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Abstract. In the Tana River Basin in Kenya, six Regional Circulation Models (RCMs) simulating two Repre-
sentative Concentration Pathways (RCPs) (i.e., 4.5 and 8.5) were used as input to the Soil and Water Assessment
Tool (SWAT) model to determine the possible implications for the hydrology and water resources of the basin.
Four hydrological characteristics — water yield, groundwater recharge, base flow and flow regulation — were
determined and mapped throughout the basin for three 30-year time periods: 2020-2049, 2040-2069 and 2070-
2099. Results were compared with a baseline period, 1983-2011. All four hydrological characteristics show
steady increases under both RCPs for the entire basin but with considerable spatial heterogeneity and greater
increases under RCP 8.5 than RCP 4.5. The results have important implications for the way water resources in
the basin are managed. It is imperative that water managers and policy makers take into account the additional
challenges imposed by climate change in operating built infrastructure.

1 Introduction

The Tana River plays a prominent role in Kenya. It starts
from the Aberdare Mountains, west of Nyeri, Kenya and
flows into the Indian Ocean after covering about 1000 km
(Fig. 1). The catchment area of the river (83972 km?) cov-
ers 21 % of the Kenya’s land area and holds about 18 % of
the country’s population (Sood et al., 2017). The river basin
supplies 80 % of Nairobi’s domestic water supply via trans-
fer from the Thika dam (Baker et al., 2015). Approximately
50 % of Kenya’s total electricity demand is met by the se-
ries of five dams built along the river (Baker et al., 2015).
Fisheries and agriculture in the basin provide a major source
of food and employment for the people that live in the basin
and in other parts of the country. One of the basin’s impor-
tant ecosystems is the Tana Delta at the coast: almost 50 %
of the country’s freshwater discharge into the Indian Ocean

is made up of the flow from the Tana River. The delta was
designated as a Ramsar site in 2012 and is home to several
endangered species. The basin has two rainy seasons (i.e. bi-
modal distribution) with the mean annual rainfall of about
648 mm (1983-2011). Approximately 92 % of the rain falls
during these wet seasons, which are from March-May, and
October—January.

As part of the “Water Infrastructure Solutions from Eco-
system Services underpinning Climate Resilient Policies and
Programmes” (WISE-UP) project, six Regional Circulation
Models (RCMs), simulating two Representative Concentra-
tion Pathways (i.e. RCPs 4.5 and 8.5), were used as an input
to a hydrological model. Representative Concentration Path-
ways (RCPs) are greenhouse gas concentration trajectories
adapted by the IPCC for its fifth Assessment Report (ARS)
in 2014. RCP 4.5 assumes that the GHG emissions will in-
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Figure 1. Tana River Basin showing three elevation zones, river network and flow gauging stations.

crease till about 2040 and then decline, whereas RCP 8.5 as-
sumes that the emissions will continue to rise throughout the
century and represents the worst-case scenario. RCP 4.5 and
RCP 8.5 corresponds to 4.5 and 8.5 W m~2 increase in radia-
tive forcing by the year 2100 as compared to pre-industrial
values.

2 Methods and data

The Soil and Water Assessment Tool (SWAT) (Arnold et al.,
1998) was used to simulate the hydrology of the basin for
current and future scenarios. The model was configured and
calibrated for the current situation and then used to determine
the possible impacts of climate change on the hydrology of
the basin.

SWAT is a publically available rainfall-runoff hydrology
and water quality model. The model possesses adequate rep-
resentation of physical processes governing hydrology and
is particularly suitable for application in large river basins.
In the SWAT model, a river basin is subdivided into mul-
tiple sub-catchments, each sub-catchment consisting of at
least one representative stream. The sub-catchments are fur-
ther divided into hydrologic response units (HRUs), which
are lumped land areas within the catchment comprising
unique land cover, soil, and slope combinations. For a de-
tailed description of the SWAT model, reference is made to
Muthuwatta et al. (2014). Various data sets were accumu-
lated from global and local sources. The major data sets used
in this study are listed in Table 1.
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The ArcSWAT interface was used to pre-process the spa-
tial data for the Tana River Basin. The SWAT Calibration and
Uncertainty Program (SWATCUP) (Abbaspour, 2011) was
used to calibrate the model. The model was calibrated and
validated using monthly flow data available at the four loca-
tions indicated in Fig. 1. The performance indicators for the
model calibration (i.e NSE and R?) are presented in Table 2.
The performance indicators, show that the model calibrated
well for gauging stations 4EA07, 4G01 and 4G02. These sta-
tions are located downstream and represent the larger river
basin. The most upstream gauging station (4BC02) did not
perform well.

