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ABSTRACT
Scenarios of past, present and intermediate future climates for Sondu River basin were analysed in this study to evalu-
ate the potential changes in hydrologically relevant rainfall statistics that are likely to be observed by the middle of this
century as a result of climate change. These climate scenarios were developed by applying dynamical downscaling of
the relatively course resolution climate scenarios simulated by the fourth generation coupled Ocean-Atmosphere Euro-
pean Community Hamburg Model (ECHAM4) using the Providing Regional Climates for Impacts Studies (PRECIS)
modelling system. The regional climate scenarios, which were available at a daily time-step and a spatial grid resolu-
tion of 0.5° over the Eastern Africa region, were matched to the Sondu river basin in the western region of Kenya. The
possible hydrological impacts of climate change were assessed by applying the scenarios in a daily time-step hydrologi-
cal model. The analysis of hydrologically relevant rainfall statistics focussed on determining changes in rainfall pat-
terns and the likely hydrological implications to the basin. The results indicated that more rainfall is projected for the
region in the immediate and intermediate future in form of increased seasonal rainfall during the December-January-
February (DJF), March-April-May (MAM) and September-October-November (SON) seasons resulting from increased
number of days of rainfall and higher probabilities of a wet day following a dry day in a month. Based on these scenar-
i0s, the combination of the wetter antecedent conditions and the more rain days in a month will result in more surface
runoff being generated which will not only have implications on the water balance but also the water quality in the ba-

sin.
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1. Introduction

Freshwater is becoming increasingly limited due
to the ever-increasing demand resulting from the
rapid population growth, unsustainable use, and
increasing incidences of pollution due to emis-
sions from anthropogenic activities. Climate
change, which is characterised by rises in surface
temperatures and changes in precipitation patterns
among others, has exacerbated the problem as it
has direct impacts on water supply, human health
and loss of biodiversity (IPCC, 2007). Most stud-
ies have concluded that besides being the most
vulnerable, Africa is the continent that is least
equipped to handle the impacts of climate change

(Lubini and Adamowsky, 2013).

Majority of Africa’s population depend on natural
resources which to a large extent depend on the
availability and supply of fresh water resources.
The importance of water in agriculture, domestic
use, power generation and industry calls for effec-
tive and sustainable water resources management.
To achieve this, it is important to evaluate changes
in the hydrological and rainfall regimes through
changes in annual means and variances of rainfall
scenarios, and the distribution of daily rainfall

amounts at the watershed level.

The goal of this study was to examine and evalu-
ate past, present and future changes in hydrologi-
cally relevant rainfall statistics over the Sondu
River basin using observed and simulated rainfall

data.

Simulated rainfall data were derived from the
fourth generation coupled Ocean-Atmosphere

European Community Hamburg Model
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(ECHAM4) using the Providing Regional Cli-
mates for Impacts Studies (PRECIS) regional cli-

mate modelling system.
2. Materials and Methods
2.1. The study area — Sondu River Basin

Sondu River basin (Figure 1) was selected for this
study in view of its economic, social, and environ-
mental importance in the western part of Kenya.
Agriculture is the mainstay of the people in this
basin while the Sondu-Miriu Hydropower station
derives its flow from Sondu River. The basin is
located within latitudes 00°23'S and 01°10'S and
longitudes 34°46'E and 35°45'E and covers an area
of about 3500 km®*. The landform of the basin con-
sists of low plains near the lakeshore and rises
eastwards to volcanic plateaus with dissected mar-
gins in the middle parts and rugged terrain with
deep gorges and V-shaped valleys in the upper
eastern parts (JICA, 2013). Land elevation in the
basin varies from about 1134 m at the lakeshore to
2900 m above sea level at the summit of Londiani
Mountains. The basin generally slopes from east
with relatively flat areas as it approaches Lake

Victoria.

Rainfall in the basin depicts a trimodal pattern
with the main rainfall season coming in the
months of March-April-May (MAM) followed by
June-July-August (JJA), and the short rains in
September-October-November (SON).
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The mean monthly rainfall ranges from about 60 mm
in January to about 284 mm in May while the mean
annual rainfall exceeds 1500 mm, the threshold val-
ues for a tropical wet type of climate (Ahrens, 2009).
The dominant land use activities in the basin include
agriculture and forestry accounting for about 64%

and 27% respectively of the total basin area.

