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Application of the NCAR Regional Climate Model to eastern Africa
2. Simulation of interannual variability of short rains

Ligiang Sun,! Fredrick H. M. Semazzi,? Filippo Giorgi,* and Laban Ogallo*

Abstract.

We have applied the NCAR RegCM?2 to the simulation of the interannual

variability of precipitation over eastern Africa for the short-rains season by performing a
set of experiments for the years 1982 to 1993. The model reproduced the observed
interannual variability of precipitation in most of the years. The results show that remote
factors play a dominant role in determining the precipitation anomalies. Interannual
variability of precipitation over Tanzania is closely related to El Nifio events in their
mature phase and sea surface temperature (SST) anomalies over the Indian and Atlantic
Oceans. The southward shift of the Arabian High results in a southward shift of the zonal
component of the Intertropical Convergence Zone (ITCZ), which is responsible for early
onset of the rainy season (e.g., 1982 and 1986). The enhanced St. Helena High and
weaker Mascarene High lead to the eastward shift of the meridional branch of the ITCZ
for the wet years. Model simulations confirmed a strong positive correlation between
precipitation anomalies over Lake Victoria and the warm El Nifio-Southern Oscillation
events, by which enhanced moist westerly flow from the Atlantic Ocean and the mainly
easterly flow from the Indian Ocean converge over Lake Victoria during wet years. The
interannual variability of precipitation over Lake Victoria and the western Kenya
Highlands (WKH) are strongly coupled. Positive precipitation anomalies over the WKH
region are usually associated with weaker Arabian High and Mascarene High, which
weaken the large-scale divergence over the WKH region and favor the development of
convection. The interannual variability of precipitation over eastern Kenya Highlands
(EKH) is not directly related to the El Nifio events, but the association with a warm SST
anomaly pattern over the western Indian Ocean is evident during wet years. An El Nifio
signal is, however, evident for wet years over the Turkana Channel, warm SST anomalies
over the northern Indian Ocean contribute enhanced water vapor transport over the

region.

1. Introduction

In a companion paper by Sun et al. [this issue] the NCAR
Regional Climate Model (RegCM2) was successfully custom-
ized for the region of eastern Africa, and its performance in
simulating the intraseasonal climate variability during the short
rains of 1988 was examined. Here we explore the ability of the
RegCM2 to reproduce the interannual climate variability over
eastern Africa and investigate the mechanisms responsible for
the interannual variability. The model domain (Figure 1b) is
characterized by two distinct climate regimes based on ob-
served precipitation data [Nicholson et al., 1988]. East Africa
(i.e., the eastern portions of the domain) exhibits high inter-
annual variability of precipitation. The standard departure of
annual precipitation is generally more than 30% of its annual
precipitation. Conversely, the Congo Basin and Angola pla-
teau (i.e., the western portions of the domain) show relatively
low interannual variability of precipitation, with a standard
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departure of annual precipitation of less than 15% of the mean
[Nicholson et al., 1988]. We mainly focus on the region of East
Africa in this paper.

Many studies have been carried out in an attempt to identify
the causes of the interannual rainfall variability over East Af-
rica. Several investigations have focused on the importance of
westerly flow over the region [Johnson and Morth, 1960; Na-
kamura, 1969; Davis et al., 1985]. Enhanced westerly flow with
incursion of humid Congo air played a role in the 1961/1962
floods [Anyamba, 1984] and in the wet conditions of 1977/1978
[Minja, 1985]. However, there are examples of such westerlies
being associated with anomalously dry conditions, especially
over eastern Kenya [Nakamura, 1969; Kiangi and Temu, 1984].
Several studies have focused on the influence of the conver-
gence zones which affect the region, namely the Intertropical
Convergence Zone (ITCZ) and the Congo air boundary.
These may be intensified in response to changes in the sub-
tropical highs, the westerly flow, or other regional dynamical
factors [Anyamba and Ogallo, 1985].

A number of recent studies have demonstrated some inter-
esting interactions between atmospheric and oceanic phenom-
ena. Abnormally high sea surface temperatures (SSTs) over
the equatorial Atlantic Ocean and central Indian Ocean were
clearly linked to the heavy floods.in October and November
1961. The SSTs over the above region remained high through-
out the wet period from 1961 to 1963 [FloAn, 1987; Nicholson,
1989]. Teleconnections between rainfall and the SSTs over the
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Figure 1. Six climatic subregions used for the evaluation of
RegCM2 over eastern Africa: CB, Congo Basin; CA, southern
Congo and Angola plateau; LV, Lake Victoria; TC, Turkana
channel; KH, Kenya Highlands; and TZ, Tanzania; (b) model
topography. Units are meters.

Pacific Ocean are also apparent [Ogallo et al., 1988)]. Nicholson
[1996] identified a relationship between precipitation over East
Africa and global SSTs based on observed data between 1946
and 1979. The October-December wet minus dry composite of
SST indicated positive anomalies over most of the Indian
Ocean, especially in the west, the equatorial region and mid-
latitudes of the Pacific Ocean, negative anomalies over the
subtropics of the Pacific Ocean, and a banded structure over
most of the Atlantic Ocean.
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Nicholson and Entekhabi [1987), Ropelewski and Halpert
[1987], Ogallo [1988], and Farmer [1988] have all demonstrated
a relationship between East African precipitation and the El
Nifio-Southern Oscillation (ENSO) phenomenon. A positive
precipitation anomaly tends to occur during the short rains of
warm ENSO events, while dry conditions prevail during the
long rains of the following year and the short rains of the year
prior to warm ENSO events [Nicholson, 1996].