Once calibrated, the SWAT model was run from 1983—
2011 to develop a baseline scenario. Multiple climate change
scenarios were then run through the SWAT model to de-
termine the impact of climate change on the hydrology
of the Tana River basin. In this study, 6 RCMs of the
Coordinated Regional Climate Downscaling Experiment
(CORDEX: Giorgi and Gutowski, 2016) were used. Data for
these RCMs and for each of two Representative Concentra-
tion Pathways (RCPs), i.e. RCP 4.5 and RCP 8.5, were used
to create 12 CC “scenarios” (Table 3). The model was run
for the period 2011 to 2099 and data were analysed for the
three periods: 2020-2049, 2040-2069 and 2070-2099. Grid
resolution of RCMs range from 25 to 50 km for the African
region. Therefore, all six SWAT inputs were downscaled us-
ing the methodology described in El-Khoury et al. (2015).
The centre of each grid was considered as an independent
meteorological station and data were input into the SWAT
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Table 1. Input data used in setting up the SWAT model for the Tana River Basin.
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Category Data Data source Spatial
Resolution
Topography  Digital elevation model (DEM)  Shuttle Radar Topography Mission 90m
Land use Land use map AFRICOVER (http://www.un-spider.org/links-and-resources/data- 1 :200 000
sources/land-cover-kenya-africover-fao, last access: 23 December
2017)
Soils Digital map of the soils and soil ~ FAO Harmonized Soil Maps 30 arcsec
properties (http://www.fao.org/soils-portal/soil-survey/soil-maps-and-
databases/harmonized-world-soil-database-v12/en/, last access:
23 December 2017)
Climate Rainfall, temperature, relative The National Centers for Environmental Prediction (NCEP) 27 x 27 km
humidity, solar radiation, wind ~ Climate Forecast System Reanalysis (CFSR)
speed (http://rda.ucar.edu/pub/cfsr.html, last access: 23 December 2017)
Hydrology River discharge from 4 flow The Water Resource Management Agency (WRMA), Kenya
gauging stations
Table 2. Model performance indicators for four locations in Tana River Basin.
Station  Station Catchment  Coordinates Calibration Validation
Id Name area (km?) Time Period NSE  R? | Time Period NSE  R?
4EA(Q07 Mutonga 1835 —0.373275°N, Jan 1993-Dec 1998  0.79 0.79 | Jan 1988-Dec 1992 0.38 0.43
37.895803°E
4BC02  Sagana 520 —0.673711°N, Jan 2001-Jul 2004 0.34  0.63 | Jan 1988-Dec 1992  0.39 047
37.204516°E
4G01 Garissa 32551 —0.460717°N, Jan 2002-Sep 2006  0.58 0.61
39.632683°E
4G02 Garsen 83971 —2.281649°N, Feb 1988-Dec 1992 0.50 0.51
40.122678° E

model. The model assigns the station closest to the centroid
of a sub-basin as a representative weather station for that sub-
basin and utilizes the corresponding climate data.

For this study, the Tana Basin was divided into three eleva-
tion zones (Fig. 1). Sub-basins with average altitude greater
than 2400 m were designated as the “Upper” zone, those
with average altitude between 600 and 2400 m were grouped
into the “Middle” zone and those below 600 m were grouped
into the “Lower” zone. The area in the Upper, Middle and
Lower zones are 1514, 29 890 and, 52 568 km? respectively.
In February 2017, stakeholders from institutions with an in-
terest in the basin, including the Kenya Electricity Generat-
ing Company, the Ministry of Water and Irrigation, the Na-
tional Irrigation Board, the Water Resources Management
Authority and the Tana and Athi Development Authority,
were trained in the use of SWAT and its application to the
Tana River Basin.
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3 Results and discussion

3.1 Baseline simulation

Four hydrological characteristics — water yield, groundwater
recharge, base flow and flow regulation were investigated.
Water yield is the total water produced in a catchment that
flows out of the catchment. Groundwater recharge is the wa-
ter percolating beyond the root zone. Base flow is the ground-
water contribution to the river flow. “Flow regulation” is the
ratio of dry season flow to total annual flow in a stream. The
spatial variation of the average annual values (1983-2011)
for these hydrological variables and the rainfall are summa-
rized in Table 4.