Kisumu
.

AREA OF STUDY

Figure 1: Sondu River basin showing its location in, the 17 sub
basins, and the river, rainfall and temperature gauging sta-
tions networks

2.2. Regional Climate Scenario Modelling

Downscaled General Circulation Model (GCM) out-
puts have been used in hydrological studies to trans-
late projected climate scenarios into hydrological
responses (Akhtar et al, 2009). In this study, PRE-
CIS regional climate modelling system was used to
downscale the coarse global climate scenarios from
ECHAM4 following the Special Report on Emission
Scenarios (SRES) A2 emissions to 0.5°grid resolu-
tion for eastern Africa where the model domain was
set up with a horizontal resolution of 50 km by 50
km spanning latitudes 12°S to 18°N and longitudes
22°E to 52°E (Wilson et al, 2009: Jones et al, 2004).

J- Meteorol. Relat. Sci. 4

The study focussed on the future global climate sce-
narios simulated based on the SRES A2 emissions
scenario defined by the IPCC (2000) Special Report
on Emissions Scenarios (SRES) which assumes that
efforts to reduce global emissions this century will

be relatively ineffective (Lumsden et al, 2009).

Regional scenarios of daily time series of rainfall for
1961-1990 (baseline), 1991-2020
(present and immediate future), and 2021-2050

the periods

(intermediate future) were developed. Changes be-
tween the projected rainfall (1991-2020 and 2021-
2050) and the baseline rainfall (1961-1990) were
evaluated to determine the possible climate change
in the region.

Hydrologically relevant rainfall statistics that in-
clude; Mean annual rainfall, coefficient of variation
of annual rainfall, average number of rainfall days in
a month, probability of a wet day following a dry
day and the probability of a wet day following a wet
day in a month, were assessed at the watershed scale
since the possible hydrological impacts of climate
change are normally assessed using watershed scale
hydrological models. In order to represent the re-
gional climate scenarios at the watershed scale, three
0.5° grid squares that cover most of the Sondu river
basin were used to extract time series of daily rain-
fall using the coordinates of at least one existing rain

gauge within the grid square.



2.3. Climate Model Output Validation

PRECIS model-simulated rainfall scenarios were
validated using corresponding observed rainfall
data from the area of study for the baseline period
(CCC, 2009; Islam et al, 2008) which were consid-
ered representative of the location. Grid values of
the model data were, extracted at three observation
sites of Kenya Meteorological Department (KMD)
(i.e. Kericho, Keresoi, and Sotik) and processed to
monthly, seasonal, annual and long-term mean val-
ues, were compared with the corresponding ob-

served data representing the grid.

Simulated monthly rainfall values were regressed
on corresponding observed values to calculate the
regression parameters (slopes and constants) that
were used as validation parameters to validate the
model projected values (CCC, 2009) using Equa-
tion (1).

RF aRF

in Equation 1 is the projected rainfall,

RF

is the rainfall regression constant, is the rain-

: Swr .
fall regression slope, and ~ ** is the model simu-

lated rainfall scenario.

The model performance was evaluated as the per-
centage difference between the observed and
model-estimated rainfall (Equation 2). Positive val-
ues indicated model underestimation while nega-
tive values indicated model overestimation (Islam

et al, 2008).

Journal of Meteorology and Related Sciences
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P ObsRnﬂ—EstRnﬂ 100
Rnft Obsy,.,

Pryq in Equation 2 is the percentage overestimation
or underestimation of rainfall by the model, Obsg,z
is the observed rainfall, Estz,; is the estimated rain-

fall from the model-simulated scenarios.