It is interesting to note that the short rains contribute dis-
proportionately to the interannual variability of precipitation.
The correlation coefficient between annual totals and short
rains exceeds 0.5 over most of East Africa [Nicholson, 1996].
The precipitation anomaly links to SSTs are stronger for the
short rains than for the long rains, and the strongest effect of
ENSO appears to be during the short rains [Ogallo et al., 1988].
Also, the intermonth correlations of the rainfall during the
short-rains season are high [/ninda, 1994]. The high correla-
tions suggest high persistence in the factors that influence the
temporal rainfall variations during the short-rains season. In
this paper our investigation will thus focus on the short rains.
The model domain and configuration is the same as those in
the Experiment 9 of Sun e al. [this issue]. Figure 1b shows the
model topography at 60 km grid point spacing. The simulation
period is October, November, and December in each year
from 1982 to 1993. For each year, the numerical experiment
started from the initial conditions taken from September 1,
European Center Medium-Range Weather Forecasts (EC-
MWF) reanalysis, and each model integration is 4 months, thus
terminating at the end of December. The first month (i.e.,
September) is neglected to allow for model spin-up. The lat-
eral boundary conditions for wind, temperature, water vapor,
and surface pressure are interpolated from 6 hourly 14-
pressure level ECMWF reanalysis. Time-dependent sea sur-
face temperature is interpolated from a time series of observed
monthly mean data on a grid of 2° X 2° resolution [Shea et al.,
1992]. Soil moisture is initialized as the same for every year
simulation. A detailed description of the model is reported by
Sun et al. [this issue], so it is not presented here. In section 2 we
directly discuss the simulation results, while the main conclu-
sions are summarized in section 3.

2. Simulation Results

The six regions defined by Sun et al. [this issue] are central
Tanzania (TZ), Lake Victoria (LV), Kenya Highlands (KH),
Turkana channel (TC), Congo Basin (CB), and southern
Congo and Angola (CA) plateau (see Figure 1a). Composite
analysis is adopted to investigate the possible causes of the
precipitation variability over most of the regions. The primary
criteria for the composite analysis is based on the “wet” and
“dry” stratification of short rains for each region. We obtain
the precipitation anomaly for an individual year by removing
12-year average precipitation. Four distinctly wet (dry) short-
rains seasons are then extracted from the anomaly time series.
The “wet” and “dry” seasonal composites are obtained by
averaging the four seasons of each category. Wet minus dry
composite analysis is adopted in our study, and it has the
following advantages:

1. It increases the magnitude of the composite values in
regions where the wet and dry periods have opposite signals,
while in regions where the wet and dry periods have the same
signals, the composite value is small.

2. Since the number of degrees of freedom is increased
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Table 1. List of Years Used for Composite Analysis for Various Regions.

1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993
TZ w D D w D w w D
LV w D w D A\ w D D
WKH w w D D D w w D
EKH w D D w D w w D
TC w D D D w D w w

WKH is the Lake Victoria side of the Kenya Highlands, and EKH is the Indian Ocean side of the Kenya Highlands. W, wet; D, dry.

when the wet minus dry composite is used, more values are
likely to be statistically significant as compared to either the
wet or the dry composite alone, thus increasing the variable
significance [Ward, 1992].

3. The wet minus dry composite can be used to identify
regions where consistent variations occurred in at least a num-
ber of composite years.

The wet minus dry composite analysis, however, has several
limitations. Such as the following:

1. If some of the years in the composite are taken from
within a period of persistent precipitation anomaly, the com-
posite may contain the influence of processes that operate on

both interdecadal timescale and interannual timescale [Ward, .

1992].

2. Because only four seasons are used in the composites, the
results may be greatly influenced by just one season in which
the ocean-atmosphere anomalies are very large. We will elim-
inate this kind of season in our composite analysis by choosing
another year to take its place. If there is no more year to
choose, we will reduce the composite to two members.

3. In different years the seasonal rainfall anomalies may
result from different causes, which may have different signals
in the ocean-atmosphere variables. Thus the composite anal-
ysis sometimes may fail to present the teleconnection struc-
tures [Ward, 1992]. We will analyze the anomaly at each indi-
vidual season before applying for the composite analysis to
avoid this kind of shortcoming.

Although the simulation period from October to December
in each year represents the seasonal transition from southeast
monsoons to northeast monsoons over East Africa, high tem-
poral coherence in the monthly precipitation within the short-
rains season were observed [Ogallo, 1989]. Thus the analysis
will be based on the full seasonal average. The years used for
composite analysis for the various regions are listed in Table 1.
There are no two regions which share all the same years in the
composite analysis. Therefore no one region among the five
regions is homogeneous to the others. However, the compos-
ites for different regions do share many of the same years. This
suggests that there are some common factors that affect the
interannual variability of rainfall over different regions.

2.1. Tanzania

The central Tanzania region is a relatively large homoge-
neous region [Nicholson et al., 1988], which includes 111 model
grid points. Observations show that Tanzania is usually dry in
October and wet in December. The onset of the rainy season
occurs in November. The precipitation stations available for
this study over central Tanzania are listed in Table 2. The
18-station 12-year mean observed precipitation for October—
December is 293.8 mm. The 12-mean simulated precipitation
is 275.1 mm. This mean was obtained by first interpolating the
simulated precipitation to the station locations listed in Table

2 and then averaging the interpolated values. The model sim-
ulation is thus slightly drier than the observations.

