seasons and years over EEA. These scenarios are shown in Table I.
The major wet, dry and normal seasons were first delineated, and the averaged values (composites) for

each anomaly category were used to represent the wet, dry and normal scenarios which were used in the
study to investigate the space–time evolutions of the monsoonal circulation over the region during the
anomalous rainfall episodes.

3.2. Composite analysis

The composite analysis involves identifying and averaging one or more categories of fields of a variable
selected according to their association with ‘key’ conditions (Folland, 1983). The results of these
composites are then used to generate hypotheses for patterns which may be associated with the individual
scenarios (Folland, 1983).

The ‘key’ conditions for the composite analysis in the present study are the anomaly scenarios given in
Table I; precursors, onset, frequency of wet/dry spells, withdrawal and duration of rainfall for the
respective wet/dry scenarios.

One of the advantages of composite fields is that they are easy to interpret and are often presented in
meteorological units. A number of studies have indicated that the results obtained from composite
analysis usually agree closely with the correlation methods (Ward, 1992). The approach has been used in
Zimbabwe, to the south of the study region, by Matarira and Jury (1992) to study the synoptic-scale
kinematic patterns associated with the wet and dry spells in Zimbabwe.

In this study, the anomalously wet/dry years selected using Table I were composited in order to isolate
the circulation patterns associated with the wet/dry seasons. Also, the individual selected wet/dry years
were further analyzed (using methods in the next Section) to delineate wet/dry rainfall spells which were
composited in order to identify the within-the-season dry/wet circulation patterns.

Table I. Classification of the wet/dry rainfall anomaly scenarios

Scenario type Anomaly range (%)

Wet xt\125
755xt5125Normal

xtB75Drought
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R.E. OKOOLA146

3.3. Principal component analysis

In order to confirm the results from Equation (1) above, principal component analysis (PCA) was used
in order to select rainfall events to be composited, the pentad rainfall for the anomalous years and
locations were subjected to PCA with time (seasons or pentads) as the variable. These PCA solutions can
be used to cluster together pentads with similar map patterns. Under this method rainfall records were
subjected to T-mode PCA for the seasonal (March–May) rainfall. The loadings from this analysis were
classified into three categories, namely, normal, large positive and negative values. The delineated years
were compared with those which had been obtained from areal rainfall anomaly indices which were given
in Equation (1).

Also pentads delineated from the PCA were used to study the detailed characteristics of the dry, normal
and wet scenarios. This included a detailed study of the wet and dry spells within the selected anomalous
rainfall years.

3.4. Cross-sectional analyses

The time–latitude/longitude cross-sectional analyses of wind for the selected anomalous years were
used to study the circulation changes over the region as the northeast monsoons withdrew and the
southeast monsoons set in. The region of confluence of the two monsoons was delineated and used to
trace the circulation changes over EEA following the crossing of the confluence zone from south to north
of the Equator.

The time–latitude section was for an average over longitudes 30 and 40°E, while the time–longitude
section was for an average over latitudes 10°S to the Equator. These cross-sectional analyses were used
to identify the evolutions and variability of seasonal circulations in the region.

Time–height and height–latitude/longitude sections of zonal wind were produced and studied. These
cross-sections were used to examine the vertical structure associated with the transition of the zone of
confluence of the two monsoons across the EEA region.

4. RESULTS AND DISCUSSION

4.1. Areal rainfall indices

Equation (1) was used to identify the seasonal values of rainfall anomaly indices. The dry/wet periods
were associated with low/high values of this index. The time series of the computed values of the
areal-averaged rainfall indices showed that the wettest year over the region during the period 1961–1990
for the long-rains season was 1981. The corresponding driest year was 1984. The mean values for the
driest/wettest years were independently used to derive the dry/wet composites used in this study.

Due to the non-homogeneous distribution of rainfall observational network and unique spatial rainfall
variations over the region, PCA T-mode method was further used to provide areal rainfall estimates. The
PCA T-mode solutions were used here in order to isolate the years with similar spatial patterns. This
provides further individual time series for unique homogeneous climatological regions unlike the previous
method which provided a single time series for the whole region. Under this method, the major
eigenvectors for each season were first identified. The eigenvectors were derived from the T-mode rotated
principal component analysis (RPCA) of the raw seasonal (March–May) rainfall records (Kaiser, 1959;
Cattell, 1966; Harman, 1976; North et al., 1982; Richman, 1986; Child, 1990). Time series for three major
RPCA modes accounted for 78% of total variance. In general, the time series of the RPCA T-mode
analysis had large loadings during the years 1981, 1985, 1988, and 1990 and low loadings in 1979, 1982,
1983, 1984 and 1986, respectively. These large/low loadings were associated with anomalously wet/dry
years over the EEA region.

