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The implications of climate variability and emerging climate change
make East Africa particularly vulnerable region due to dependence of
most socio-economic activities on highly variable climatic variables like
rainfall which has relatively low predictability. Dynamical climate
modelling for both operational climate information services like
seasonal outlooks, and long-term projections has made notable
improvements since 1990s. Models are the only tools for projecting the
long-term future climate alongside provision of short-term information
for planning and management of climate sensitive socio-economic
activities like rain-fed agriculture and water resources. Using rainfall
and moist circulation evaluation results, this study illustrates the “UM
HadGEM-GC2” model give good indications of processes which
quantify climate extremes namely floods and droughts over East Africa.
Among the most important processes revealed in this study, vertically
integrated moisture flux, which embraces both horizontal moisture
transport into or out of East Africa with sufficient moist-air depth or dry
atmospheric column are crucial mechanisms for occurrence of floods
and droughts in Kenya and East Africa. Knowledge products like these
can translate into mitigation and adaptation decisions in water
resources, agriculture and food security. To model developers,
processed based model evaluation outcomes like these reveals what
physics and dynamics attributes to focus on in the formulation of next

generation models and development of evaluation metrics.
©2020 Africa Journal of Physical Sciences (AJPS). All rights reserved.
ISSN 2313-3317

98


mailto:mnzau@uonbi.ac.ke

MUTEMI et al. |METEOROLOGY

1. Introduction

In Kenya, East Africa, and over many parts of the world, the weather conditions and the
state of the climate become issues of serious concern when (1) rainfall is insufficient or has
totally failed to be sufficient during one or several successive wet seasons causing a severe
drought or (2) there is too much rainfall during the wet season rainfall leading to
catastrophic flooding as was witnessed in most of Kenya during March to May 2018. The
adverse impacts of the March-May 2018 and many other floods episodes in Kenya serve
as a good highlight that such conditions should be anticipated well in advance and the
information availed to relevant agencies, the general public and strategic planners for
informing of decisions and preparedness actions which protect lives and help communities
build resilience to climate extremes. Good examples of applications of climate information
on a wide range of sectors are discussed in [1].

Weather and climate information is crucial for socio-economic welfare and it is important
in the planning and management of activities geared towards enhancement of food
security, water resources utilization and therefore weather forecasting and climate
prediction is a crucial information service done for the common good and welfare of
societies. [2] provides an innovative means of using numerical weather prediction models
to provide highly accurate weather forecasts in various parts of Africa using the super-
ensemble approach of numerical weather prediction models [3]. The application of the
technique to provide medium range weather forecasts over the Greater Horn of Africa has
been in many studies including [4]. The use of dynamical models to provide information
on the state of weather and climate must be extended to provide information for longer
time scales from few months and several decades to long-term future projections.
Although this is an extremely challenging problem in the science of weather and climate,
[5] demonstrate that deterministic models if sufficiently formulated can resolve the
mechanisms and processes which control the major climate patterns/features over various
sub-regions of Africa. These are of great importance and interest in application of
dynamical models to provide present and future climate information for decision support.

The problem of droughts in parts of Africa has been subject of intensive climate research
and concern due to the adverse impacts of droughts such as the drying of water resources
and withering of food crops. In particular, the subject of the Sahel droughts with
indications of recovery, for example positive rainfall trends over the Sahel is notable [6].
East Africa droughts are also subject of many studies [7] and their impacts in form of
famines are the focus of many governmental agencies and non-governmental
organizations. On the other hand, prolonged periods of torrential rainfall cause extensive
flooding which also afflicts communities through loss of life and destruction of property
and infrastructure like roads and bridges. The focus of this study is to highlight the scientific
basis and causes of floods and droughts in Kenya and East Africa, through dynamical model
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evaluation of the moist-thermodynamic processes and mechanisms which lead to these
stressing climatic conditions.

