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1.

Background

This document is the Final Project Report produced by the International Water Management Institute
(IWMI; Contractor) for the World Bank Group (Purchaser) describing the activities undertaken to deliver
the service identified in the terms of reference of contract #7192893 entitled “NELSAP--Piloting the
satellite-based hydrological model to assess the current status of water resources in the Mara Sub-Basin”,
and henceforth referred to as the “Water Accounting + Pilot for the Mara Sub-basin”. This pilot study
aimed to contribute to the improved capacity of the countries in the Nile Equatorial Lakes region to adapt
to a changing and more variable climate, through better preparation and informed responses to droughts
and floods.

2.

Introduction

The Nile Equatorial Lakes (NEL) region forms the southern part of the Nile River basin and comprises of
the White Nile River basin covering parts of 8 countries; Burundi, Democratic Republic of Congo, Kenya,
Rwanda, South Sudan, Sudan, Tanzania and Uganda. Within the NEL region, population growth, rising
standards of living, and climate change are significantly increasing the need for investments in
hydropower production, domestic, industrial, and agricultural water supply, as well as in watershed
management and the protection of ecosystems. All of the NEL riparian countries have development plans
that tap the potentials of the River Nile, recognizing that investments in water infrastructure will
accelerate poverty alleviation and will boost economic growth. In response to the growing needs,
countries are planning significant investment projects and programs in the inter-related energy,
agriculture and water sectors. While hydropower generation is likely to remain the main driver for the
development of water infrastructure in the next decades, irrigation expansion is also planned in all of the
countries in order to meet food security goals.
Established in December 1999, the Nile Equatorial Lakes Subsidiary Action Program (NELSAP) is one of the
two1 investment programs under the Nile Basin Initiative (NBI) with the mission to “contribute to the
eradication of poverty, promote economic growth, and reverse environmental degradation in the Nile
Equatorial Lakes region” (NELSAP 2020). The Nile Equatorial Lakes Subsidiary Action Program (NELSAP)
has received grant financing from the Multi Donor Trust Fund – Cooperation in International Waters in
Africa (CIWA) towards preparation of investment projects. A new project phase financed by the World
Bank CIWA Trust Fund to the three NBI Centers is under preparation, which will begin during the second
half of 2020 for a further five years. This project will implement key activities within the NBI/NELSAP
region while linking them to the World Bank Strategic areas of WASH, Climate Change and knowledge
management and sharing, while building on the previous financing.
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The second is the Eastern Nile Subsidiary Action Program (ENSAP) also known as the Eastern Nile Technical Regional
Office (ENTRO)

The Nile Equatorial Lakes Subsidiary Action Program Coordination Unit (NELSAP-CU) is in the process of
developing the Nile Equatorial Lakes Investment Program (NEL-IP). NELSAP therefore wishes to establish
a NEL basin wide Investment Program (NEL-IP), which will advance major studies and implement
investment projects that have impacts on improving the integrities of the basin water and land resources,
improving livelihoods of the basin population, contributing to economic growth and reversing
environmental degradation. As part of this process, the NEL-IP aims to develop a basin wide framework
and tools to map and monitor impacts of the implemented investments on the basin water and land
resources, acknowledging that robust water information systems are required for sustainable growth.
This study piloted the use of a water accounting approach to assess the availability of water for an
investment in the NEL-IP priority shortlist.

2.1.

The Water Accounting Concept

Water accounting is a vital component of planning procedures for water resource management,
particularly under conditions of water scarcity and in the face of increasing risks and uncertainties.
Strategies to address water scarcity and increasing variability must be based on a thorough understanding
of the water balance, including water supply and demand and its spatial and temporal dimensions. Water
accounting addresses these needs; it is the systematic study of the status of, and trends in, water supply,
demand, accessibility and use, enabling the quantitative assessment of the state of the water resources
in a geographic region over a particular period of time. Water accounts are typically used to communicate
water resources related information and the services generated from use in a geographical domain (e.g.
a river basin), to users such as policy makers and water authorities, as well as international financing
institutions seeking to determine the impact of investments and to ensure environmental and social
safeguards are being met.
Water accounting can thus be viewed as a tool to inform rational investments in the creation of the food,
water, energy, and environmental systems required to sustain current and future populations. A water
accounting system is implemented using a standardized methodology and nomenclature. While a few
countries have developed and operationalized water accounting systems for water resource reporting,
outside of Europe and Australia successful examples are limited, typically due to lack of data and/or the
capacity to implement and maintain the monitoring networks needed. The approach developed by the
International Water Management Institute and its partners2, referred to as “Water Accounting +” (WA+)
addresses this information gap. In contrast to other approaches which rely heavily on national level hydrometeorological data and statistics, WA+ is a framework which recognizes the limited availability of these
data in many countries, and relies instead on remote sensing images, hydrological models and global data
sets to i) calculate consistent water accounts for a particular location; ii) avoid data discrepancy between
adjacent regions/across national borders; and iii) provide estimates where local data is insufficient. The
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In partnership with IHE-Delft and through the platform www.wateraccounting.org

information provided through this approach gives a solid understanding of the state of the resource, and
how water is used by competing sectors.
In order to address the information needs within the NEL region, IWMI, in collaboration with NELSAP, has
piloted a Water Accounting approach to quantify the water balance and assess water use and availability
across the basin for i) improved understanding and management of water resources, and ii) to determine
the impacts of investment projects on water resources in the Mara Sub-basin, located within the NEL
region.

2.2.

Water Accounting +

The WA+ framework was conceptualized by IWMI in partnership with IHE Delft and FAO as a new
framework that uses the IWMI Water Accounting principles developed in the mid-90s of tracking water
depletions rather than withdrawals (Molden, 1997; Karimi et al 2013). Given that datasets on withdrawals
and return flows are typically scarce and incomplete both at the river basin scale and locally by water use
sectors, the approach addresses this data gap and focuses on the use of data from earth observation
satellites. With recent advances in earth observation sensors, it has been demonstrated and widely
accepted that accurate measurements of key water balance parameters (e.g. evapotranspiration and
precipitation) can be derived from satellite data. Remote sensing offers consistent and continuous
(gridded) field-to-basin scale information on hydrological fluxes. Because of the improvements in the
technological and computing capabilities, the application and reliability of remote sensing datasets in
hydrological studies is constantly increasing and becoming more and more common. Over the past few
years the increasing availability of data from earth observation satellites has dramatically changed our
ability to quantify water resources at different scales, as demonstrated by IWMI and its partners through
the WA+ approach (Batchelor et al., 2016; www.wateraccounting.org).
The major advantage of a water accounting approach which is based on actual ET measurements, such as
WA+, is that water withdrawals and return flows do not need to be measured directly, because the
depletion of water (through ET) can be obtained from the satellite measurements. The WA+ approach
relies on a range of open access remote sensing datasets, in conjunction with open access GIS data and
global hydrological model outputs to calculate basin water balances on a regular basis, and to
communicate water resource related information for different land use categories. Consistent water
balance parameters and water accounts can be calculated through the framework for a river basin and its
sub-basins, avoiding data discrepancies between adjacent regions (or across transboundary river basins),
and quantifying indicators related to water use and availability based on measured data where local data
is insufficient.