Thus, RPCA T-mode analysis also delineated and confirmed the year 1981 as anomalously wet and
1984 to be anomalously dry as had been observed from results of the simple areal rainfall indices. Thus,
the years 1981 and 1984 were again picked up as wet and dry years respectively by the new method.

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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Table II. Evolution of the long rainfall season over EEA based on PCA

Events Wet (1981) Dry (1984)

Pre-onset pentads 11–14 12–15
Pentads of retreat of the long-rains 28–29 28–31
Duration of the long-rains (pentads) 15–28 16–28
Major wet pentads 18–21, 26–27 20–22
Major dry pentads 25 23–25

4.2. PCA T-mode clusters from pentad rainfall records

In order to investigate the within-the-season (i.e. intraseasonal) rainfall variability of the wettest/driest
rainfall seasons, pentad (five-day) rainfall totals were subjected to RPCA in the T-mode. The pentad
series started with pentad 10 (15–19 February) up to pentad 32 (5–9 June). This period includes the
March–May long-rains season over equatorial eastern Africa.

The first three components of the rotated eigenvectors were used in further study. The first component
during 1981 had large loadings on the pentads at the end of the rainy season, these were 28th and 29th
pentads (Table II). It is noted that 25th pentad also had a large loading on the first component (Table
II). In 1984 the pentads marking the end of the wet season included pentads 28–31. There were three
other pentads from the 23rd to 25th during 1984 which also had large loadings on the first component.
It so happened that these pentads with significant loadings were associated with the dry period at the end
of the long-rains season over EEA (Okoola, 1998). The rain belt having moved on to places to the north
of the Equator.

The second component had large loadings for pentads at the beginning (before the start of the EEA
long-rains). In 1981 the large loadings were observed during the 11th–14th pentads. During this period
the area to the south of the EEA was receiving seasonal rains. The loadings during 1984 had a similar
pattern to those of 1981 with the pre-long-rains pentads represented by the 12th–15th pentads. Equatorial
eastern Africa was generally dry during both the first and second components.

The third component had large loadings during the 18th–21st pentads and 26th–27th pentads during
1981. The duration of these pentads with large loadings during 1981 was six pentads. In 1984 the large
loadings were observed during the 20th–22nd pentads. It so happened that these pentads with large
loadings during the third component were also pentads marked by wet spells over EEA (Okoola, 1998).
These pentad rainfall clusters are presented in Table II.

Thus, these three components constitute the transition of the long-rains across EEA region from the
Southern Hemisphere (component 2) to Northern Hemisphere (component 1) with the long-rains over
EEA represented by component 3.

The anomalous rainfall years (1981 and 1984) and the pentad rainfall clusters (Table II) were used in
composite studies that follow.

4.3. Patterns of wind 6ectors for the wet/dry seasonal rainfall composites

Streamline and isotach patterns are shown in Figure 1(a–d) for the wet year 1981 and for the dry year
1984, respectively. Two levels are presented, namely 700 and 200 hPa levels.

In Figure 1(a) at the 700 hPa level, during 1981, relatively stronger easterlies were observed along
approximately latitude 4°N and also along latitude 14°S, with weaker variable flow in between. Maximum
intensity of 3.7 m s−1 was observed near the point 5°N, 27°E. A minimum in wind intensity is located at
the point 5°S, 35°E within the region of study. A closed circulation is observed around this point of
minimum wind intensity with weak westerlies to the south and relatively stronger easterlies to the north.
To the east of the above minimum, over the West Indian Ocean, southwesterly winds prevail turning into
easterlies near the Equator.