Fig. 2 shows the observed precipitation anomalies from the
12-year observed mean and the simulated precipitation anom-
alies from the 12-year simulated mean. The correlation coef-
ficient r between the simulated precipitation anomalies and the
observed precipitation anomalies is 0.802. The critical correc-
tion coefficient r,_ calculated on the basis of student’s ¢-tests at
1% significant level is 0.708. This result indicates that the
simulated and observed precipitation anomalies are signifi-
cantly correlated at the 1% significance level during the 12
years. The observed wet conditions in 1982, 1986, 1989, and
1992 and dry conditions in 1984, 1985, 1987, 1988, 1991, and
1993 are reproduced in the model simulation. The severely dry
conditions in 1987 are underestimated, and dry conditions in
1985 are exaggerated in the model simulation, although the
model produces the correct sign of the precipitation anomalies.
The model fails to simulate the moderately dry conditions in
1983 and 1990. Overall, the interannual variability of precipi-
tation is generally captured by the model.

To validate the model performance, we analyze not only the
total amount of precipitation but also the daily precipitation
intensity distribution. The observed daily precipitation data
were available only for five stations over Tanzania (i.e.,
Tabora, Dodoma, Morogoro, Iringa, and Mbeya). Figure 12 of
the companion paper [Sun et al., this issue] showed that the
simulated daily precipitation in 1988 is generally consistent
with observations. Because of the large gaps in the daily ob-
servations, we calculated the correlation coefficient between
the simulated and the observed daily precipitation instead of

Table 2. Details of Precipitation Stations Over Central
Tanzania

Latitude, Longitude, Elevation,
Station °S °E m
Nzega 413 33.11 1219
Mwanhala 4.24 33.09 1250
Ndala Mission 4.45 33.16 1372
Singda District Office 448 34.45 1498
Itaga Seminary 4.53 32.44 1219
Tabara 5.05 32.50 1182
Manyoni District Office 5.44 34.50 1248
Dodoma 6.10 35.46 1120
Mpwapwa Research Station 6.20 36.30 1037
Morogoro 6.50 37.39 - 526
Iringa 7.38 35.46 1428
Mkulwe Mission 8.32 32.18 1067
Chunya Agriculture 8.32 33.25 1493
Kilima Estate 8.35 35.20 1859
Kidope Mufindi 8.37 35.15 1981
Kwiro Mission 8.40 36.40 1006
Mahenege Hospital 8.41 36.43 1106
Mbeya 8.56 33.28 1758
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Figure 2. Precipitation anomalies from the 12-year mean
over Tanzania for the October—December season: (a) model
simulation, and (b) observations. Units are in millimeters.

giving the time series of the daily precipitation. The correlation
in 1988 is also listed in Table 3. The numbers of days with
observed precipitation data during short rains are listed in
Table 3.

The correlation between the simulated and the observed
daily precipitation (Table 2) shows that the simulated and
observed daily precipitation are significantly correlated at the
1% significance level for all the years except 1990. This result
indicates that the model captures the daily variations of pre-
cipitation in most of the years. We note that the model simu-
lates the daily variation of precipitation well in 1983 although
it fails to reproduce the total precipitation anomaly during the
short rains in the same year. The model fails to reproduce not
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only the total precipitation anomaly but also the temporal
variation of precipitation for 1990.

Four wet years (1982, 1986, 1989, and 1992) and four dry
years (1984, 1985, 1987, and 1993) are chosen for the compos-
ite analysis. Fig. 3a shows the wet minus dry composite of SSTs.
The composite is characterized by a strong positive SST anom-
aly pattern over the central and eastern equatorial Pacific
Ocean and a negative SST anomaly pattern over the western
Pacific Ocean, which is a typical SST anomaly distribution
during mature El Nifio years. This suggests that El Nifio events
in their mature phase are closely related to positive anomalies
of precipitation over Tanzania during the short-rains season.
Strong, warm SST anomalies are observed over the western
Indian Ocean, while cold SST anomalies occur over the eastern
Indian Ocean. Over the Atlantic Ocean, cold SST anomalies
are located over the tropical regions, and warm SST anomalies
are found in the extratropical regions. For all the four wet
years used in the composite analysis, the SST anomaly patterns
over the Indian Ocean and the Atlantic Ocean are similar to
those in Fig. 3a. In contrast, all the four dry years used in the
composite SST analysis are characterized by opposite anoma-
lies over the Indian Ocean and the Atlantic Ocean. However,
only two wet years (i.e., 1982 and 1986) exhibit the SST anom-
aly pattern over the Pacific Ocean similar to that in Fig. 3a, and
two dry years (i.e., 1984 and 1985) show the SST anomaly
pattern nearly opposite to that in Fig. 3a. It is therefore ap-
parent that the SST anomalies over the Indian Ocean and the
Atlantic Ocean play an important role in determining the in-
terannual variability of precipitation for Tanzania.