Often, climate models and operational weather and climate service institutions including
the Kenya Meteorological Department (KMD), and the regional climate outlook forums
(RCOFS) provide forecast information on the likely climate conditions which are anticipated
to prevail for the next 3 months. This is the typical climate prediction time scale and the
major control mechanism is the oceanic influence of atmospheric circulation and how this
air circulation distributes moisture to the various parts of the earth. Indeed, Indian Ocean
is very important for East Africa rainfall [8]. The large-scale floods and droughts can be
predicted by climate models with good accuracy over East Africa, especially when the
phases of ENSO have persisted in the global climate system with indices above thresholds
depending on the particular ENSO index with lead times of several months [9]. Climate
scientists and information providers, educational institutions and researchers have to
advance the capability to provide accurately longer lead climate information on time scales
like 5-40 year time scales. The information should have quality attributes that can used for
long-term planning and implementation of flood and drought management programs and
activities, for example, the climate dimension in attainment of development goals like
vision 2030 in Kenya [10].

In recent decades, there has been remarkable progress in climate modelling [11], [12], but
with limited discernible improvement over Africa [11]. This is most frequently highlighted
with reference to the Sahel, where many models fail to capture the magnitude of the
1970s-80s drought [13]. Other African regions also present demanding tests for climate
models and indeed, the trend of decrease in rainfall in parts of East Africa during the season
March-May has been highlighted in and referred to as the East Africa paradox [14].
Organized convection [15] and sharp pressure gradients are problematic given large grid-
spacing. The presence of strong land-atmosphere interactions [16], large aerosol emission
from arid regions [17], influences from global ocean basins [18], and prominent modes of
interannual and interdecadal rainfall variability [19] exacerbates the challenge.
Furthermore, some of these features and systems are poorly understood due to limited
observations and research attention. Nevertheless, advanced climate modelling and
prediction science is a crucial key to improving our capability to provide high accuracy
climate information especially rainfall. This study highlights some scientific outputs from a
climate model development research undertaken under the auspices of IMPALA project
(Improving Model Processes for African cLimAte -
https://futureclimateafrica.org/project/impala/) over East Africa.

2. The Model, Data and Methods

The UK Met office Unified model (UM) has been used in this work. It is a continually
developing dynamical model system for use in day to day weather predictions, medium
range weather predictions whose time scale is three days to two weeks, climate forecasts
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which stretch out to three months, and also it is used for long term climate change
projections [20], [21]. The model outputs of meteorological variables used in this work are
from the model version named HadGEM3-GC2 [22]. The simulation runs of HadGEM3-GC2
are driven with historical natural and anthropogenic forcing for the long-term future
projection of the climate. Model data in this study is presented for the 35- year period
1979-2013 for current climate and future projections are out to the 2070s. The field
variables used are precipitation at the surface and in the atmospheric levels the variables
used are wind and specific humidity at various levels in a domain covering all of East Africa.
The observational data sets used are the GPCP monthly precipitation [23], [24], and the
ERA-Interim [25] for derivation of the observational attributes of the dynamics used in the
results discussed in the next section.