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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In 1984 at 700 hPa level (Figure 1(b)) it is noted that the wind intensity is generally stronger. Maximum
intensity of 6.7 m s−1, was observed near the point 4°N, 25°E. Also, the circulation centred at ca. 5°S,
35°E, observed during 1981 was missing in the 1984 flow. It is clear that the flow out of the EEA region

Figure 1. Long-rains season wind vectors at 700 hPa during (a) 1981 and (b) 1984. Shaded where wind is greater than 4 m s−1.
Long-rains season wind vectors at 200 hPa during (c) 1981 and (d) 1984. Shaded where wind speed is greater than 8 m s−1. Dashed
lines in (a) indicate southwesterly winds and in (c) indicate zone of upper level confluence. Centres of low/high wind intensity are

marked by L/H. A, anticyclonic circulation

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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Figure 1 (Continued)

was stronger during the dry year (1984). Also, during the dry year a local anticyclone was observed in the
winds near the point 5°N, 45°E. This local anticyclone seems to be a feature for the dry years. The winds
over EEA near 4°S, 44°E are mainly southerly and bifurcate to become southeasterly over EEA and
southwesterly over the Indian Ocean. Thus the winds over EEA have had a short sea track. Also, the
southeasterlies accelerate away from EEA giving linear divergence. These factors combined to give

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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generally dry conditions over EEA during 1984. Note that the long-rains season during 1981 was 13
pentads (P16–28) long as compared with only 8 pentads during 1984.

At 200 hPa level (Figure 1(c,d)), the most significant feature in 1981 was the outflow region located
near 4°S, 30°E with westerlies, southerlies and southeasterlies emanating from this point. The westerlies
achieve a maximum of 4.4 m s−1 near the Kenyan coast. In 1981 (Figure 1(c)), a ridge along 5°S (marked
by the shearline between westerlies and easterlies) ends at the above outflow point. In 1984, southeasterlies
prevail over the region in between the two subtropical ridges, one along ca. 8°S and the other along
latitude 8°N.

It is noteworthy that the well defined outflow at the 200 hPa level during 1981 was associated with a
local equatorial cell with a centre observed at the point 5°S, 35°E at 700 hPa. The 700 hPa minimum flow
centre (Figure 1(a)) was however slightly displaced to the east of the upper level outflow centre (Figure
1(c)).

It has been shown in Figure 1 that the low-level wind speed over the EEA region was relatively
weak/strong during the wet/dry years while the direction was dominantly westerly/easterly, respectively.

4.4. Anomaly patterns of the wind 6ectors for the wet (1981) and the dry (1984) rainfall composites

The wind anomalies for the wet (1981) minus the dry (1984) cases were computed in order to amplify
the weak anomaly signals. Figure 2(a) at 700 hPa level clearly depicts the westerly wind anomalies
between latitudes 10°S and the Equator and from longitudes 20–80°E. It is also noted from the figures
that the westerly anomalies were stronger over the West Indian Ocean and near the Equator which would
favour influx of moist air masses from the Atlantic/Congo Basin into the EEA region.

A significant feature of the mid-level flow was the anomalous cyclonic circulation observed to the south
of Madagascar with the cyclonic centre near the point 25°S, 50°E. This cyclonic circulation is associated
with equatorward flow of southerly winds through the Mozambique Channel. The region affected by the
southerly winds extended westwards to cover the area 40–10°E and between 30°S and 10°S. This anomaly
pattern (Figure 2(a)) compares closely with the three month running mean anomaly patterns for April
1981 from Murakami and Sumathipala (1989). The upper level wind anomalies (Figure 2(b)) at 200 hPa
level indicated that there were equatorial easterly wind anomalies from 80°E to ca. 35°E, but weakened
significantly to the west of this meridian. The compensating southwards flow in the Mozambique Channel
at this level is observed.

4.5. Patterns of PCA pentad rainfall composites

This method has allowed the clustering together of groups of unique pentad rainfall modes that are
associated with the dry/wet rainfall scenarios (Table II). The parameters included in the clusters were: the
pre-onset rainfall patterns (the period before the start of the long-rains season); pentad rainfall patterns
within the long rainfall period (unique pentad rainfall clusters of the wet and dry cases within the rainfall
period); and the post-long-rains season patterns. It was observed that the long-rains season had two
distinct events that occur every year namely the persistent wet spells associated with active convection
periods, and the persistent dry spells linked to periods of weak convection.

The pentads of wet/dry rainfall clusters (Table II) were averaged here to produce composites for the
vector winds at various levels.