Although the subtropical highs over the Indian Ocean and
Atlantic Ocean are mostly outside our inner domain, they
strongly influence the flow over eastern Africa. On the basis of
12-year NCEP (National Centers for Environmental Predic-
tion)/NCAR reanalysis we found that the centers of the St.
Helena High, the subtropical high over the northern Atlantic
Ocean, the Mascarene High, and the Arabian High during the
months of October, November, and December are located at
10°W, 27.5°S; 37.5°W, 28°N; 70°E, 27.7°S; and 51°E, 22.5°N.
Fig. 4a shows the wet minus dry composites of geopotential
height and meridional wind at 850 mbar based on the NCEP/
NCAR reanalysis. Stronger St. Helena High and the subtrop-
ical high over northern Atlantic Ocean, a weaker Mascarene
High, and a southward movement of the Arabian High are
clearly evident. The southward shift of the Arabian High may
cause an earlier advance of the northeast monsoons into Tan-
zania, while the weakened Mascarene High results in weaker
southeast monsoons. The net result is that the zonal compo-
nent of the ITCZ shifts farther south and causes an early onset
of the rainy season over Tanzania. As shown in Fig. 5, the
northerly wind along the Tanzania coast and the Indian Ocean
indicates that northerly wind is stronger in the wet years than
the dry years, and the ITCZ moves farther south. The rainy

Table 3. N is the Number of Days With Observed Precipitation Data From October to December, r is Correction
Coefficient Between Simulated and Observed Daily Precipitation, and r, is Critical Correction Coefficient at 1% Significance

Level Represented on the Basis of Student’s t-Tests

1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993
N 39 45 63 49 67 54 62 62 57 53 22 28
r 0.57 0.44 0.42 0.47 0.55 0.44 0.61 0.40 0.13 0.61 0.50 0.52
0.41 0.39 0.33 0.37 0.32 0.35 0.33 0.33 0.34 0.36 0.51 0.46

«
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Figure 3. Wet composite minus dry composite, averaged over the months of October-December, for
observed SST (in degrees Kelvin) for (a) Tanzania, (b) Lake Victoria, (c) western Kenya Highlands, (d)
eastern Kenya Highlands, and (e¢) Turkana channel. Contour internal is 0.2° and the reference “0” contour is
labeled. The broken/solid lines represent negative/positive contours.

season came earlier in 1982 and 1986 due to the southward
shift of the Arabian High and the weakness of the Mascarane
High. The enhanced St. Helena High intensifies the moist
westerly flow over the Angola plateau and extends it farther
cast. The weaker Mascarane High results in the weaker east-
erly flow to central Tanzania from the Indian Ocean (not
shown). The net result is that the meridional ITCZ is shifted
farther east into Tanzania, and the corresponding zonal con-
vergence over Tanzania intensifies. All the four wet years are
associated with an intensified St. Helena High and a weaker
Mascarane High.

2.2. Lake Victoria

There are 33 model grid points on Lake Victoria. Strong
mesoscale circulation (i.e., lake breeze) characterized by an

intense diurnal cycle in precipitation over Lake Victoria was
discussed by Sun et al. [this issue]. The mesoscale circulation is
not captured in the ECMWF data due to its coarse resolution.
Consequently, the ECMWEF data are not suitable for validation
of the model-simulated circulation. No observed precipitation
data over Lake Victoria is available for this study. However,
previous investigations indicate that there is a strong positive
correlation between the lake level and the monthly precipita-
tion over the Lake Victoria catchment [Morth, 1967]. Recently,
Birkett [1997] has analyzed the evolution of the lake level
during 1992 and 1993. The decrease of the lake level during
both the short rains season imply a reduction in precipitation
during the short rains of 1992 and 1993. Fig. 6 shows the
simulated precipitation anomalies from the simulated 12-year
mean. The strong negative precipitation anomaly in 1993 and
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Figure 3.

the weak negative precipitation anomaly in 1992 during short
rains are in good agreement with the observations of the lake
level. We note that there are three El Nifio events and one La
Nifia event during the 12-year simulation (i.e., 1982/1983, 1986/
1987, and 1991/1992). Ogallo [1988] investigated the relation-
ships between the seasonal rainfall over East Africa and the
southern Oscillation for the period 1923-1984 and indicated
significant negative zero lag correlations between the Southern
Oscillation Index (SOI) and the seasonal rainfall over the Lake
Victoria catchment during the short-rains season. This suggests
that rainfall higher (lower) than the long-term mean over the
Lake Victoria catchment was evident during the El Nifio (La
Nifia) years. The Lake Victoria catchment is the region sur-
rounding the lake. Thus we may assume that the rainfall over
Lake Victoria is also negatively correlated to the SOI. The
simulated positive precipitation anomalies in 1982, 1986, and
1991 and negative precipitation anomaly in 1988 during the
short-rains season suggest that there is a good likelihood that
the model simulation in ENSO years is correct. Composite
analysis also suggests that precipitation over the Lake Victoria
catchment decreases during the short rains in the year prior to
the mature phase of El Nifio events (A. W. Majugu, personal
communication, 1996). Simulated precipitation deficits in 1985
and 1990 suggest that the model simulation in these two years
may be realistic. Overall, there is thus some evidence that the
model reproduced the interannual variability of precipitation.