3. Results and Discussion

The typical climate normal tropical east Africa is the bimodal rainfall distribution, namely
2-wet seasons during the calendar year, occurring during the months of March — May
(MAM), also called the long rainfall season, and the October-December (OND) period, also
called the short rainfall season. Figure 1 left panel shows the model and observed rainfall
over East Africa domain during the March-May season are shown on the right hand side
panel. Both model and observations are consistent in East Africa, generally wet conditions
everywhere within East Africa. As evident from Figure 1, the model (left panel) and
observed rainfall (right panel) magnitudes are quite comparable, nearly 300mm within the
area centred over Kenya (area enclosed by blue rectangle). The pattern during the
October-December (OND) season is shown in Figure 2. Comparing the model and
observations (left and right panels in Figure 2), the model rainfall is nearly 600mm against
observation of 300mm. This is an overestimation and it is most notable over most of Kenya
and stretches westwards across Uganda to central Africa.
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UM: MAMmean Rainfall {(mm) Pattern over GPCP: MAMmean Rainfall (mm) Pattern over
East Africa: Pre—IMP nified Model East Africa
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Figure 1: Model (left panel) and observed climatology/ baseline (right panel) of East Africa rainfall during the
March-May (MAM) season.
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Figure 2: Model (left panel) and observed climatology/ baseline (right panel) of East Africa rainfall during the
October-December (OND) season in East Africa.
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Figure 3 presents the month by month (also called annual cycle) rainfall evolution in
various areas East Africa represented by few stations. The stations shown in this study are
four, namely Wajir in Northern Kenya (top left panel), Entebbe in Uganda (to right panel)
representing Lake Victoria Basin, Kigali in Rwanda (left bottom panel) representing the
western highland parts of East Africa, and Same in northern Tanzania (right bottom panel).
These curves reveal that the model (red-curve) resolves the two wet seasons MAM and
OND well. The MAM season is centred on the month of April, while the OND season is
centred on the month of November. For the MAM season, the model rainfall (red curve) is
slightly lower than the station and GPCP observations. For the OND season, the pattern is
simply the opposite, with the model typically overestimating the rainfall magnitudes. An
over estimation or underestimation can be adjusted for in practical usage of the model
since it is a systematic attribute. These results indicate that the model provides realistic
and useful information on regional rainfall. The model is therefore a good tool for
generation climate information in the region for a wide range of socio-economic
applications. For advancement of modeling science, it is important to establish the
processes and mechanisms leading to the most extreme East Africa rainfall conditions,
especially the floods and droughts alongside understanding the causes of model
performance results like overestimation.
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Figure 3: Point wise model and observed annual cycle of rainfall at various stations in East Africa as indicated
on each panel. Notably, UM overestimates the October-December rainfall systematically across East Africa.
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The cause-effect processes and driving mechanisms, especially circulation in relation to
moisture source and distribution are the core target of this model evaluation. When using
dynamical models, there is always the need to understand details of the model
performance. For example, in Figures 4 and 5, the basic controls of weather and climate in
East Africa, namely, the atmospheric signatures of the sub-tropical high-pressure systems
are in their proper positions as indicated by the red circles in Figures 4 and 5. However, the
modelled circulation details within the region can have deficiencies. For example, in Figure
5, it may be noted that during the October-December season, the model simulates
"easterlies over the tropical Indian Ocean" while in the observations "the circulation is
actually westerly". While these details are the subject of dynamics improvement in
deterministic modelling, it is good to note that the easterlies are from the Indian Ocean.
This is a moist-thermodynamic process of Equatorial Indian-Ocean-East Africa sub-region
within the atmospheric depth from low levels (such as 850mb) to medium levels including
700mb. Circulation attributes like this is a necessary mechanism which leads to widespread
torrential rainfall in East Africa during October-December (OND) season.

The model is found to be quite realistic in the production of the wettest and driest
conditions (the heavy rainfall and dry conditions which afflict East Africa), for example
during the OND season, with remarkable details as presented in Figure 6. In Figure 6, the
top panel on the left shows the model simulated wet conditions and top right panel are
the observations. From these two, it may be noted that the model is wetter than
observations, but the signals are consistent. In Figure 6, the bottom left panel is the
simulated dry conditions and the bottom right panel is observed dry conditions. Again,
there is good consistency in the model and observations.

From Figure 3 results discussion above, it should be recalled that the model overestimates
rainfall over most of equatorial East Africa during the October to December season. The
vertically integrated moisture shown in Figure 5 reveals the physical basis of this result.
The vertically integrated moisture flux is stronger and convergent in the model over the
interior East Africa. With respect to the oceans, it is strongly easterly with respect to the
Indian Ocean and strongly westerly with respect to the Atlantic and Congo Basin (Congo-
airmass) to the west of East Africa. This is valid moist dynamics and consequence is
enhanced rainfall by the model during the OND season. Therefore, results in Figure 5
reveals the validity of OND rainfall results in Figure 3 and also the overestimation of the
OND rainfall pattern shown in Figure 2 discussed earlier.
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Unified Model East Africa Domain
Variable Vertint_Q&Wind