2.3.

Project Objectives

The overall goal of the project was to provide a baseline understanding of water use and availability across
the Mara River basin, which is part of the NEL Region. The specific objectives of the study were to:

1. Pilot WA+ as an approach to study the water balance and to determine the impacts of investment
projects on water resources in the Mara basin;
2. Introduce NELSAP and its stakeholders to the tool and how it can be used to understand the water
balance and inform decision making around water resource management.

3.

Technical Approach

3.1.

WA+ Analytical Framework

The WA+ framework uses open source data, with a focus on remote sensing data to compute water
balances of a watershed or location. WA+ framework has been implemented as a set scripts programmed
in the Python programming language in what is called the WA+ Toolbox (Figure 1). The watools within the
toolbox downloads and preprocesses data while WaterPix computes a pixel based water balance of the
basin.
WA Hyperloop computes water accounts using standard datasets of precipitation, evapotranspiration, soil
moisture, net primary production, land use, and outputs from global hydrological models. The WA+
toolbox and WA Hyperloop are downloadable free of charge on the internet:
https://github.com/wateraccounting/. The WA+ toolbox was used to download, preprocess and compute
water balances for each of the selected watershed.

Figure 1. Key data preparation and modelling steps within the water accounting framework.
The framework consists of five major steps to present water accounts: data download and preprocessing,
analysis and water balance modeling, calibration/validation of outputs , generation of water accounts and
result interpretation and presentation (Figure 1). During the initial data preparation step, various remote
sensing datasets and tabular data are downloaded from various sources. The data are then preprocessed
by resampling, projection, gap filling and clipping. The various datasets are then analyzed and compared
to select the most representative data for the selected basin. This involves comparison with station data

where available and the calibration for systematic errors in the remotely sensed data. The hydrological
variability of the basin is then determined by computing various water balance indicators across the
watershed using the WaterPix model. In the third step, the water balance results are validated and model
calibrated by comparing the water balance parameters with measured data. Once the model is validated,
water accounts are generated using the WA Hyperloop tool to compute basin wide water balance
indicators by land use. Finally, results are generated in the form of spatial maps, tables and thematic
sheets for interpretation and presentation.
The WA+ framework uses a mass balance approach to compute water depletions for various land use
classes (Equation 1) using the Water Pix model.
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Where P, ET, ΔS, Qsro and Qbf are Precipitation, ET, storage change, Surface runoff and base flow in month
i.
WaterPix is a pixel based vertical water balance model for the unsaturated root zone of every pixel that
describes the exchanges between land and atmosphere fluxes (i.e. rainfall and evapotranspiration) by
partitioning flow into infiltration and surface runoff. The model calculates for each pixel, the ET that is
due to rainfall ET, (ETg) and that due to additional supply termed incremental ET (ETinc) by keeping track
of the soil moisture balance (Figure 2).
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Figure 2. Workflow of the pixel based water balance model (WaterPix)

Net supply
calculated

This is done by identifying pixels whose source of ET is only rainfall, stored in the soil moisture or there is
an additional source (supply). The water balance equation are computed for both sources of ET in two
steps: first when the source of the ET is only rainfall, and then when the source of the ET includes
additional supply (Qsupply) (Figure 3, Equation 1 and 2). A full description of the calculation steps and
workflow are described in Appendix B.
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Qsupply is the additional supply in month i.

Figure 3. Conceptualization of the pixel based water balance model (WaterPix) used within the WA+
framework (P is precipitation, ETincr is incremental ET, ETa is actual ET, ETg is green ET, Qsro is surface runoff,
Qsro, incr is incremental surface runoff, Qsup is additional supply, QBF is baseflow, R is recharge and Rincr is
incremental recharge).

3.1.1. Site Characteristics: The Mara River Basin
The Mara River which drains an area of 13,750 km 2 (Figure 4) originates from the Mau forests in Kenya
flows through rangeland and drains into Lake Victoria in Tanzania. The Mara River Basin is located roughly
between longitudes 33° 47’ 11″ E and 35° 431’ 48″ E and latitudes 1° 21’ 29″ S and 1° 52’ 12″ S. Majority
of the basin lies in Kenya (65%) while the remaining 35% lies within Tanzania. The Mara river contributes
about 5% of the total flow into Lake Victoria, the world’s second largest freshwater lake, which forms the
headwaters of the White Nile River. The basin is located with the Lake Victoria Basin and managed by the
Lake Victoria Basin Water Board. The Mara is of great biodiversity conservation importance primary
source of surface water supporting the ecosystems of the Maasai Mara National Reserve in Kenya and
Serengeti National Park (SENAPA) in Tanzania (Nile Basin Initiative, 2008, McClain et al., 2014). These
protected areas are popular conservation areas with a variety of wildlife activities that help support the
livelihoods of the people in the region. In addition, the catchment also has significant livestock, agriculture

and mining activities with significant economic value (URT 2020). The total population of the basin is
approximately 1.28 million.
Elevation ranges from just over 3,000m in the northeastern part of the basin to about 1,120 m at the
mouth of the basin. Land use analysis for 2014 indicated the basin is 17% shrubland, 21% grassland, 40%
agriculture and 14% forest. The Mara wetlands features prominently near the mouth of the watershed
where the river drains out of the wetland into Lake Victoria. Subsistence farming dominate the Mara
Wetlands lowlands with sweet potatoes, maize, onions, beans, sorghum, and millet and livestock farming
being the major activities (Water allocation plan). Common soil types within the MRB are the Mollic
Andosols, Eutric Planosol and Luvic Phaeozems. The Mollic Andosols are moderatels well drained soils
located in the northern forested area of the watershed. The Eutric Planosol are poor draining soils typically
of sandy loam texture located near the outlet of the basin. The Luvic Phaeozems are moderate draining
soils of clay texture located in the central part of the watershed. The river is composed of two perennial
tributaries, the Amala and Nyangores rivers and two seasonal tributaries, the Talek and Sand River which
join to form the Mara River.