Four wet years (1982, 1986, 1989, and 1991) and four dry
years (1985, 1988, 1992, and 1993) are chosen for the compos-
ite analysis. Fig. 3b shows the wet minus dry composite of SST.
Strong positive SST anomalies over the central and eastern
equatorial Pacific Ocean and negative SST anomalies over the

(continued)

western Pacific Ocean are clearly evident. Warm SST anoma-
lies over most of the Indian Ocean and the subtropical regions
of the Atlantic Ocean and cold SST anomalies along the An-
gola coast are also evident. This suggests that some of the
precipitation variability is associated with the El Nifio events.
However, some of the wet and dry episodes are not related to
the ENSO events (e.g., 1989 and 1993). Wet conditions in 1989
are associated with warm SST anomalies over the western
Indian Ocean, subtropical South Atlantic Ocean, and cold SST
anomalies along the southern Atlantic coast region, which is
similar to the SST anomaly patterns over the Indian and At-
lantic Oceans in Fig. 3b. Dry conditions in 1993 are associated
with cold SST anomalies over the western Indian Ocean and
warm SST anomalies over the Atlantic Ocecan between 10°N
and 30°S, which is almost opposite to the SST anomaly patterns
over the Indian and Atlantic Oceans in Fig. 3b. Both the
ENSO-related and the non-ENSO-related wet and dry condi-
tions over most of East Africa are associated with the SST
anomaly patterns over the Indian Occan and the Atlantic
Ocean shown in Fig. 3b. We postulated that the precipitation
fluctuations over Lake Victoria may be more directly a re-
sponse to SST fluctuations over the Indian Oceans and the
Atlantic Ocean, although these SST fluctuations themselves
may be related to ENSO events.

Fig. 4b shows the wet minus dry composite of geopotential
height at 850 mbar based on the NCEP/NCAR reanalysis. The
St. Helena High, the Arabian High, and the Mascarene High
are shifted equatorward. The equatorward shift of the St. Hel-
ena High tends to intensify the low-level westerly flow over the
Congo Basin and extend it to Lake Victoria (Fig. 7), while the
equatorward shift of the Arabian High and the Mascarene
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Figure 4. Same as Fig. 3 except for NCEP/NCAR geopoten-
tial height (m) reanalysis at 850 mbar.

High lead to mainly easterly flow toward Lake Victoria from
the Indian Ocean. Note that both the northeast monsoons and
the southeast monsoons are thermally stable and associated
with subsiding air, while the easterly flow from the equatorial
Indian Ocean is thermally unstable and associated with the
ITCZ over the Indian Ocean. The moist westerly flow from the
Atlantic Ocean and the moist easterly flow from the Indian
Ocean converge over Lake Victoria and result in an abnormal
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(continued)

upward motion over Lake Victoria (Fig. 7), which favors pre-
cipitation formation over Lake Victoria.

2.3. Kenya Highlands

The region of Kenya Highlands experiences its precipitation
peak during the short rains. It is feasible to treat the Kenya
Highlands as one region to validate the simulated precipitation

10N

EQ

108

Figure 5. Same as Fig. 3a except for the observed meridional
wind at 850 mbar. Units are in m/s.
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Figure 6. Simulated precipitation anomalies from the 12-
year simulated mean over Lake Victoria for the October to
December season. Units are in millimeters.

for 1 month or one season. However, the Kenya Highlands is
not a homogeneous region for precipitation. Ininda [1994]
divided the Kenya Highlands into four subregions due to the
complex terrain of the region. In order to validate the model
performance in reproducing the interannual variability in pre-
" cipitation regimes, the averaging of precipitation should be
carried out separately for each homogeneous region. There are
two precipitation maxima located at each side of the peak of
the Kenya Highlands. We divide the Kenya Highlands into two
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subregions because of the limitation of the model horizontal
resolution: western Kenya Highlands (WKH) and eastern Ke-
nya Highlands (EKH). WKH is the Lake Victoria side of the
Kenya Highlands, and EKH is the Indian Ocean side of the
Kenya Highlands. Each of the WKH and EKH regions in-
cludes 16 model grid points. Lake Victoria may play a role in
modulating the precipitation variations of the WKH subregion,
while the Indian Ocean influences the precipitation variations
of the EKH subregion directly. The precipitation is mainly
concentrated in October and November for both the WKH
and the EKH subregions during the short rains. The precipi-
tation zone migrates out of the Kenya Highlands in December
in response to the southward movement of the ITCZ. Only an
isolated precipitation maximum appears to persist near the
town of Embu in Kenya due to local terrain effects. Therefore
our analysis is based on the October—-November average.

A total of 96 and 46 stations were available for the WKH
and EKH regions, respectively. The 12-year observed mean
precipitation for the WKH and EKH regions are 219.3 and
351.0 mm, respectively. The simulated 12-year mean precipi-
tation for the WKH and EKH regions are 289.5 and 281.3 mm,
respectively. In our model the presence of tropical forests over
the WKH region and semiarid and desert types of land use
over the EKH region may not represent the actual land use
properly [see Sun et al., this issue, Figure 1]. The inaccurate
description of the land use may partly contribute to the rela-
tively high simulated precipitation over the WKH region and
low precipitation over the EKH region. An additional contri-
bution to the discrepancy between observed and simulated
precipitation is likely given by the relative smoothness of the
model topography.
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Figure 7. Wet composite minus dry composite of simulated zonal-vertical circulation (U, W), averaged from

3.2°S to the equator, and October to December.
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Figure 8. Same as Fig. 2 except for the western Kenya High-
lands.