4.5.1. Pre-onset circulation patterns. The total wind fields composited using Table II are presented in
Figure 3(a–d) for the mid- and upper levels. In the mid-level (700 hPa, Figure 3(a,b)) strong/weak
westerlies were observed during 1981/1984, respectively. Note that the weak westerlies described in Figure
3(b) had a significant southerly component. These westerlies were centred along 15°S in 1981 while they
were located between 5°S and the Equator during 1984. An interesting feature in the wind field in the
mid-levels was the cyclonic/anticyclonic circulation observed to the southeast of Madagascar with
southerlies/northerlies in the Mozambique Channel during 1981/1984, respectively. Over EEA region
northerlies backing to northwesterlies joined the westerlies near 10°S but these northwesterlies were
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non-existent during the dry year of 1984. In 1984 the shearline between northeasterlies and southwesterlies
was oriented in a southwest–northeast direction from EEA region. At the upper levels (200 hPa, Figure
3(c,d)) weak/strong easterlies dominated the EEA region during 1981/1984, respectively.

Figure 2. Wind anomaly for the wet year (1981) minus the dry year (1984) at (a) 700 hPa and (b) at 200 hPa. C, cyclonic circulation

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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4.5.2. E6olution of pentad circulation patterns within the long-rains season for the dry/wet cases. Two
distinct rainfall episodes were selected for study during the rainy season namely the persistent wet spells
and the persistent dry spells. The selection was based on PCA T-mode clusters presented in Table II
(Section 4.2). The wind patterns for wet/dry spells are independently discussed below.

An example of the total wind in the mid-levels (700 hPa) between 10°S and the Equator for wet pentads
(Figure 4(a)) were westerlies. A notable feature was a trough to the south of Madagascar (marked T) with
southerlies in the Mozambique Channel. The equatorial westerlies to the south of the Equator together
with easterlies to the north of the Equator formed an ‘equatorial vortex’ (EV) with a centre near the point

Figure 3. Composite wind vectors for the pre-onset pentads at 700 hPa level during (a) 1981 and (b) 1984. Centres of low/high wind
intensity are marked by L/H, respectively. Tropical westerlies are enclosed within ‘dashed’ lines. Composite wind vectors for the
pre-onset pentads at 200 hPa level during (c) 1981 and (d) 1984. Centres of low/high wind intensity are marked by L/H, respectively.

Dashed lines enclose the region of easterlies
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Figure 3 (Continued)

Equator, 35°E. This equatorial vortex was associated with active convection over the EEA region. The
cold extratropical air on reaching equatorial regions generally becomes unstable with convective clouds.

Figure 4(b) displays an example of the mid-level (700 hPa) wind patterns for the dry pentads. The EEA
region was dominated by easterly winds. The most significant feature in the mid-level wind flow was the
cyclonic circulation with centre at ca. 25°S, 25°E in the composites for dry pentads (marked C in Figure
4(b)). Also, anticyclonic flow was observed over Madagascar (area marked A in Figure 4(b)). Both these
cyclonic and anticyclonic circulations were associated with strong northerly winds through the Mozam-
bique Channel. These northerlies cut-off the surge of cold air from the extratropics.

At the 200 hPa level during the wet pentads (Figure 4(c)) the most significant observation is that of
broad easterlies. Figure 4(d) displays an example of the flow during dry pentads with a clear lack of
easterlies in the region. Comparison of Figure 4(c,d) highlights the increase in westerlies at 200 hPa in the

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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band 10–20°S. Figure 4(d) indicates that a maximum westerly wind runs from ca. 15°S, 20°E to ca. 20°S,
50°E with a cyclonic shear over southern Africa.

It is therefore quite evident from this Section that the evolution patterns of the wet/dry spells were quite
different during the anomalously dry/wet years respectively. The unique differences are also clearly
reflected in the basic circulation patterns discussed above.

4.5.3. Post-long-rains season circulation patterns. The wind field during the withdrawal of the rainy
season consists of strong southeasterlies/southwesterlies at 700 hPa level (Figure 5) which veer to join
equatorial westerlies observed along latitude 5°N. On the northern side of these westerlies is the ITCZ.
Upper easterlies were generally observed to the north of 10°N. These mid-level westerlies and upper level
easterlies to the north of the Equator mark the onset of the Indian subcontinent monsoons.