Figure 4: The Mara River Basin (Elevation, stream network and monitoring stations

With increasing population growth, the Mara River Basin has experienced significant agricultural
expansion, deforestation, urbanization and land degradation over the last 4-5 decades and these are
thought to alter the hydrologic regime (Dessu and Melesse, 2012; Gereta et al., 2002; Mati et al., 2008),
water quality (Defersha and Melesse, 2012; Dutton et al., 2018; Gereta et al., 2009) and overall
ecosystems health of the Mara River (Gereta et al., 2009; McClain et al., 2014). Continual decline in water
quality (excessive sediments and nutrients) is thought to be an active contributor to the eutrophication
of Lake Victoria (Dutton et al., 2018). Defersha and Melesse (2012) observed high erosion rates in the
upstream subbasins (Amala subbason) using field data and soil erosion modeling. Gereta et al., (2009)
noted an increase in water quality degradation and a 68% decrease in dry season flows from 1972-2006
as a result of deforestation and excessive water withdrawals in the Mau forest in Kenya. This has led to
water scarcity during the dry season which could affect the herbivore population within the Serengeti
ecosystem from a lack of drinking water (Gereta et al., 2009). Mati et al. (2008) showed that a 32%
reduction in forests and agricultural land increase by 203% over the basin from 1973 to 2000 was
accompanied by increased peak flows (of up to 7%) and earlier occurrence of peaks. Also, it was observed
that there has been an increase in soil erosion upstream which has resulted in silt build‐up downstream
and possibly causing an expansion of the Mara wetland (by 387% Mati et al. 2008). Mango et al., (2011)
found that increased conversion of forests to agriculture and grassland in the upstream subbasins have
resulted in reduced dry season flows and increased peak flows affecting downstream water quantity and
quality. Studies in the Nyangores River subbsasin indicates there has been a reduction in base flow when
analyzing the change in discharge (Juston et al., 2014) and land use was identified as the main driver of
this change in streamflow (Mwania, 2014). With many countries within the Nile Basin planning significant
investments in water related infrastructure to alleviate poverty, there is a need for a complete
understanding of the water resources availability for an integrated approach to the management of the
basin’s water resources in order to meet the growing demand of the competing users in the basin while
ensuring protection under changing climate and land use conditions.

3.1.2. Input Datasets
The first step (Figure 1) in implementing the water accounting assessment involves the collection of a
number of remote sensing, geospatial and other data sets. These were collected from several sources,
preprocessed and reorganized into a consistent projection and resolution for input into the WA+
framework. The full list of datasets used and their sources are as summarized in Appendix C.

3.1.3. Satellite rainfall data
Rainfall is a major driver of most hydrologic processes and a critical input in the WA+ framework. The WA+
framework leverages publicly available remotely sensed rainfall products, thus avoiding the need for
propriety rainfall data. Three remote sensing based rainfall products were considered in this project: The
Tropical Rainfall Measurement Mission (TRMM), the Climate Hazards Group InfraRed Precipitation with
Station (CHIRPS) and the Integrated Multi-Satellite Retrievals for Global Precipitation Measurement

(IMERG) precipitation datasets. These were selected due to their high accuracy in estimating gauge
observations in the East African region (Muthoni et al., 2019; Mwania, 2014). All datasets were
downloaded from their respective agencies. TRMM is dedicated rainfall satellite that carried 3 rainfall
sensors: a radar sensor (PR), passive microwave imager (TMI) and a (iii) a visible/infrared (VIS/TIR) sensor
to estimate rainfall values. The TRMM data is available from 1997-2015 at sub-daily, daily and monthly
temporal resolution and a spatial resolution of 0.25o.
CHIRPS combines long term monthly mean station data (CHPclim) and local calibration of 0.05 o satellite
data (CHIRP). The CHPclim data and CHIRP data are then combined using a modified inverse distance
weighting blending procedure to generate gridded maps of rainfall estimates CHIRPS (Funk et al., 2015).
The CHIRPS data is available from 1981-present at 6-hourly to 3 monthly aggregate temporal resolution
and a spatial resolution of 0.05o.
IMERG is a level-3 GPM product that uses multi-satellite precipitation estimates. The algorithm
intercalibrates and merge all available satellite microwave precipitation data together with microwavecalibrated infrared (IR) satellite estimates, gauge data, and other precipitation data to provide
precipitation estimates at sub-hourly, daily and monthly time scale and 0.1 spatial resolution. The IMERG
data is available from June 2000-present. All three data products were downloaded using the customized
WA+ download tools for daily and monthly rainfall data for the covering the period 1981 - 2018.
Long term (1981-2018) average monthly rainfall analysis over the basin shows a bimodal rainfall (Figure
5) distribution with March/April – May signifying the heavy rainfall season with peaks of approximately
170 mm/month and October-December known as the “small” rainfall season with mean rainfall of 110
mm/month. The long dry season runs from June to October with lows of about 42 mm/month occurring
in the month of July while the short dry season lasts from January to February with a mean rainfall 72
mm/month.

Figure 5. Average monthly rainfall over the Mara River Basin (1981-2018). (Source: CHIRPS).

3.1.4. Gauged data
Measured rainfall station data were obtained from various institutions across the basin and were
assembled by NELSAP and provided to the project team. This included data from 9 rainfall stations within
and around the basin with varying coverage between 1959 and 2019. Most of the station records are from
1960 – 2006; recent records were only available for two stations, Utegi and Mugumu, from 1990-2019.
Between 1990-2018 about 47-80% of the daily records across the stations are missing. The daily data
were aggregated to a monthly time scale for each of the monitoring stations and used to validate and
select appropriate remote sensing based rainfall product.
Streamflow data consisted of daily discharge data at the Mara Mines station (Figure 4). Streamflow data
available from 1990-2017 was used for calibration/validation in this study. Initial screening of the
observed streamflow data revealed significant data gaps- about 51% of the daily data was missing for the
period 1990-2017 and over 58% of the data missing from 2003-2017. In addition, the streamflow records
were supplemented with estimated streamflow statistics for major subbasins of the Mara River Basin

obtained from regional reports and literature (McClain et al., 2014; URT-United Republic of Tanzania,
2020; WRA-Water Resources Authority, 2017).