Figures 8 and 9 show the simulated precipitation anomalies
from the simulated 12-year mean and the observed precipita-
tion anomalies from the observed 12-year mean for the WKH
and EKH regions, respectively. The correlation coefficient r
between the simulated precipitation anomalies and the ob-
served precipitation anomalies is 0.847 over the WKH region
and 0.455 over the EKH region. This result indicates that the
simulated and observed precipitation anomalies are signifi-
cantly (not significantly) correlated at the 1% significance level
during the 12-year simulation for the WKH (EKH) region.
Precipitation over the EKH region is mainly attributed to the
orographic uplifting processes. As discussed in section 5.3 of
the companion paper [Sun et al., this issue], the inaccurate
SSTs in the model may result in the weaker low-level easterly
winds over the Kenya coast in the model simulation, which may
be largely responsible for the precipitation deficit over the KH
region in 1988. We also found the inconsistency of the SSTs
near the Kenya coast between the SST data set [Shea et al.,
1992] we used and the SST data set. This may cause the poor
performance in simulating precipitation over the EKH region.
The inconsistency of the interannual variability of precipitation
between the WKH and the EKH regions suggests that differ-
ent factors control the precipitation variability for these two
regions. The model reproduces the wet conditions in 1982,

Figure 9. Same as Fig. 2 except for the eastern Kenya High-
lands.

1983, 1987, 1989, and 1992 and the dry conditions in 1985,
1986, 1988, and 1993 for the WKH region and wet conditions
in 1982, 1986, 1988, and 1990 and dry conditions in 1983, 1985,
1987, and 1993 for the EKH region. However, the model fails
to reproduce the wet conditions in 1984 for the WKH region,
1984 and 1989 for the EKH region, and the dry conditions in
1990 and 1991 for the WKH region, and 1991 and 1992 for the
EKH region.

Four wet years (1982, 1983, 1989, and 1992) and four dry
years (1985, 1986, 1988, and 1993) for the WKH region are
chosen for the composite analysis. Fig. 3c shows the wet minus
dry composite of SST for the WKH region. Positive SST anom-
alies over the central and eastern equatorial Pacific Ocean and
negative SST anomalies over the western Pacific Ocean are
observed. Warm SST anomalies over the northern Indian
Ocean, and the extratropical regions of the Atlantic Ocean,
and cold SST anomalies over the tropical Atlantic Ocean are
also presented. The SST anomaly pattern in Fig. 3c is similar to
that for Lake Victoria in Fig. 3b. This may imply that the
interannual variability of precipitation over Lake Victoria and
the WKH subregion are strongly coupled. Note that the com-
posites shared five out of eight of the same years for the WKH
and LV regions. Compared to Fig. 3b, in Fig. 3c the warm SST
anomalies are much weaker over the central and eastern equa-
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Figure 10. Wet composite minus dry composite of simulated momentum convergence at 850 mbar averaged
over the months of October—November (noon simulation) for (a) western Kenya Highlands and (b) eastern

Kenya Highlands. Unit is 107° s~

torial Pacific Ocean, the warm SST anomalies are stronger and
farther away from the equator over the southern Atlantic
Ocean, and the cold SST anomalies over the southern Indian
Ocean extend farther north. These differences indicate that
some large-scale factors are different regarding the mecha-
nisms that control the precipitation variability over Lake Vic-
toria and the WKH subregion. As an example, a positive
anomaly pattern of precipitation over Lake Victoria is ob-
served in the three El Nifio years during the 12-year simula-
tion, while only a positive anomaly pattern of precipitation
over the WKH region is observed in one El Niilo year (i.e.,
1982), and a negative precipitation anomaly dominates in the
other two El Nifio years (i.e., 1986 and 1991).

Usually, southeast monsoons prevail during most of Octo-
ber, and northeast monsoons prevail during November over
the WKH region. Weaker Arabian High and weaker Mas-
carene High in Fig. 4c lead to weaker northeast monsoons and
southeast monsoons, respectively. This results in weaker low-
level large-scale divergence over the WKH region, which en-

hances the development of convection. Precipitation over the
WKH region mainly occurs during the daytime due to the lake
breeze. Fig. 10a shows the wet minus dry composite of conver-
gence at 850 mbar at noontime. The low-level convergence
anomalies over the WKH region associated with weaker Ara-
bian High and Mascarene High account for the positive pre-
cipitation anomalies in the wet minus dry composite.

The model produced a correct sign of the precipitation
anomalies in most years over the EKH region, although the
correlation between the simulation and the observations was
not significant at the 1% significance level. The four wet years
(1982, 1986, 1988, and 1990} and the four dry years (1983,
1985, 1987, and 1993) are chosen for the composite analysis
over the EKH region. Fig. 3d shows the wet minus dry com-
posite of SST for the EKH region. The El Nifio-related SST
anomaly pattern disappears, which suggests that the interan-
nual variability of precipitation is not directly related to the El
Nifio events. The SST anomaly pattern over the Atlantic
Ocean is similar to that over the WKH region, with warm SST
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Table 4. Details of Precipitation Stations Over Turkana
Channel

Latitude, Longitude, Elevation,

Station °N . °E m
Lokori South Turkana 1.57 36.02 820
Buna Police Post 2.48 39.01 656
Kekorongo Irrigation Scheme 2.53 35.25 820
North Horr Police Post 3.19 37.04
Oropoi Police Post 3.48 34.21 984
Lokitaung D.O.’S office 4.15 35.45 787
Kaleng Trading Center 4.23 35.33 787
Kokoro Police Post 4.40 35.43 656

anomalies over the western Indian Ocean and, especially,
along the East African coast.