There is considerable heterogeneity in the response to rain-
fall throughout the basin, with large differences between the
elevation zones. The average annual water yield in the lower
zone is only 4 % of the annual rainfall. This compares to 39 %
in the upper zone and 23 % in the middle zone. One major
reason for higher water yield in the upper zone is topography;
the greater slope in the upper zone results in higher runoff
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Table 3. The climate change scenarios used for the Tana River Basin.

Institution Driving GCM RCM RCP Scenario Name
Canadian Centre for Climate =~ CCCma-CanESM2 CCCma-CanRCM4 RCP4.5 TCMI1-45
Modelling and Analysis CCCma-CanESM2 CCCma-CanRCM4 RCP8.5 TCMI1-85
Climate Limited-area CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17 RCP4.5 TCM2-45
Modelling Community CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17 RCP8.5 TCM2-85
ICHEC-EC-EARTH CLMcom-CCLM4-8-17 RCP4.5 TCM3-45
ICHEC-EC-EARTH CLMcom-CCLM4-8-17 RCP8.5 TCM3-85
MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 RCP4.5 TCM4-45
MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 RCP8.5 TCM4-85
Royal Netherlands ICHEC-EC-EARTH KNMI-RACMO22T RCP4.5 TCMS5-45
Meteorological Institute ICHEC-EC-EARTH KNMI-RACMO22T RCP8.5 TCMS5-85
Swedish Meteorological and ~ IPSL-IPSL-CMS5A-MR SMHI-RCA4 RCP4.5 TCM6-45
Hydrological Institute IPSL-IPSL-CM5A-MR SMHI-RCA4 RCP8.5 TCM6-85

Table 4. Annual averages of hydrological outputs in the three zones of Tana River Basin for the current scenarios.

Tana Rainfall Water yield GW Recharge Base Flow  Flow Regulation
Zone (mm) (mm) (mm) (mm) (%)
Upper 1289.1 498.2 257.0 81.3 31.2
Middle 896.2 207.5 171.9 41.2 35.1
Lower 475.7 17.6 30.1 3.5 334

than in the middle and lower zones. The annual groundwater
recharge in the upper zone is about 20 % of the annual rain-
fall, it is 19 % for the middle zone and just 6 % in the lower
zone. The base flow contribution to water yield is 16 % in the
upper zone and 20 % in both the middle and lower zones.

3.2 Climate change — Rainfall trends

The results of the annual rainfall for the model simulations
indicate that, compared to the baseline, both mean annual
rainfall and inter-annual variability increase for both RCPs,
with greater increases in RCP 8.5 for all three time periods.
Figure 2 presents an inter-year comparison of annual rain-
fall for the period 2020-2040, two RCPs and six simulations
(TCMs). Annual catchment average rainfall in the baseline
period is 640 mm divided between two main rainy seasons. It
is projected to increase to 787 and 912 mm, with earlier onset
of both rainy seasons, by the end of the 21st century under
RCP 4.5 and RCP 8.5, respectively.

Monthly rainfall, averaged across the ensemble of mod-
els (Fig. 3), separately for each RCP, indicate higher extreme
values in March and April for RCP 8.5 compared to RCP 4.5
for the period 2020-2049. With the exception of RCP 8.5 for
the period 2020-2049, all other periods show a reduction in
average rainfall in April and May compared to the baseline.
Rainfall in November and December also shows reductions
other than the simulated values for the period 20702099 un-
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der RCP 8.5. These reductions are comparatively higher for
RCP 4.5 than in RCP 8.5.

3.3 Climate change — Hydrological characteristics

Table 5 shows average values of rainfall and the four hy-
drological characteristics for all scenarios for RCP 4.5 and
RCP 8.5.The flow generated in all CC scenarios is higher
than the average flow generated in the baseline scenario. In
general, compared to the baseline scenario, the average flow
is higher in all the months in all three time periods with the
largest increase in RCP 8.5. Furthermore, the extreme values
clearly indicate that, with some exception in the 2020-2049
period, there is greater variability of flow under RCP 8.5 than
RCP 4.5. The results also reflect the gradual shift to the ear-
lier onset of rainfall with peak flows moving to earlier in the
year.