3.1.5. Actual Evapotranspiration
Evapotranspiration (ET) is the second most important component of the hydrologic cycle after
precipitation. As a result, it is a critical input for the WA framework. However, ground measurements of
ET is scarce. A number of global scale remote sensing based evapotranspiration products exists, namely
MODIS Global Terrestrial Evapotranspiration Product (MOD16), the Operational Simplified Surface Energy
Balance (SSEBop), the revised Surface Energy Balance System (SEBS), CSIRO MODIS Reflectance Scaling
actual ET (CMRSET), the Atmosphere-Land Exchange Inverse water and energy budget model (ALEXI), FAO
Water Productivity Open Access portal (WaPOR) ET, and the Global Land Evaporation Amsterdam Model
(GLEAM). The MODIS-Terra and interpolated climate data uses monthly values of the Enhanced
Vegetation Index (EVI) and the Global Vegetation Moisture Index (GVMI) derived from the MODIS nadir
bidirectional reflectance distribution function to scale Priestley-Taylor potential evapotranspiration
derived from the climate surfaces (Mu et al., 2011). ALEXI is a coupled two source land surface one
dimensional atmospheric boundary layer (ABL) model. The lower boundary conditions for the two source
model are provided by thermal IR observations taken at two times during the morning hours. The ABL
model then relates the rise in air temperature above the canopy and the growth of the ABL to the time
integrated influx of sensible heating from the surface (Anderson et al., 2007). GLEAM uses a set of
algorithms that separately estimate the different components of land evaporation (or
“evapotranspiration”): transpiration, bare-soil evaporation, interception loss, open-water evaporation
and sublimation. Additionally, GLEAM provides surface and root-zone soil moisture, potential evaporation
and evaporative stress conditions (Miralles et al., 2011). The operational Simplified Surface Energy
Balance (SSEBop) model estimates ET as a function of the land surface temperature 15 from remotely
sensed data and reference ET from global weather datasets using the Simplified Surface Energy Balance
(SSEB) method developed by Senay et al., (2007). The model integrates reference ET calculated using the
Penman-Monteith equation with land surface temperature data to account for soil moisture induced
evaporative stress. The data for the Penman-Monteith calculation comes from the Earth Resource
Observation System (EROS) and the meteorological data collected by the National Oceanic and
Atmospheric Administration (NOAA). The WaPOR ET data estimates Transpiration, Evaporation and
Interception individually and sums them up. WaPOR ET is based on the ETLook model (Bastiaanssen et al.,
2012).
Analysis of the spatial variability of the long term annual mean ET across the basin shows highs of over
1800 mm/year (Figure 6) in the wetland region near the mouth of the basin and forested regions in the
north eastern part of the basin to lows of 226 mm/year mainly in the middle Savanah portion of the basin.
The lowest ET occurs in the southeastern part of the basin.

Figure 6. Average Annual total actual evapotranspiration for the period 2003-2017 across the Mara River
Basin. (Source: SSEBop ET).

3.1.4. Validation of Remote Sensing Input Data
The various remote sensing based input data for use within the water accounting framework were
compared and evaluated to select the most representative data in the region. The rainfall products were
evaluated by comparing satellite precipitation measurement to gauged rainfall measurement.
Corresponding remotely sensed precipitation measurements at each rainfall station was extracted and
validated at the pixel location of the rain gauge stations assuming that the rain gauge observations were
the ground truth data. Accuracy was assessed by computing a number of evaluation coefficients including:
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R2 is a measure of the collinearity between the measured and observed data. R 2 ranges between 0 and 1
and as values approach 1, results become more statistically sound (Legates and McCabe, 1999). MAE is
used to measure how close predicted estimates are to the observed values with smaller values of MAE
indicating better performance. A full assessment of the climatic predictions is shown in Appendix D.
Overall, the remotely sensed estimated rainfall (CHIRPS, TRMM and IMERG) showed relatively moderate
correlation with the rain gage measurements (R2 = 0.54, p-value < 0.001) , (R2 = 0.52, p-value < 0.001) and
(R2= 0.41, p-value < 0.001) respectively (Figure 7). Statistical analysis of the correlation of the rainfall
products indicated that while there was no statistical difference between CHIRPS and IMERG, the TRMM
and CHIRPS, TRMM and IMERG products are statistically different at the 0.05 significance level. Since the
CHIRPS data has a higher spatial resolution than IMERG, it was decided to use the CHIRPS data as the
preferred rainfall product for the basin. The selection of CHIRPS was further confirmed by literature
reports of its good performance over Eastern and Southern Africa (Muthoni et al., 2019).No further
correction was performed on the CHIRPS rainfall due to the sparse rain gauge network within the basin
and the high percentage of missing data points.
Selection of the representative ET data was more challenging since this required measured ET data usually
from flux towers which are not typically available in Africa and was not available in the Mara Basin or the
region. As a result, we evaluated the various evapotranspiration products through a number of steps. A
literature review indicated that WaPOR ET and SSEBob ET have low biases and good spatial variability
within the Nile Basin (Weerasinghe et al., 2020). Following that, we conducted a model-to-model
comparison by comparing the various ET products against the reference ET (Figure 8). The analysis
indicated three strong candidate ET products, ensemble mean ET derived from 7 of the existing ET
products (SSEbop, MOD16, GLEAM, SEBS, ALEXI, CMRSET, and ETmonitor) – ENS ET, SSEBop ET and MODIS
ET.

Figure 7. Remote Sensing versus rain gauge accuracy assessments using various rainfall products within
the Mara River Basin.

Figure 8. Comparison of various evapotranspiration products with reference ET.

However, the analysis revealed that MOD16, WaPOR ET and the ensemble ET yielded relatively higher ET
values than SSEBop ET and when compared to values reported in the literature for the Mara Basin (Table
1). Hence they were discarded from the selection and finally SSEBop ET was selected as the preferred
product due to its low biases and good spatial representation within the Nile Basin (Weerasinghe et al.,
2020), being a strong candidate among the compared products and with average values close to reported
ET for the basin (Dessu and Melesse, 2012; Mwangi, 2016; Mwania, 2014).
Table 1. Comparison of mean annual ET over Mara River Basin derived from different ET products.

ET Product
SSEbop
MOD16
WaPor
ETens
Dessu and Melesse (2012)

Mean Std Dev.
Annual
(mm)
692
62
945
63
1005
86
921
66
770
47

3.1.5. Selection of representative dry, wet seasons and average rainfall year
The daily time series of rainfall was analyzed on a monthly, seasonal and annual time scale to select
representative wet and dry seasons and average rainfall year. The comparison of seasonal and annual
rainfall for the period 2003-2017 (Figure 9) allowed us to determine the extreme wet, dry and average
rainfall years for water accounting. The dry season used was the “long dry season”, defined as the period
from beginning June till the end of October. While the wet season was the “big rainy season” occurring
from March to the end of May. The driest rainfall season occurred in 2006 with about 211 mm rainfall in
the entire 5-month period. However, this year ended up receiving greater than average cumulative rainfall
during the rainy seasons. The wettest rainfall season was in 2013 with about 549 mm rainfall during the
3-month big wet season. The selected average rainfall year was 2004 with 1072 mm rainfall.