Figure 4. (a,b) Examples of composite wind vectors at 700 hPa during (a) the wet spell and (b) the dry spell pentads. Centres of
low/high wind intensity are marked by L/H, respectively; EV, equatorial vortex; T, trough; A, anticyclonic and C, cyclonic
circulation. Examples of composite wind vectors at 200 hPa during (c) the wet spell and (d) the dry spell pentads. Centres of

low/high wind intensity are marked by L/H, respectively. Dashed line separates easterlies from westerlies

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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Figure 4 (Continued)

It may be concluded, from the results of this section, that:

(i) the equatorial westerlies are an integral part of the monsoonal flow in this region, being located
between 10°S and 20°S during the pre-long-rains period, between 10°S and Equator during the EEA
long-rains and between the Equator and 10°N during the post-long-rains season;

(ii) lower tropospheric southerlies in the Mozambique Channel and eastern regions of South Africa were
associated with anomalously wet seasons over the EEA region while northerlies in this region were
associated with dry seasons.

4.6. Cross-sectional analyses of wind fields for anomalously wet/dry years

Time–latitude, time–longitude, time–height, latitude–height and longitude–height sections of pentad
gridpoint zonal wind speed at various vertical levels are presented in order to determine the three

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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Figure 5. Examples of composite wind vectors for the withdrawal pentads at (a) 700 hPa and (b) 200 hPa level. Centres of low/high
wind intensity are marked by L/H, respectively

dimensional structure of the atmosphere during the extremely wet and dry rainfall periods. The
time–latitude sections are discussed first followed by time–longitude sections, etc.

4.6.1. Time– latitude/longitude cross-sections for the wet/dry years. Examples of time–latitude cross-sec-
tions for zonal wind at 700 and 200 hPa levels are presented in Figure 6(a,b).

Figure 6(a) shows that at the start of the cross-section (pentads 8–15) there were easterlies at the
Equator with westerlies to the south near latitude 15°S. These Southern Hemisphere tropical westerlies
crossed the Equator for the first time during the 16th pentad. It was observed that the arrival of these
westerlies over EEA was associated with the onset of the seasonal rains. Also noted is the association of
westerly/easterly wind maximum across the Equator during the wettest pentads for example during
pentads 18–21 in Figure 6(a) (Okoola, 1998). Near the end of the cross-section the locus of intense
westerlies was mainly located to the north of the Equator for instance see pentads 29–33 in Figure 6(a).

Copyright © 1999 Royal Meteorological Society Int. J. Climatol. 19: 143–168 (1999)
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It is further observed that generally the mid-tropospheric westerlies were south/north of the Equator
during the pre-/post-long-rains pentads.

At the upper levels (200 hPa) easterlies were observed south of the Equator with a centre near 10°S
during pentad 10 and near 5°S during pentad 18 (Figure 6(b)). From pentads 29–33, the easterlies were

Figure 6. Examples of time–latitude cross-section of zonal wind speed (a) at 700 hPa and (b) at 200 hPa averaged between
longitudes 26 and 45°E during pentads 8–33. Hatched regions have positive/negative wind speed and the isotach interval is 2/4 m

s−1 for 700/200 hPa levels
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Figure 7. Examples of time–longitude section of zonal wind speed (a) at 700 hPa and (b) at 200 hPa during pentads 8–33, averaged
over a meridional section from 10°S to the Equator. Hatched areas have westerly wind phases and isotach interval is 2/4 m s−1 for

700/200 hPa levels. W1 and W2 are the major wet spells while D is the major dry spell

generally north of the Equator (Figure 6(b)). Scrutiny of the upper level zonal wind charts reveals an
association between upper easterlies and areas experiencing active convection.

Examples of the time–longitude cross-sections for the zonal wind fields at 700 hPa level and at 200 hPa
levels are presented in Figure 7(a,b). It is observed in Figure 7(a) that pentads 16–21 and 26–27 were
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dominated by westerly wind phases across the EEA region. It is noteworthy that these mid-level westerly
wind pentads of 16–21 were associated with the penetration of Congo Basin active convection to the east
of 35°E meridian. The main mid-level westerly wind pentads (16–21) were also associated with easterly
wind phases at the upper levels (Figure 7(b)). The upper level easterlies occurred on average one pentad
earlier than the mid-level westerlies.