Fig. 4d shows the wet minus dry composite of geopotential
height at 850 mbar based on the NCEP/NCAR reanalysis for
the EKH region. The Mascarene High is greatly weakened,
and the Arabian High shifts equatorward. Thus the southeast
monsoons recede earlier over the EKH region, and the north-
east monsoons prevail over the EKH region during most of
October and November. The equatorward shift of the Arabian
High leads to mainly easterly flow over the EKH region. This
easterly flow, originated from the ITCZ over the Indian Ocean,
is thermally unstable and brings more water vapor to the Ke-
nya Highlands. This moisture easterly flow leads to an increase
in precipitation over the windward slope of the Kenya High-
lands (i.e., EKH) due to orographic uplifting. As shown in Fig.
10b, the low-level convergence anomalies over the EKH region
are associated with the thermally unstable easterly flow and
tend to enhance convective precipitation.

2.4. Turkana Channel

The Turkana channel lies between the Ethiopian highlands
and the East African highlands, which includes 39 model grid
points. Strong winds (i.e., the Turkana low-level jet) exist
throughout the channel, and divergence is a predominant fea-
ture [Kinuthia, 1992). The Turkana Channel is a semiarid re-
gion. As shown by Sun et al. [this issue], the model mostly
reproduced the Turkana low-level jet, while due to their coarse
resolutions, both the ECMWF data set and the NCEP/NCAR
reanalysis did not capture the jet. Consequently, the ECMWF
data and NCEP/NCAR reanalysis are not suitable for valida-
tion of the model performance. The precipitation stations
available for this study over the Turkana channel are listed in
Table 4. The eight-station, 12-year mean observed precipita-
tion for the short rains is 55.5 mm. The corresponding simu-
lated precipitation is 70.0 mm, which was obtained by first
interpolating to the station locations listed in Table 4 and then
averaging the interpolated values. The model simulation is
wetter than the observations. Observations show precipitation
maxima over the highlands and minima at the bottom of the
channel, corresponding to steep gradients in local terrain. The
relatively lower gradients of the highlands and shallower ver-
tical extent of the Turkana channel in the model increase the
channel width, which results in a weakened simulated low-level
jet and a reduction in the precipitation gradient between the
highlands and the bottom of the channel.

Figure 11 shows the simulated precipitation anomalies from
the 12-year simulated mean and the observed precipitation
anomalies from the 12-year observed mean. The correlation
coefficient r between the simulated precipitation anomalies
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Figure 11. Same as Fig. 2 except for the Turkana channel.

and the observed precipitation anomalies is 0.906, which is
larger than the critical correlation coefficient 0.708 for the 1%
significance level. Therefore the simulated and observed pre-
cipitation anomalies are significantly correlated at 1% signifi-
cance level for the 12 years. The observed wet conditions in
1982, 1986, 1988, 1991, and 1992 and the dry conditions in
1984, 1985, 1987, 1989, 1990, and 1993 are successfully repro-
duced in the model simulation. The model produces a weaker
positive precipitation anomaly in 1983 instead of the observed
dry conditions. Overall, the interannual variability of precipi-
tation is generally captured by the model. However, the mod-
eled interannual variability of precipitation is less than the
observed variability, i.e., the anomalies are mostly the correct
sign but are smaller than observations. For example, the severe
dry conditions in 1993 are largely reduced in the model simu-
lation.

Because of the strong divergence associated with the Tur-
kana low-level jet, convective precipitation over the Turkana
channel is very small. The limited amount of convective pre-
cipitation is mainly concentrated during nighttime perhaps due
to the mountain-valley circulations over the channel. The non-
convective precipitation is the dominant component of the
total precipitation over the Turkana channel and accounts for
85% of the total precipitation amount in the 12-year simula-
tion. On the basis of spectral analysis we also found that pre-
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cipitation exhibits variations with 4—8 day periods for the 12-
year simulation, which may be associated with the propagation
of easterly waves originated from the Indian Ocean.

Four wet years (1982, 1988, 1991, and 1992) and four dry
years (1984, 1985, 1987, and 1989) are chosen for the compos-
ite analysis. The changes in total precipitation, large-scale pre-
cipitation, and convective precipitation are 36.0, 29.2, and 6.8
mm in the wet minus the dry composites, respectively. This
result suggests that interannual changes in circulation systems
play an important role for the interannual variability of pre-
cipitation.

Fig. 3e shows the wet minus dry composite of SST for the
Turkana channel. Strong positive SST anomalies over the cen-
tral and eastern equatorial Pacific Ocean and negative SST
anomaly over the western Pacific Ocean are well depicted. This
result suggests that the precipitation variability is strongly as-
sociated with El Nifio events, which is consistent with Ogallo
[1988]. However, some of the wet episodes are not related to
the El Nifio events. As an example, 1988 was a typical La Nifia
year, and the positive precipitation anomalies during that year
may be related to the warm SST anomalies along the East
African coast, which contributes to more water vapor transport
from the Indian Ocean to the Turkana channel. The cold SST
anomalies over the tropics and warm SST anomalies over the
extratropics in the Atlantic Ocean are also present in Fig. 3e.