Figure 9: Annual and seasonal rainfall summaries for the Mara Basin, used in determining average, wet
season and dry season rainfall years.

3.1.6. Land Use / Water Use
Land use/land cover is a critical requirement for the WA+ framework since it directly affects the water
balance. There are no comprehensive high resolution land use datasets that covers the entire study area.
Two land use datasets obtained by NELSAP cover only the Kenya part of the basin. Moreover, these land
use data are outdated covering years 2000 and 2008, making them unsuitable to capture current landuse
effects on the water balance. The WaPOR database contains yearly landuse data from 2009 to present at
a 100 m resolution. This data based on the 300 m resolution Copernicus Global Land cover map, is
modified to distinguish between irrigated and rainfed areas. The 2014 WaPOR land use data was selected
for water accounting. The WA+ methodology employs four general land and water use categories to
identify areas of specific management practices:
1. Protected Land Use: these are land use classes where no changes in land and/or water management
is possible or advisable. These include national parks, rainforest, wetland and mountainous
vegetation.
2. Utilized land use: are areas with limited human influence. They include forest, natural pastures,
savannahs and deserts.
3. Managed water use: are land use classes in which water is purposefully withdrawn from the surface
or groundwater sources. These include irrigation schemes, storage for hydropower development,
etc.
4. Modified land use are land use areas that are significantly modified by human activities usually for
food, feed, fiber, bio-fuels and fish production. They also include improved road networks to connect
growing populations, dumpsites and increasing space for leisure and socioeconomic growth.
The land use land cover data was converted to a suitable format for the WA+ framework comprising of 80
unique land and water use classes. Protected land use areas were identified by overlaying the
International Union for Conservation of Nature (IUCN) and United Nation Environment Program (UNEP)
database for protected areas over the land use map. The resulting map (Figure 10) indicates different land
and water use characteristics across the watershed. Land use in the Mara is primarily Utilized land use
comprising 15% forests, 21% shrub and grassland and 6 % wetland. Followed by modified land use (rainfed
agriculture) accounting for some 37% of the watershed area, and protected land use areas occur in 20%
of the basin. Managed water use, primarily irrigated agriculture occurs in just over 1% of the watershed
(Table 2).

Figure 10. Spatial distribution of land use/Water use in the Mara River Basin, generated for water
accounting. (Source: WaPOR 2020).

Table 2. WA+ Land use distribution with annual average P and ET for 2003-2017 across the Mara River
Basin.
Water Management Class

Protected Land Use

Utilised Land Use

Modified Land Use
Managed Water Use

Land and water use

Area
2

Protected forests
Protected shrubland
Protected grasslands
Protected wetlands
Closed deciduous forest
Open deciduous forest
Closed evergreen forest
Open evergreen forest
Shrub land
Open grassland
Bare soil
Wetland
Rain-fed crops - cereals
Irrigated crops - cereals
Managed water bodies
Urban paved surface

km
463.9
636.1
1707.4
0.9
1523
36.1
500.7
0.4
1666.1
1119.2
0.2
770.4
5017.7
138.3
1.3
6.0

%
3.4
4.7
12.6
0.0
11.2
0.3
3.7
0.0
12.3
8.2
0.0
5.7
36.9
1.0
0.0
0.0

P
mm/year
1048
1010
1023
1044
1011
1014
1505
1349
903
852
1224
1224
1155
1066
1209
1160

ET
mm/year
698
627
637
587
670
712
1116
678
491
422
835
1119
706
783
873
768

P -ET
mm/year
351
384
386
457
341
302
389
671
413
430
389
105
449
283
336
391

3.1.7. Global Hydrologic Models and other Data
The WA+ framework uses output results from other global hydrological process models and datasets in
estimating biomass and reference ET. The Net and Gross Primary Productivity (NPP and GPP) are NASA
Moderate Resolution Imaging Spectro-radiometer (MODIS) products that were used to estimate biomass
coverage within the basin. Biomass distribution was estimated from NPP by considering the amount of
carbon dioxide (CO2) consumed by vegetation. NPP and GPP data with a spatial resolution of 1 km and
temporal resolution of 8 days for GPP and yearly for NPP were obtained from the Numerical Terradynamic
Simulation Group (NTSG) data repository (https://www.ntsg.umt.edu/) and used to compute biomass
(Appendix B). Reference evapotranspiration was computed following FAO56 (Allen et al., 1998) and using
meteorological data from the GLDAS model. This was combined with the NPP data to separate ET into its
component parts of evaporation, transpiration and interception and estimating ET from rainfall and the
landscape termed ETgreen and ET from sources other than rainfall – termed ETblue (Appendix B).

3.2.

Precipitation, Evapotranspiration and Water Yield

The spatial distribution in rainfall and evapotranspiration across the watershed are shown in Figure 11.
Annual rainfall in an average year varies from lows of 700 mm/year in the eastern part of the watershed
to highs of over 1700 mm/year in the northeastern part of the basin. The wet season follows a similar
pattern as the annual rainfall where the wettest areas are located in the northeast while the central part
of the basin remains relatively dry. Rainfall during the 3 month big wet season accounts for over 50% of
the annual average rainfall. Rainfall during the dry season averages 211 mm during the long dry season
whereas the wettest areas in the northeast part of the basin receive rainfall of about 550 mm during the
dry season. The inter-annual and inter-seasonal variability of rainfall is rather low (10-35 % coefficient of
variability) suggesting not much change in the year to year total annual, dry and wet season rainfalls.
Annual evapotranspiration in 2004 varies from lows of 140 mm/year in the northeast and central-eastern
part of the basin to highs over 1750 mm in the wetland region near the outlet of the basin (Figure 11).
Both the wet season and dry season ET follow a similar pattern with highest ET occurring in the wetland
region and the forested northeast. Unlike the rainfall, inter-annual variability in ET is high with ranges of
1-45% annually, while inter-seasonal variability ranges 2-63% during the big rainfall season and 2-88%
during the dry season. The high variability in ET during the dry season suggests water in the agricultural
areas may not be equitably used during this period.
Water yield was computed as the difference between precipitation and ET (P-ET) for the average year
2004, during the seasons and the whole study period (2003-2017). The spatial variation in water yield is
presented in Figure 12. The water yield map allows us to identify areas that might be runoff source areas
where precipitation is greater than ET and sink areas where excess water is consumed relative to rainfall.
In the Mara Basin, water yield ranges from -700 mm/year mostly in the wetlands where ET is high (higher
than P) to over 1000 mm/year in the forested zone. The dry season water yield varies from low -550 mm
to a maximum of 400 mm, however the lows occurred in the wetland whiles the highs were in the forested

area and most of the basin water yield was zero or negative. As a result, runoff is generated in the forested
areas and consumed in the wetland areas. This highlights the role the forested northeastern parts of the
watershed has on water availability during the wet season. During the wet season, the entire basin was a
source of runoff with no negative water yield.