From the time–latitude/longitude sections the following conclusions are made:

(i) the westerlies in the lower troposphere, migrate from the Southern Hemisphere to the Northern
Hemisphere at an average rate of 85 km per pentad;

(ii) the rate of migration was slower during the dry year, 1984;
(iii) the easterlies, in the upper troposphere, also migrate from Southern Hemisphere to Northern

Hemisphere at a mean rate of 110 km per pentad;
(iv) the easterlies in the upper troposphere were extensive in the north–south direction and were

generally weaker during the dry year, 1984;
(v) the pattern existing before the start of the EEA long-rains season was one with easterlies near the

Equator and westerlies near 15°S in the lower troposphere. At upper levels easterly maximum was
located near 10°S;

(vi) during the rainy season over EEA the strong upper tropospheric easterlies occurred within the
latitude belt 5°S–5°N;

(vii) the end pattern for the rainy season over EEA was observed as the lower troposphere equatorial
westerlies crossed the Equator into the Northern Hemisphere. These westerlies were sandwiched
between strong easterlies to their north and to their south. This end pattern was associated with
upper level easterlies transiting to the north of the Equator;

(viii) it is noteworthy that active convection seems to favour wind patterns of well-defined strong
easterlies north of the Equator and strong westerlies south of the Equator in the lower troposphere
with the upper tropospheric easterlies leading the lower/middle tropospheric westerlies by 1–2
pentads,

(ix) Congo Basin active convection penetrated east of 35°E during periods of lower tropospheric
westerly winds.

4.6.2. Time–height cross-sections of the zonal wind. In order to examine the vertical structure associated
with the transition of the wet season from the Southern Hemisphere summer to the Northern Hemisphere
summer time–height cross-sections of area-averaged zonal winds were prepared (Figure 8(a)). The area
averages were for the latitudes of equatorial eastern Africa (10°S–Equator; 25–45°E). Figure 8(a) for
1981 over EEA depicts an easterly maximum at 200 hPa level on 16th pentad. A westerly maximum is
however observed at 700 hPa on the 17th pentad. The first westerly event ended in the mid- and lower
troposphere on the 21st pentad. The second westerly event occurred during the 25th and 26th pentads. It
is noteworthy that during these two westerly events there also occurred two unique wet spells of rainfall
over the EEA region.

In 1984, Figure 8(b), there were a number of easterly zonal wind maxima at 300/200 hPa levels.
However, only the one on 19th pentad was followed by a lower tropospheric westerly event on the 20th
pentad. The upper tropospheric easterlies were associated with convection. The upper easterlies during the
14th pentad were also associated with the second pre-onset rains (Okoola, 1998), while the upper easterlies
during the 19th to 21st pentads can be linked to the main onset of the rainy season.

It was therefore evident from the above Section that active convective periods were preceded by an
upper tropospheric easterly maximum zonal wind event. The upper tropospheric easterlies seem to create
the right atmosphere for convection to occur. Particularly, active convection is favoured by a situation
where upper level easterlies were followed by mid-level westerlies. The resultant large negative vertical
wind shear is important for enhanced convective activity. This vertical wind shear suggests that baroclinic
instability may be present during active convective activity scenarios. Examples of large negative shears
are discussed by Ramage and Raman (1972), and Gunn et al. (1989).
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4.6.3. Height– latitude cross-sections of the zonal wind for the wet and dry scenarios. The height–latitude
sections of zonal winds averaged between longitudes 26°E and 45°E for the long-rains season over EEA
region are displayed in Figure 9. In 1981 (Figure 9(a)), lower tropospheric westerlies are observed in the
region between 5°S and ca. 8°N. The westerlies extend in the vertical up to 700 hPa level. Lower

Figure 8. Time–height sections for zonal wind components during (a) 1981 and (b) 1984. The isotach interval is 2 m s−1. Positive
(westerly) regions are hatched
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Figure 9. Latitude–height distribution of zonal wind (m s−1) in the vertical for (a) 1981 and (b) 1984 during the long-rains season.
Isotach intervals are 2 m s−1. Positive (westerly) isotachs are hatched

tropospheric easterlies are observed in the region 10–15° latitude both north and south of the Equator.
In the upper troposphere easterlies are observed at 300 hPa level with weak westerlies (B4 m s−1) above
the easterlies.