Fig. 4e shows the wet minus dry composite of geopotential
height at 850 mbar based on the NCEP/NCAR reanalysis.
. Both the Arabian High and the Mascarene High are weaker
and shift eastward compared to averaged conditions. The trade
inversion associated with the subtropical highs over the Indian
Ocean is best developed on the eastern equatorward side of
the subtropical highs and weakens broadly following the trade
wind airstream equatorward and toward the western part of
the Indian Ocean [Hastenrath, 1991]. The weakness and east-
ward shift of both the Arabian High and the Mascarene High
tend to weaken the trade inversion over the equatorial Indian
Ocean and East African coast and suggests wider thermal
unstable zone over the equatorial Indian Ocean, which is fa-
vorite for the formation of easterly waves. The weaker Arabian
High and weaker Mascarene High suppress the wind speed at
the entrance of the Turkana channel and, consequently, result
in a weakened Turkana low-level jet and low-level divergence.
As shown in Fig. 12, wind speed is lower in the wet composite
than in the dry composite. The eastward shift of the Arabian
High and the Mascarene High lead to mainly easterly flow over
East Africa, with marked injection of moisture into East Africa
from the Indian Ocean. Overall, weaker divergence and more
moisture over the Turkana channel account for the increase of
precipitation in the wet minus dry composite of precipitation.

3. Conclusions

We have employed the NCAR RegCM2 to simulate the
interannual variability of precipitation over eastern Africa dur-
ing the short rains scasons by performing simulations for the
years 1982-1993. The model reproduced the observed interan-
nual variability of precipitation in most of the years. Compos-
ites, based on wet and dry year analysis, were constructed to
investigate the possible reasons for the precipitation variability.

El Nifio events in their mature phase are closely related to
the positive precipitation anomalies over Tanzania during the
short rains. However, the SST anomalies over the Indian
Ocean and the Atlantic Ocean may play a more important role

SUN ET AL.: SIMULATION OF EASTERN AFRICA SHORT RAINS, 2

630

6601

690

720

750

780

810

840

870

900

2 4 6 B 10 12 4 16 18 20

Figure 12. Simulated vertical profiles for horizontal wind
speed (m/s). Solid circle, wet composite; open circle, dry com-
posite.

in determining the interannual variability of precipitation for
Tanzania. Strong warm SST anomalies are observed over the
western Indian Ocean, while cold SST anomalies are observed
over the eastern Indian Ocean in the wet minus dry composite.
For the Atlantic Ocean, cold SST anomalies over the tropical
regions and warm SST anomalies over the extratropical re-
gions dominate in the wet minus dry composite. The southward
shift of the Arabian High and weaker Mascarene High may
result in southward shift of the zonal component of the ITCZ,
and they are responsible for the earlier onset of rainy season in
1982 and 1986. The stronger St. Helena High and weaker
Mascarene High lead to eastward shift of the meridional
branch of the ITCZ for the wet years.

Observed lake level data and work described in previous
papers were used to validate the model simulations over Lake
Victoria. The strong connection between the interannual vari-
ability of precipitation over Lakc Victoria and the ENSO
cvents observed in previous studies was confirmed by the
model simulations. The precipitation fluctuations, especially
for wet years, are influenced by SST anomalies over the Indian
Ocean and the Atlantic Ocean. The equatorward shift of the
St. Helena High tends to enhance the low-level moist westerly
flow over the Congo Basin and extend it to Lake Victoria, and
the equatorward shift of the Arabian High and the Mascarene
High lead to mainly easterly flow over the equatorial Indian
Ocean during wet years. The moist westerly flow from the
Atlantic Ocean and the moist easterly flow from the Indian
Ocean converge over Lake Victoria, which account for the
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increase in precipitation over Lake Victoria in the wet minus
dry composite.

The model produced the correct sign of the interannual
variability of precipitation over the western part (WKH) and
eastern part (EKH) of the Kenya Highlands in all the years
except for 1984, 1990, and 1991 over the WKH region and
1984, 1989, 1991, and 1992 over the EKH region. The inter-
annual variability of precipitation over Lake Victoria and the
WKH subregion are strongly coupled. Positive precipitation
anomalies are usually associated with weaker Arabian High
and Mascarene High, which weaken the large-scale divergence
over the WKH region and favor the development of convec-
tion. The interannual variability of precipitation over EKH is
not directly related to the El Nifio events. Wet conditions over
the EKH region are usually associated with warm SST anom-
alies over the western Indian Ocean. The equatorward shift of
the Arabian High leads to mainly easterly flow over the EKH
region, which carries enhanced water vapor and induces an
increase in precipitation by orographic lifting.

The model produced slightly wetter conditions over the Tur-
kana channel compared to the observations. Higher model
resolution is required to simulate the steep gradients in pre-
cipitation associated with the topographic gradients around the
channel. Composite analysis indicates a strong El Niflo signal
for the wet years, associated with warm SST anomalies over the
Indian Ocean and more active easterly waves which propagate
into the Turkana channel and lead to increased precipitation.
Also, the weaker Arabian High and Mascarene High suppress
the wind speed at the entrance of the Turkana channel and,
consequently, result in a weakened Turkana low-level jet.

The same initial soil conditions are applied to each year’s
simulation. That the model produces the interannual variabil-
ity of precipitation in most of the years may suggest that the
external factors play an important role in determining the
precipitation anomalies for the short-rains season. Therefore
the global forecasts for large-scale circulations and SSTs will be
used to drive the lateral boundary conditions for the RegCM2
for the development of the Seasonal Climate Prediction Sys-
tem (SCPS) for eastern Africa.
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