Figure 11: Spatial distribution of rainfall (mm) and ET together with the inter-annual and inter-seasonal
variability across the Mara River Basin during the Long dry season of 2006 (A, D, G and I), Big Wet Season
of 2013 (B, E, H, J) and an average year of 2004 (C, F, I, L). (Source: CHIRPS and SSEBop ET)

Figure 12. Spatial distribution of Water Yield (difference between P and ET) in the Mara River Basin for A.
Long dry season 2006, B. Big wet season 2013, C. average year 2004 and D. Period 2003-2017

Figure 13. Inter-annual variability of Water Yield (difference between P and ET) across the Mara River
Basin during the study period (2003-2017).

3.3.

Uncertainty Analysis

Satellite-based products typically have two sources of errors-systematic and random error. These errors
arise as a result of input data sets, sensors or models used. Random errors which are mainly due to sensor
sampling errors can be reduced by spatial and temporal aggregations. Systematic errors are due to biases
between the gauge data and output reading which are typically reduced by validation using in situ
observations. Validation of the rainfall data indicated that the CHIRPS data was adequate for use. However
due the lack of availability of a high spatio-temporal rainfall dataset, we evaluated error in the CHIRPS
precipitation and SSEBop ET using long-term precipitation and ET datasets. Following Senay et al.,( 2014),
the error in CHIRPS and SSEBop ET was evaluated by using FAO precipitation generated from 1600 station
data for the period 1961-1990 (FAO, 1997) and the Max Planck Institute ET (MPI) derived by combining
eddy covariance data and machine learning (Jung et al, 2010). Error in P and ET was estimated by
computing
𝑃̅𝐶𝐻𝐼𝑅𝑃𝑆
𝜀(𝑃 ) = ( ̅
− 1) 𝑥 100
𝑃𝐹𝐴𝑂

(5)

̅̅̅̅𝑆𝑆𝐸𝐵𝑜𝑝
𝐸𝑇
𝜀(𝐸𝑇) = ( ̅̅̅̅
− 1) 𝑥 100
𝐸𝑇𝑀𝑃𝐼

(6)

Where 𝑃̅𝑥 and ̅̅̅̅
𝐸𝑇𝑥 are the annual average P and ET of respective products and 𝜀(ET) and 𝜀(P) are
systematic error in P and ET respectively.
Then the, annual percent bias water yield (P-ET) can be calculated as
𝜀(𝑃 − 𝐸𝑇) =𝜀 (𝑃 ) − 𝜀(𝐸𝑇)

(7)

The estimated water yield (P-ET) is adjusted for bias by computing
𝜀 (𝑃 − 𝐸𝑇)
) 𝑥 (𝑃 − 𝐸𝑇)
(8)
100
The adjusted water yield is compared to the unadjusted water yield to evaluate the confidence in the
model data.
𝐴𝑑𝑗(𝑃 − 𝐸𝑇) = (1 −

4.

Results

4.1.

Validation of Outflow Estimates

Calibration was performed by adjusting model parameters to fit simulated flows to monthly streamflow
records. To evaluate the performance of the water balance calculations we compared WA+ simulated
outflow with observed climatological flow statistics across the basin. The simulated outflows represent
surface runoff after accounting for withdrawals, return flows and surface water storage change. Figure 14
shows a plot of the data range of WA+ simulated outflow (min-max bound Qwa+), data range of the
observed flows (min-max bound Qobs) and the observed and simulated mean flow estimates. Overall
WA+ tends to over predict flows during the wet season and under predict during the dry season. Sources
for a lack of agreement between the simulated outflow and observed flows could be due to uncertainties
related to observed flows or WA+ unable to capture all sources of water consumption within the basin.
For example, one of the inputs into the WaterPix water balance model is a runoff ratio map (Appendix B).
This map was derived from outputs of the GLDAS global hydrological model which may not accurately
reflect the local partitioning of surface runoff and baseflow within the basin. In addition, the Mara River
Basin has undergone significant land use change across the years (Mango et al., 2011b; Mwangi, 2016).
While a fairly recent (2014) land use map was used, this map was derived from a global land use map and
may not accurately capture recent land use transformations within the basin. The land use map is used to
generate a root depth map (Appendix B) that parameterizes the water balance model by indicating how
much water will infiltrate into the soil and how much will runoff. Consequently, the land use map which
is used to derive the root depth will have direct effects on the water balance.
The stream flow records of the Mara River basin have been known to have many uncertainties with poor
temporal coverage as indicated in section 3.1.4, unreliable time series due to inconsistencies in the data
(Hulsman et al., 2018) and large data gaps, especially at the Mara Mines station (McClain et al., 2014;
Melesse et al., 2008; Mwangi, 2016). Among the discrepancies noted by McClain et al., (2014) are
extended periods of unchanging flow conditions, some repetition in seasonal data, apparent transcription
errors such as misplaced decimal points, and use of incorrect units. It was also observed that data was
missing in monthly blocks, which was attributed to daily stage observations being recorded manually on
monthly datasheets that might have been lost or never converted into the digital database. Hulsman et
al., 2018 observed average flow velocities of below 1 m/s in 2012 in the back calculated rating curve for
the same station whereas measured velocity was 2.12 m/s with a discharge of 529.3 m3/s. A quality check
of the streamflow data revealed a similar trend in this study, where observed flows from 2012-2017 are
magnitudes lower than the ranged of observed stream flow for the period 1990 – 2011 (Figure 15). This
could be due to a number of reasons including measurement errors in the flow data used to develop the
rating curves, rating curves being conditioned for normal flow and unable to capture high flow events and
using outdated rating curves that do not adequately reflect the temporal changes in stream channel
geomorphology. A virtual stakeholder workshop held on September 8, 2020 revealed that there are

currently two rating curves in use for the Mara Mines station. What is not known is which rating curve
was used to develop the observed flows used in this study. While there was a poor match of simulated
and observed monthly flows after 2012 (observed flows were unusually close to zero) the overall temporal
pattern in streamflow seasonality as a response to rainfall is reflected in the monthly data (Appendix E),
Figure 14 indicates a relatively good simulation of climatological monthly flows. Most of the
climatologically observed flows fall within the range of their simulated flows with 95% of the variability in
the observed data being be explained by the model (ie. R2=0.95, Figure 17) and a Nash-Sutcliffe coefficient
(NSE) of 0.88.