Of all four variables considered in this study, water yield,
groundwater recharge and base flow, increase significantly
under both RCPs, across all three-elevation zones. How-
ever, flow regulation increases progressively in the middle
and lower zones but not in the upper zone during the pe-
riod 2070-2099. The increases in the hydrological variables
are greater for the RCP 8.5 simulations than for RCP 4.5.
For instance, for the whole basin, increase of water yield,
groundwater recharge and base flow under RCP 4.5 for the
period 2070-2099 compared to the baseline are 10.6, 94.8
and 227.9 % respectively. For the same period, respective in-
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Figure 2. Rainfall as annual average for an inter-annual comparison for 2020-2049 and two RCPs.
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Figure 3. Simulated monthly rainfall (averaged across the model ensemble) for 2020-2049 and two RCPs.

Table 5. Impact of CC on rainfall, water yield, GW recharge, base flow and flow regulation (a) average values for all scenarios RCP 4.5;

(b) average values for all scenarios RCP 8.5 in mm.

(a)

2020-2049 2040-2069 ‘ 2070-2099
Rainfall Water GW  Base Flow | Rainfall Water GW  Base Flow | Rainfall Water GW  Base Flow
Yield Recharge Flow Reg Yield Recharge Flow Reg Yield Recharge Flow Reg
Upper 1400.7 643.3 3399 1169 298 1438.1 672.5 3552 1232 297 1500.7  719.1 383.3 1347 322
Middle 1000.8  319.5 249.6 782 348 1029.1  344.0 269.0 89.3 345 1096.0 389.4 298.2  103.1 30.5
Lower 542.3 42.1 55.9 122 352 568.5 50.8 67.4 169 338 590.9 63.8 73.7 242 335
Average 721.0 151.7 130.0 376 350 748.1 166.4 144.3 44.6 340 787.1  191.5 159.2 543 324
(b) 2020-2049 2040-2069 ‘ 2070-2099
Rainfall ~ Water GW  Base Flow | Rainfall Water GW  Base Flow | Rainfall Water GW  Base Flow
Yield Recharge Flow Reg Yield Recharge Flow Reg Yield Recharge Flow Reg
Upper 1460.3  705.0 3724  130.1 292 1472.8  700.4 368.3 1275  30.0 1857.2 1021.5 532.0 1942 351
Middle 1018.7  339.7 262.2 84.6 348 1047.1  352.6 273.7 89.3  35.1 1286.2 543.2 3947 1474  30.7
Lower 538.9 449 55.8 13.6 348 564.5 51.7 62.7 16.7 343 672.9 108.9 108.1 463 327
Average 7263  161.7 134.9 409 347 752.6  170.5 143.3 445 345 912.5 279.9 217.7 849 320
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creases in RCP 8.5 are 197.3, 160.2, and 391.9 %. The over-
all reductions of flow regulation for the basin are —17.6 and
—18.5 % for RCP 4.5 and RCP 8.5 respectively.

4 Conclusions

The results confirm the findings of other studies that there
will likely be a reversal of recent historic trends of declin-
ing rainfall. Rather, rainfall is projected to increase across
the basin over the remainder of the twenty-first century, with
greater increases (up to 43 % by the end of the century) un-
der RCP 8.5 than RCP 4.5. The results also indicate an earlier
onset of rainfall for both the long and the short rainy season
under both RCPs. A consequence of the increased rainfall is
disproportionate increase in flow from the basin.

The impact of climate change on water yield, groundwater
recharge, base flow and flow regulation were estimated. The
first three variables (water yield, groundwater recharge and
base flow) progressively increase under both RCPs, but with
greater increases under RCP 8.5 than 4.5. In contrast, natural
flow regulation reduces across most of the basin in most fu-
ture time periods, resulting in increased seasonal variability
in flows and potentially larger floods. The reductions in flow
regulation are comparable under both RCPs.

Increases in rainfall and flow broadly indicate an improved
water resource situation in the future, with opportunities for
increasing benefits from built infrastructure (i.e., hydropower
generation as well as irrigation and water supply diversions).
However, declining natural flow regulation, increased vari-
ability, and large increases in the frequency and magnitude
of floods pose a significant risk that threatens to undermine
development opportunities. Water resources management is
likely to be more difficult than under historic climatic con-
ditions. To build resilience, water resource managers need to
adapt to changing conditions; increased flows but also greater
variability.

Data availability. Sources of the climate, landuse and soils data
used in this study are shown in Table 1. Stream flow data sets used
here were obtained from The Water Resource Management Agency
(WRMA), Kenya and are not available to the public as far as the
authors know. Therefore, the authors cannot provide them. Further,
the Tana SWAT model will soon be added to: http://waterdata.iwmi.
org/pages/model_inventory.php (last access: 28 February 2018).
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