ERA_ East Africa Domain
Variable Vertint_Q&Wind_MAMcli

Figure 4: Unified model (UM — top) and observed circulation from ERA-interim reanalysis data sets (bottom)
indicated by vectors and vertically integrated moisture flux within the atmospheric column 850-600mb for the
long rainfall season March-May (MAM) mean patterns.
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Unified Model East Africa Domain
Variable Vertint_Q&Wind_ONDcli
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Figure 5: Unified model (UM — top panel) and observed circulation from ERA-interim reanalysis data sets
(bottom panel) indicated by vectors and vertically integrated moisture flux within the atmospheric column 850-
600mb for the second wet season in East Africa, the short rainfall season October-December (OND) mean
patterns.

The capability of dynamical models to resolve the rainfall extremes in form of floods and
droughts is most important. To illustrate this clearly, rainfall biases are used rather than
total amounts. Figure 6 shows the model and observed biases during the OND season for
floods and droughts. The floods and droughts constitute the extremes cases of greatest
research and socio-economic interest. Comparing the top panels in Figure 6, it is noticed
that the indications of the floods is present in both model and observations. The bottom
panels reveal the droughts also. There are notable details of scientific interest. For
example, from the top panels in Figure 6, the structure of flood conditions is within East
Africa extends towards the Indian Ocean in both model and observations. In the drought
case shown by the bottom panels, the model biases are greater than observations. The
resolution of both wet and dry extremes by the model are quite consistent. Attention is
now turned to what additional dynamical processes can help us formulate these extremes.
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UM: ONDwet Rainfall(mm) Anomaly GPCP: ONDwet Rainfall(mm) Anomaly
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UM: ONDdry Rainfall(mm) Anomaly GPCP: ONDdry Rainfall(mm) Anomaly
E. Africa: Pre—IMPALA Unified Model E. Africa
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Figure 6: The Unified model resolution of rainfall extremes of greatest concern in East Africa, the wet and dry
conditions for October-December (OND) season, shown as biases in the model (UM) and observations. Top
panels wet cases: Left panel is model and right panel is observation: Bottom panels dry cases: Left model and
right panel observation.

The importance of the thermodynamic role of the Indian and Atlantic oceans including the
Congo air-mass and vertical extent of the moist depth are crucial mechanisms in
understanding these results. Figure 7 shows the specific humidity (shaded) alongside the
east-west wind (contours) for the floods and droughts during the MAM season. The bolded
green and blue arrows illustrate the easterly and westerly flows with respect to East Africa,
which may be taken as centred within 20°E to 40°E degree longitudes in this vertical-zonal
cross section. The levels of significant moisture in the air can be noted to extend to above
400mb in both model and observations. This can be seen from panels “a” and “b” on Figure
7. The convergence of Indian Ocean easterlies and Atlantic / Congo-airmass westerlies is
evidently a very important mechanism for the flooding conditions during MAM season.
Corresponding vertical profiles for drought conditions are shown in panels “c” and “d”. In
both model and observations, the atmosphere is too dry at all levels. The easterlies and
westerlies are also reversed. These conditions are necessary for the failure of seasonal
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rainfall within East Africa, hence the droughts, just the way the opposite conditions are
sufficient and necessary for the floods. The model rainfall extremes as shown in Figure 8
can now be better understood in view of these deterministic processes. Figures 7 and 8
are for the MAM season. We briefly show for the OND season to point out some major
dynamical differences which can inform modeling advancement.
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Figure 7: March-May (MAM) Vertical-zonal cross section (ZX-transects) of moisture depth (shaded brown-red)
and zonal wind (contours) along the equator from 0°E to 110°E. East Africa is approximately within the
longitudes 20°E to 50°E. Top panels illustrate the wet cases, and bottom panels the dry cases. In the ZX-
transects, note the circulation and atmospheric validity in the model (UM) and Observations (ERI) with respect
to wet/dry conditions within the area centred at 35°E, which is the position of East Africa. Green arrows
indicate easterly flow and blue arrows indicate westerly flow.
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Figure 8: The rainfall biases for floods and droughts in the model during March-May (MAM). Wet (left) and dry
(right) corresponding to vertical profiles of moist air and east-west circulation attributes shown in Figure 7.