Figure 14. Simulated outflows versus observed outflows on the Mara River Basin for 2003-2017.

Figure 15. Plot of observed flows flow at Mara Mines station for the period 1990-2011, with the mean of
2012-2017 and individual years 2014 and 2017.

4.2.

Mara Basin Water Resources Status

The outputs from the WA+ framework are summarized in the form of maps, tables and process flow
thematic sheets. These are designed to communicate key information describing the water resources
status in a clear and consistent manner.

4.2.1. Mara Basin Water Balance
Figure 16 shows the monthly water balance plot for the Mara River Basin. The bimodal precipitation
pattern is distinct showing the heaviest rainfall occurring from March to May with a peak around April.
The smaller rainfall season runs from October to December with its peak in December.
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Figure 16. Monthly water balance time series in the Mara River Basin (2003-2017).
Monthly precipitation into the basin ranges from lows of 0.22 km 3 in January 2015 to 4.17 km3 in April
2013 for the 2003-2017 period. The monthly total ET in the basin also has two high seasons (Figure 16),
the highest values occurs April-May while the second peak occurs in December. Lowest total ET was 0.22
km3 in January 2006, however the prior heavy rains (in November and December 2006) resulted in highest
ET of 1.39 km3 in January 2007. The high precipitation in April 2013 resulted in the highest outflows of
1.24 km3. The lowest monthly outflow was 0.06 km3 in the dry season (February 2017). Overall, the
watershed response to precipitation is quick with less than 1-month lag between peak precipitation and
peak outflows. During the later years (2012-2017), the peak outflows were observed to be sharper with a
quick rise to peak. The sharper peaks suggest anthropogenic influences in the basin. Land use is a prime
driver of the hydrologic cycle and the increasing change in land use and land management activities have
also been documented to cause intensified peak flows while reducing dry season flows in the basin by
other researchers (Dessu and Melesse, 2012; Gereta et al., 2009; Kipampi et al., 2017; Mati et al., 2008;
Mutie et al., 2006; Mwangi, 2016). However, there were some months where there was little response to

precipitation even though precipitation was high (eg. mid-2010 -2011, 2017). Quite possibly, the rainfall
during these periods were of low intensity but long duration, providing ample opportunity for water to
infiltrate and go into storage.

Figure 17. Scatter plot of climatologically observed mean monthly versus climatologically simulated
mean monthly flows.

4.2.2. Mara Basin Water Accounts
The “Resource Base” thematic sheet is used to provide a general overview of water resources status in a
basin. In the resource base sheet, inflows into the basin are summarized on the left section of the diagram,
the middle section provides information on how water is used and outflows are summarized on the right.
These data are presented for the Mara Basin for the year 2004 in Figure 18. Inflows into the basin consist
of precipitation due to advection and recycled precipitation as well as any transfer of water into the basin
through surface water (Qswin), groundwater (Qgwin), or from desalination Qdesal. The storage change consists
of surface water storage changes, groundwater storage change and soil moisture storage change in the
vadose zone. Gross inflow plus the storage change forms the Net Inflow into the basin.
In the middle section of the water account, the net inflow term is partitioned into the Landscape ET and
the remaining Exploitable water. The landscape ET is the water which is consumed across the landscape.
Of the total landscape ET, a differentiation is made between the part that is directly from rainfall (referred
to as Rainfall ET, this is the green ET) and the part that is originated from sources other than rainfall (eg.
Irrigation, referred to as the Incremental ET, this is the blue ET). The Exploitable water represents the
portion of the net inflow that is not evaporated and which could be available for downstream use and
withdrawals. However, not all of the exploitable water is available for use, since part of it has to be
reserved to meet downstream water commitments or environmental flow requirements. The latter is
termed the Reserved outflow in the account. The Available water is the water which remains after
subtracting the reserved outflow and the non-utilizable outflow (this is excess water that occurs too fast

for use) from the Exploitable water. The part of the available water that is consumed and is referred to as
the Utilized flow; Non-recoverable flow is the water that is unavailable for further use due to degradation;
and the Utilizable outflow represents the amount of water remaining that could be allocated for further
uses.
On the right side of the account, the Consumed water represents the total amount of water that is
consumed in the basin (calculated as the sum of the rainfall ET, incremental ET and the non-recoverable
flow). The Non-consumed water (the sum of the utilizable, non-utilizable and reserved flow) is the portion
of water that leaves the domain without being consumed. All of the water that permanently leaves the
basin through evapotranspiration is referred to as Depleted water. A portion of the evapotranspiration is
recycled back into the basin as precipitation, represented through the top arrow. Finally, the Outflows
consist of surface outflow (Qswoulet) and any surface (Qswout) or subsurface (Qgwout) transfers out of the basin.
In order to compare the indicators across years, the data are presented in a table. Table 3 contains the
basin water balance and additional parameters for the selected years, as well as for the dry season of
2006 and wet season of 2013. The total precipitation in 2004 was 14.3 km3 of which an estimated small
portion of 0.2 km3 was recycled from the ET in the basin. With relatively average amounts of rainfall, about
2.9 km3 of water was placed in storage. This represents the combined surface, groundwater and soil
moisture storage. Of the total precipitation that falls into the basin, about 64% was lost through ET
through natural processes (landscape ET, 9 km3). Most of this ET is due to rainfall (7.8 km 3/year, 87%)
with only a small portion due to other sources (1.1km3/yr). Outflow into Lake Victoria was estimated as
2.4 km3.
2006 was a wetter year than 2004 which was selected as the “normal” year with total annual precipitation
in 2006 above average at 17.3 km3. During this year storage was increased by 5.4 km3. Around 8 km3 (46%)
of the total precipitation was consumed through landscape processes as ET, and the outflow into Lake
Victoria was 3.8 km3. In comparison, total annual precipitation in 2013 measured at 15.9 km3 and storage
was increased by 2.3 km3. Thus in comparison to 2004 (net inflow of 11.4 km 3) and 2006 (net inflow of
11.9 km3) net inflow was highest in 2013 at 13.6 km3. Outflows were also higher at 4.3 km3. Seasonally,
the total precipitation during the 2006 dry season was 2.9 km3. Because of the low rainfall, about 0.5 km3
was taken out of storage with a large portion of the precipitation (about 81%) evapotranspired as
landscape ET. Most of this ET was due to rainfall (1.9 km 3, 83%) with the remaining 17% due to other
sources (0.4 km3). Dry season outflow into Lake Victoria was estimated as 1.0 km3.
In the wet season example (2013) precipitation was 7.4 km3. About 2.1 km3 of water was placed in storage
representing 91% of total storage for the whole year; this was due to excess rainfall during the big wet
season. Also, landscape ET was higher compared to the dry season (3.1km 3) partly due to larger inflows.
Rainfall ET remained the largest portion of the ET (3.0 km 3, 97%) with only 3% of the total ET attributed
to blue water sources (0.1km3). Outflow was estimated as 2.2 km3.