2.4. Rainfall Statistics Characterizing Basin Hy-
drology

The hydrologically relevant rainfall statistics as-
sessed in this study focused on characterising the
annual means and variances of rainfall amounts as
well as the distribution of daily rainfall amounts in
terms of the number of days of rainfall and the
probabilities of a wet day following a dry day and a
wet day following a wet day in a month (Neitsch et
al, 2011). Mean annual rainfall (MAR), coefficient
of variation of annual rainfall (CV), average num-
ber of rainfall days in a month (PCPD), probability
of a wet day following a dry day (PR_W1) in a
month, and the probability of a wet day following a
wet day in a month (PR_W2) were evaluated and
their changes from the baseline values used to de-
termine rainfall trends under conditions of climate
change. The average number of days of rainfall in
a month and the probabilities of a wet day follow-
ing a dry day or a wet day following a wet day in a
month, have significance in terms of the general
antecedent wetness index and therefore impact on
the hydrology of a watershed (Lumsden ef al,
2009).
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3. Results and Discussion

3.1. Observed Rainfall Characteristics

Figure 2 shows the changes in mean monthly rain-
fall totals over Sondu basin from the baseline rain-
fall climatology, averaged over three 30-year peri-
ods: 1961-1990 (1970s), 1971-2000 (1980s), and
1981-2010 (1990s). The difference between the
baseline (1970s) and the 1980s and 1990s monthly
rainfall totals, expressed as a ratio, was used as an
indicator of observed changes in rainfall patterns in
this part of Kenya (Figure 2). It was noted that
there was a general increase in monthly rainfall
from the baseline period during DJF and SON sea-
sons while there was a general decline during

MAM and JJA seasons (Figure 3).

The increases in monthly rainfall in 1980s ranged
between 1% in February and 8% in November
while in 1990s it ranged between 2% in May and
September and 16% in December of the baseline
rainfall. On the other hand decreases in monthly
rainfall in 1980s ranged between 1% in August and
10% in March while in 1990s it ranged between

1% 1n July and 10% in June of the baseline rainfall
(Figure 2).

From these results, it was established that the over-
all observed seasonal changes in rainfall indicate a
likely shift in rainfall patterns where the relatively
dry DJF and SON seasons are becoming relatively
wetter and the relatively wet MAM and JJA sea-
sons are becoming relatively drier compared to the
baseline period (Figure 3). These observed changes
in monthly rainfall across the three regimes have a

direct impact on the hydrology of the watershed.

3.2. PRECIS Model Validation and Baseline

J. Meteorol. Relat. Sci.

Rainfall

Using model-simulated and the corresponding ob-
served monthly rainfall totals at Kericho, Keresoi,
and Sotik stations, validation parameters (Table 1)
were obtained through regression analysis. These
parameters were used to validate PRECIS model-
projected rainfall. Correlation coefficients between
observed and simulated rainfall, which range be-

tween 0.75 and 0.93, were tested for significance

using student t-statistic at a =005 level of sig-

nificance and confirmed to be significant.

Figure 4 shows a comparison of simulated mean
monthly rainfall with corresponding observed val-
ues during the baseline period at Kericho Meteoro-
logical Station. The observed rainfall peaks in
May, August, and November are fairly well repli-
cated by the model. The model results are therefore
consistent with observed values. However, the
model was found to slightly overestimate monthly
rainfall between the months of June and December
by between 3% and 10% of the baseline rainfall.
The percentage variability in the simulated mean
monthly rainfall that could be explained by the cor-
responding observed rainfall was 86% (Figure 5).
Based on these results it was concluded that the
model could be used to project monthly rainfall
climatology of the basin.

Table 2 presents a comparison of observed and
model simulated mean monthly rainfall and the
model performance as a percentage difference be-
tween model-simulated and corresponding ob-
served rainfall during the baseline period. Positive

values in the model performance column indicate
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On a month-by-month scale, the percentage de-
viation between observed and model-estimated
rainfall ranges between -12% and 22%. From the
validation results of the PRECIS model outputs
using observed values, it was established that the
model captures the baseline climate of the area
of study quite well as shown by the regression
statistics (Table 1) and the model performance
statistics (Table 2). Hence the model was found
suitable for simulating rainfall in this part of

Kenya.