During the dry year of 1984 (Figure 9(b)), lower tropospheric westerlies are observed near 6°N and
these westerlies start from surface and extending up to ca. 700 hPa level. In the upper troposphere strong
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easterlies (B−9 m s−1) were observed at 300 hPa level. For further discussions, examples of the wet
pentads were selected from 1981 (18th pentad) and 1984 (21st pentad) and these are presented as Figure
10(a,b). Figure 10(a) shows that strong westerlies are centred at 700 hPa and cover the region from ca.
12°S–Equator. In the vertical, the westerlies extend to ca. 600 hPa level. In the upper troposphere the
easterlies are centred at 200 hPa. It is noteworthy that the centre of easterlies at 200 hPa is directly above
the centre of lower level westerlies. Thus, a strong negative shear of zonal wind existed in the zonal winds
above latitude 5°S. Figure 10(b) shows that in 1984 the negative shear of zonal wind was weaker
compared with that for 1981. Also in 1984 the westerlies spread equatorwards from the Southern

Figure 10. Latitude–height distribution of zonal wind components in the vertical for a wet pentad during (a) 1981 and (b) 1984.
The isotach interval is 2.5 m s−1. Positive (westerly) regions are hatched
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Figure 11. Latitude–height sections for zonal wind (m s−1) during the (a) pre- and (b) post-long-rains season over the EEA region.
Isotach interval is 2.5 m s−1. Positive (westerly) isotachs are hatched

Hemisphere and reached 3°S in the layer between 850 and 700 hPa. In 1984 the maximum upper easterlies
further extended above the Equator while westerlies came as far as ca. 3°S at the lower levels. Thus, the
vertical alignment of the easterlies and westerlies were quite anomalous during this year. It is also evident
from Figure 10(b) that the vertical axis of westerlies inclined northwards with increasing altitudes up to
850 hPa then southwards above this level.

Composites of the pre-long-rains season and post-long-rains season pentads are shown in Figure
11(a,b). Figure 11(a) for the pre-rainy season shows dominance of lower tropospheric westerlies to be
prevalent in the latitude range 20°S to ca. 10°S. These westerlies are inclined northwards with increasing
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altitudes up to 700 hPa then southwards above this level. Strong equatorial easterlies are centred at
850 hPa level. In the upper levels the easterlies are centred at 200 hPa level and above latitude 10°S.
For the post-long-rains season (Figure 11(b)) the lower tropospheric westerlies are deeper extending up
to 500 hPa level. These westerlies extend from the Equator to ca. 15°N. On the northern edge of the
westerlies the vertical axis inclined southwards. The maximum intensity of the westerlies was at the
850 hPa level at latitude 8°N. To the south of the westerlies strong easterlies were observed above
latitude 10°S. The upper tropospheric easterlies are located above ca. 10°N. These figures for the
pre-long-rains season and post-long-rains season over EEA suggest that the wet season is associated
with lower tropospheric westerlies in the latitude band 10°S to the Equator with upper tropospheric
easterlies above the Equator.

The most significant feature in Figure 11, is the association of the strong upper easterly zonal winds
and the low-/mid-level zonal westerly winds. The upper level strong easterlies tend to lead the low-
level westerlies during active wet spells. It is further observed that the westerlies become deeper and
more intense as they migrate to the north of the Equator. It may be concluded that active convective
periods are associated with strong low/mid-level westerlies overlain by strong upper level easterlies.

4.6.4. Longitude–height cross-sections of the zonal wind for the wet and dry years. The height–longi-
tude sections of the mean zonal wind within the latitude strip from 10°S to Equator are displayed in
Figure 12. In Figure 12(a) it is observed that the region of maximum westerlies extends westwards
while moving to higher altitudes. Near 30°E the region of weak easterlies is centred at 700 hPa. In the
upper troposphere the region of maximum easterlies is located at 300 hPa level above 30°E.

In the 1984 long rainfall season the region of westerlies or weak easterlies is centred at 700 hPa and
extends westwards from 80 to ca. 55°E (Figure 12), while at the upper levels the region of maximum
easterlies is centred at 300 hPa level across the whole region from 0 to 80°E.