Figures 9 and 10 show results similar to Figures 7 and 8, but for the Short rainfall season
October — December (OND). Even though the results have similar attributes to those
discussed above for MAM season, during the OND season, there is a huge depth of dry air
over the Indian Ocean extending westwards to East Africa up to 55°E. There is also a
column of dry atmosphere westwards of 20°E. The vertical column of moist air within East
Africa is confined with longitude range 25°E to 50°E in the model as seen from panel “a” in
Figure 9. In the observations, the moist depth has very wide longitudinal range and quite
deep as seen in panel “b” Figure 9. For drought conditions, the location of dry and moist
air vertical columns are reversed as revealed panel “c” in Figure 9. Similar to the MAM
cases, the convergence of easterlies and westerlies is sufficient for the occurrence of floods
and the reversed circulation is sufficient for the failure of the season rainfall.
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Figure 9: October-December (OND) Vertical-zonal cross section (zx-transects) of moisture depth (shaded-
brown-red) and zonal wind (contours) along the equator from 0°E to 110°E. East Africa is approximately within
the longitudes 20°E to 50°E. Top panels illustrate the wet cases, and bottom panels the dry cases. In the ZX-
transects, notice the circulation and atmospheric validity in the model (UM) and Observations (ERI) with
respect to wet/dry conditions within the area centred at 350E, which is the position of East Africa.
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Figure 10: The rainfall biases for floods and droughts in the model during October-December (OND) wet (left)
and dry (right) corresponding to vertical moisture and east-west circulations shown in Figure 9.

From Figures 7 and 9, the UM is somewhat a bit dry in the low levels within East Africa,
unlike the observations. Moist air in the atmospheric column and its vertical extent is most
crucial for condensation and heavy rainfall be widespread. From Figure 7(b) and 9(b) for
wet extremes in East Africa during the two seasons, it is evident that the moisture in the
lows from and medium levels of the atmosphere is enforced by easterlies from the east
(green arrow) and westerlies from the west (blue arrow). The consequence is a sustained
moist convergence and vertical ascent. This process is well resolved by the model as shown
in Figures 7(a) and 9(a). It can also be noted from panels “a” in Figure 7 and 9 that the
model has low level easterlies and medium level westerlies (see the green and blue arrows
within 10°E to 20°E). This implies a wind shear which can have important thermodynamic
implications on the in advancing understanding and driving mechanisms of East Africa
rainfall extremes. The mechanism of moist air inflow with corresponding increase in depth
of moist in the interior East Africa explains why wettest conditions in the region are
confined more towards the eastern areas of the region (Figures 8b and 10b) for the two
seasons. The model has appropriate physics for resolution of moist attributes, and can be
relied upon as tool to generate near-term and long-term climate evolution information for
strategic decision making. Information products like these are the major inputs required
to address the socio-economic challenges posed by floods (extremely heavy rainfall) and
drought (rainfall failure) over Kenya and East Africa in general.
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4. Conclusions

The Unified model (UM) version used in this study has shown good capability in
representation and resolution of the most important rainfall attributes across east Africa.
It reveals with scientifically valid details the processes and mechanisms which underlie
both droughts and floods in Eastern Africa. It shows that during the March-May season
(MAM), thermodynamic processes involving both the Indian and Atlantic oceans are
equally important, while during October-December (OND) season, Indian Ocean is the
most important. Not only does the model resolve realistically the rainfall baselines, but it
also resolves well the extremes, namely the floods and droughts in East Africa seasonal
rainfall. These extremes adversely impact on livelihoods, especially on food and water
resources. These impacts retard socio-economic development. Model results like these are
good sources of information for supporting planning and decisions towards preparedness,
mitigation and adaption to climate extremes and change. Following the outcomes of these
East Africa evaluation results of the UM model HadGEM3-GC2, the future model
advancement is focused on improvement of precipitation schemes, while model users
work on a suit of evaluation diagnostics for more efficient use of dynamical models across
Africa in general.
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