3.3 Projected Changes in Rainfall Statistics
Characterizing Basin Hydrology

Table 3 shows an overview of the general differ-
ences in climate by 2030 and 2050 compared to
that of the baseline period. On average, there will
be notable changes in mean annual rainfall from
the baseline values. From the analyses of 30-year
averages of rainfall, it was established that mean
annual rainfall of Sondu and that of the sur-
rounding areas is projected to change from the
baseline values by about 5% and 19% by 2030
and 2050 respectively. These changes are ex-
pected to influence the hydrology of the catch-
ment through changes in evapotranspiration and

runoff generation.

Figures 6 and 7 show projected changes of mean
monthly and seasonal rainfall respectively by
years 2030 and 2050. It is apparent that there
will be substantial increases in monthly and sea-
sonal rainfall during the DJF and SON seasons
by 2030 and 2050. The relatively dry DJF and
SON seasons are projected to become relatively

wetter by 2030 and 2050. The highest changes in

mean seasonal rainfall were observed during DJF
ranging between 2.5 and 2.7 times by 2030 and
2050 respectively of the baseline rainfall. It was
followed by SON where projected increases
range between 1.6 and 1.8 times by 2030 and
2050 respectively of the baseline rainfall. The
least projected increases in seasonal rainfall were
in MAM ranging between 1.1 and 1.2 times by
2030 and 2050 respectively of the baseline rain-
fall. JJA is the only season with projected de-
creases in seasonal rainfall ranging between 0.87
and 0.86 times by 2030 and 2050 respectively of

the baseline rainfall.

The probability of a wet day following a dry day
(PR_W1) is projected to increase during the DJF
and SON months and to decrease during the
MAM and JJA months except the month of Au-
gust in 2030s (Figure 8). During the DJF months,
PR_W1 is projected to be higher by between 1.6
and 2.0 times and 1.6 and 2.5 times by 2030 and
2050 respectively of the baseline probabilities.
During the SON months, PR W1 is projected to
be higher by between 1.1 and 1.9 times and 1.1
and 2.2 times by 2030 and 2050 respectively of
the baseline probabilities. On the other hand,
PR W1 is projected to decrease during MAM
and JJA months by between 0.7 and 0.9 times
and 0.8 and 0.9 times by 2030 and 2050 respec-
tively of the baseline probabilities which is con-
sistent with the projected decreases in rainfall

during these seasons.

The probability of a wet day following a wet day
(PR_W2) is projected to increase in all the

Volume 9
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The number of rainfall days in a month (PCPD) in
all the months of the year is projected to increase by
between by between 1.1 and 2.4 times and 1.1 and
2.5 times by 2030 and 2050 respectively of the
baseline days (Figure 10). The changes in the num-
ber of days of rainfall in a month indicate an in-
crease in the period that the soil will remain moist
and hence a possible increase in the runoff genera-

tion from the basin.
4. Conclusions

The analysis of rainfall changes has shown that
there is a general tendency towards more rainfall in
the Sondu basin and the neighbouring regions as we

move from the baseline period towards future cli-

Tables

J. Meteorol. Relat. Sci. 9

mate periods. More rainfall is projected for the area
as we move towards 2030 and 2050. This rainfall is
in form of more rain days in a month and higher
probabilities of wet days following dry days and wet
days following wet days in a month. The combina-
tion of wetter antecedent conditions and more days
of rainfall in a month are likely to bring about
higher runoff generation from particular rainfall
events. This would have implications not only on
the amount of water available in the basin but also
on the quality of this water as well as the flood re-
lated risks. The higher amounts of water are likely
to cause an increase in flooding incidents in the
lower parts of the basin. We recommend that efforts

be stepped up and sustained to conserve the upper

a
Table 1: Validation parameters of PRECIS model rainfall projections for monthly rainfall totals where ( RE ), is the regres-

2

. RF . .
sion constants, is the regression slopes

is the coefficients of determination, and

r
°* is the correlation coefficient

between observed and model simulated monthly rainfall totals

Table 2: Predicted and observed mean monthly rainfall and model performance in calibration and validation periods

Station Ay bRF R2 r
Kericho 45.5 1.03 0.86 0.93
Keresoi 155 0.495 0.81 0.90
Sotik 45.5 0.368 0.56 0.75