The pentads associated with the wettest spells in each of the above seasons were selected and
studied. Figure 13(a) for 1981 displays the longitude–height section for the 18th pentad, which was a
wet pentad over EEA. This pentad marked the middle of the first wet spells during the wet 1981
long-rains season over EEA region. It is noted that the westerly wind maxima stretched from east to
west being centred at 850 hPa above 80°E and at 700 hPa above ca. 40°E and the easterly maxima in
the upper troposphere was centred at 200 hPa level during this wet pentad. Interestingly, the 24th
pentad (Figure 13(b)) shows that a reverse in the phase of the zonal wind with the axis of maximum
easterlies in the mid-levels at 700 hPa and westerly wind maximum along 200 hPa for the dry 24th
pentad; which suggests that the kinematic set up was inhibitive to rainfall generation during this
pentad. This implies that a large negative wind shear event between 200 and 700 hPa at 30–40°E
observed in Figure 13(a) was conducive to an active convective event during this pentad while the
large positive wind shear between 200 and 700 hPa at 30–40°E during the 24th pentad was associated
with the weak convection observed during this pentad. In 1984 the 21st pentad was a wet pentad and
this was accompanied by lower tropospheric westerlies with a maximum at 700 hPa level and an upper
level easterly maximum at 300 hPa. This pentad (21st pentad) was therefore associated with a rela-
tively large negative vertical shear of zonal wind in the layer 300–700 hPa. But the 24th pentad, a dry
pentad, in 1984 had the opposite phases of zonal wind when compared with the 21st pentad. The
positive vertical shear of zonal wind associated with the 24th pentad in 1984 long-rains season led to
the dry conditions observed during this pentad. The vertical sections presented in this study have
shown that maximum wind intensity in the lower troposphere over the EEA region occurs near the
700 hPa level (Figures 8, 10, 12 and 13). Maximum wind intensity was at relatively lower levels both
to the east and west of this region. These illustrations also show that the maximum wind intensity in
the upper troposphere occurs generally near the 200 hPa level. Thus, a vertical wind shear index in the
layer 200–700 hPa will apply most appropriately to the EEA region within the longitude band
30–40°E.

The most significant result from the vertical–longitude analyses is the observed correspondence
between active convection and large negative vertical shear of zonal wind intensity.
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5. SUMMARY OF THE RESULTS OF THIS STUDY

The results from areal and PCA T-mode seasonal rainfall analyses delineated 1981/1984 as some of the
wettest/driest years over the EEA region within the period 1961–1990.

Composite analysis results revealed the dominance of low-/mid-level westerlies/easterlies over most
parts of the region during anomalously wet/dry spells. Maximum intensity of westerlies was generally
observed at 700 hPa level. Easterlies were however dominant at the upper levels. This vertical structure

Figure 12. Longitude–height section (10°S–Equator) of mean zonal wind (m s−1) during the long-rains season in (a) 1981 and (b)
1984. Positive regions are hatched
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Figure 13. Longitude–height section (10°S–Equator) of zonal wind (m s−1) during the wettest (top)/driest (bottom) pentads for
1981. Positive regions are hatched
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of mid-level westerlies and upper-level easterlies links active convection with negative zonal wind shears
in the layer 200–700 hPa.

Close positive association was identified between low to mid-level westerlies/easterlies over most of the
EEA region and southerly/northerly winds through the Mozambique Channel. The southerlies were
associated with the formation and persistence of cyclonic/anticyclonic circulations over Madagascar/
South Africa regions while the northerlies were associated with anticyclonic/cyclonic circulations over
Madagascar/South Africa, respectively. The extratropical southerly surges through South Africa and the
Mozambique Channel act as a trigger for the onset and for active phases of the monsoons over the EEA
region. Also, from the conservation of potential vorticity, there is a need to confirm the linkage of the
southerlies through the Mozambique Channel and the formation of equatorial westerlies downstream.

The transition of westerly/easterly zonal winds in the lower/upper troposphere across the equatorial
eastern Africa region has been documented in this study. This pattern is typical of tropospheric zonal
winds in the monsoonal regions and therefore the observed mid-level westerlies over EEA region during
the long-rains season are an integral part of the monsoonal transition in this region.

The foregoing results are based on only a single wet and dry year, i.e. 1981 and 1984. Although these
years were selected from a 30 year record (1961–1990) these results may therefore not necessarily apply
to all the dry and wet years.
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