Month Observed Rainfall (mm) Predicted Rainfall (mm) Model Performance (%)
Jan 99.7 78.0 21.7
Feb 104.1 107.5 -3.3
Mar 155.1 173.2 -11.7
Apr 253.9 233.1 8.2
May 299.8 237.4 20.8
Jun 221.5 243.0 -9.7
Jul 205.6 223.9 -8.9
Aug 225.7 239.4 -6.0
Sep 179.0 189.7 -5.9
Oct 165.1 179.6 -8.8
Nov 147.6 147.8 -0.2
Dec 98.1 101.2 -3.1
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Table 3: 30-year average annual rainfall and the corresponding standard deviations (Stdev) together with changes relative to
the baseline period where MAR is the 30-year mean annual rainfall, Stdev is the standard deviations of annual rainfall, CV is
the coefficient of variation, AMAR is the change in mean annual rainfall and ACV is the change in the coefficient of varia-

tion
Mean Annual Rainfall Statistics
Climate Period 2 3 4 5 6
MAR (mm) Std Dev (mm) cv AMAR ACV
1961-1990 (1970s) 2122.3 341.9 0.16 1 1
1991-2020 (2010s) 2222.6 264.4 0.12 1.05 0.75
2021-2050 (2030s) 2524.3 245.3 0.10 1.19 0.625
Figures
_ 120 1.10
3
£ 115 o108
¢ 1.10 - 3
2 ' & 1.0
g oo R
S 10 § '
§ 08 4 1.00
E 0.90 % 0.98
g" 0.85 ﬁm 0.95
§ om0 093
Jan | Feb  Mar  Apr | May Jun | Jul  Aug  Sep | Oct Nov | Dec DIJF MAM JA SON
#AMMR1970s| 1.00 | 1.00 | 1.00 | 1.00  1.00 | 1.00  1.00  1.00 | 1.00 | 1.00  1.00 | 1.00 5 AMSR1970s 1.00 1.00 1.00 1.00
HAMMR1980s 1,08 | 1.01 090 0.94 | 1.04 | 1.00 098 099 | 0.97 | 1.06  1.08 1.06  AMSR19805 1.05 0.97 0.59 1.03
AMMR1990s 1,14 | 092 094 097 | 1.02 | 090 099 098  1.02 | 115 110 116 AMSR1990s 1.06 0.98 0.95 1.09

Figure 2: Changes in observed mean monthly rainfall (MMR)

relative to the baseline period at Kericho Meteorological Station

Figure 3: Changes in observed mean seasonal rainfall (AMSR)

relative to the baseline period at Kericho Meteorological Station
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Figure 4: Annual cycles of observed and model-simulated mean
monthly rainfall (mm) during the baseline period at Kericho

Meteorological Station
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Figure 5: Regression of mean monthly model-simulated on
corresponding observed rainfall (mm) during the baseline pe-




Rwigi et al. J. Meteorol. Relat. Sci. 11

3.20 .75
300
. 2.80 - 230
H .60 ‘ £
5 2.40 = o
] 2.20 - g 2.00
B 2
7 2.00 g 175
-9
5 1.80 | z
£ 160 0 150
) 1.40 B
=
5 120 g 1.25 :
- 1.00 ——— 1.00
080 . . . h L '
T T T s e e e R 0.75 o o o
Jan  Feb  Mar  Apr  May  Jun  Jul | Aug | Sep | Oct  Nov Dec DIF MAM hA SON
mA1970s Obs| 1,00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00 | 1.00 1.00 1.00 = AMSR1970s 1.00 1.00 1.00 1.00
WA2010s Sim| 2.72 233 138 1.05 094 093 087 082 113 | 201 177 2.44 WAM5R20105 2.49 1.09 0.87 1.60
NO2030s Sim| 3.00 237 | 181 105 099 088 087 | 083 | 126 | 225 206 2.64 B AMSR2030s 2.65 121 0.86 181

Figure 6: Projected changes in mean monthly rainfall (MMR) Figure 7: Changes in projected mean seasonal rainfall (AMSR)
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Figure 8: Projected changes in the probability of a wet day follow- Figure 9: Projected change in the probability of a wet day follow-
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