Figure 18. Water accounts for the Mara River Basin for an average accounting year, 2004.

The water accounts characterize the process use of water in the Mara River Basin. In addition to the water
balance summarized in Table 3, the full annual water accounts for 2004, 2006 and 2013 as well as the dry
season 2006 and wet season 2013 are presented in Appendix F.
In 2004, the exploitable water resource was 2.4 km3. The exploitable water is the amount of water that
can potentially be used within the basin; it represents the total amount of water after accounting for
landscape ET (9 km3) and storage change (2.9 km3). In 2006, because of the unusually high rainfall during
the rainy seasons, exploitable water was almost twice that of the average year (2004) figure of 3.8 km 3.
While the two rainy seasons combined produced significant amounts of rainfall (gross in flow was 17.3
km3/year), the dry season was the driest season during the entire study period and interestingly, 2006
exhibited noticeably less landscape ET when compared to the other years (8.0 km 3 in 2006 versus 9.0 km3
in 2004). This was due the extremely low ET experienced during the dry season when landscape ET was
1.2-3 times lower than typical (2004) monthly ET for most of the months of the dry season because of the
very low rainfall in this time. Also, most of the high rainfall occurred during the “big rainy” season which
lasted just 3 months (March – May, 2006).

Table 3. Annual water balance and water accounts for the Mara River Basin for an average year (2004), a
year with a very dry season (2006) and a year with a very wet rainy season (2013), year 2017, and seasonal
accounts for the 2006 dry season (June – October) and 2013 wet season (March-May). Values are in km3
per period.

Description

2004

2006

2013

2017

Gross Inflow

14.3
14.1

17.3
17.1

15.9
15.8

13.2
13.0

0.2
0.0

0.2
0.0

0.2
0.0

0.2

0.0
-2.9
11.4
9.0
2.4
1.7

0.0
-5.4
11.9
8.0
3.8
3.2

0.0
-2.3
13.6
9.3
4.3
3.7

-3.8
9.3
9.0
0.3
0.9

Utilized Flow
Utilizable outflow
Non-Utilizable outflow
Reserved outflow
Incremental ET

0.9
0.8
0.0
0.7
1.1

1.5
1.7
0.0
0.7
1.3

1.7
2.0
0.0
0.7
0.8

Non recoverable flow

0.9

1.5

Consumed water
Depleted water

9.9
8.8

9.5
7.9

Precipitation Advection
Precipitation Recycled
Surface water
Ground water
Storage Change
Net Inflow
Landscape ET
Exploitable Water
Available Water

2006
Dry
Season

2013
Wet
Season

2.9

7.4
2.8

7.4

0.1
0.0

0.1
0.0

0.0
0.5

0.0
-2.1

3.3

5.3
2.3
1.0
0.7

3.1
2.2
2.1

0.6
0.3
0.0
0.6
0.5

0.4
0.3
0.0
0.3
0.4

0.9
1.2
0.0
0.2
0.1

1.7

0.6

0.4

0.9

11.0
9.1

8.4
7.6

2.7
2.3

4.0
3.0

Depletions

Outflow

2.4

3.8

4.3

1.6

1.0

2.2

The exploitable water in 2013 was 4.3 km3/year. During the 2006 dry season, of the 2.9 km3 gross inflow
into the basin only 1.0 km3 was exploitable after accounting for storage change and landscape ET.
However, this increases over 2-fold during the wet season (2013) with ample amounts of water (2.2 km3
of exploitable water).
The annual reserved flow, informed by environmental flow requirements was computed as a percentage
of long term flows (Smakhtin et al., 2004). Annual reserved flows remained the same across the years
estimated to be 0.7 km3, however varied between 0.2 km3 during the wet season to 0.3 km3 in the dry
season.

The annual total net water consumption from water withdrawals, i.e. the utilized flow, was high in 2006
(1.5 km3) but is 0.9 km3 in the average year (2004) and 1.7 km3 in the wet year (2013).Over the period
2003-2017, although there is some variability in utilized flows from low of 0.6 km 3 (in 2017) to a high of
1.9 km3 in 2007, mean utilized flow was 1.3 km3 with a standard deviation of 0.4 km3 suggesting utilized
flows ranges 0.9-1.7 km3 (mean +/- standard deviation) in the last decade. However, utilized flows were
low during the dry season (0.4 km3) compared to the wet season (0.9 km3 in 2013) due to low exploitable
water and possibly forested areas tapping into more water through deep root systems. Across the years
and seasonally, the non-utilizable outflow was zero suggesting that the basin is able to store or utilize all
inflows. Since the non-utilizable outflow was zero, after accounting for reserved flows in the exploitable
water, the remaining water is the water available for use which ranged from 1.7 - 3.7 km3/year annually
and 0.7-2.1 km3 seasonally. However, a part of the available water is used through human withdrawals
(represented through the utilized flows of 0.9-1.7 km3/year annually and 0.4-0.9 km3 seasonally). Thus
some 0.8 km3/year was available as utilizable outflow in 2004 for the basin. This utilizable outflow is the
water that can be reallocated for further uses after accounting for reserved flows and utilized flows.
Consequently, about 46-54% of the available water can be reallocated for further uses annually and 4658% seasonally. However, when considering individual months, there are some months in the dry season
of 2006 where due to the low available water, there is zero to very little utilizable water (January, February
and October 2006 Figure 17). This pattern is more apparent when we look at the monthly variability of
water use and utilized flows in the basin. During the dry seasons, utilized flows approaches available
water, leaving little and sometimes no (e.g. in January, 2006) water to be allocated (utilizable flow in
Figure 20). The variability across the different months suggests that dry season flows are not consistent
in the basin. When compared to current estimates within the Mara Water Allocation plan (URT-United
Republic of Tanzania, 2020) which states that 67-70% of the available water3 can be reallocated for further
use, our estimates are on the conservative side. Thus the water allocation plan should provide guidance
to work within, however, water use permits should be carefully considered on a case by case basis
together with water resources monitoring to evaluate the impacts on water availability especially during
the dry season before issuance.
Non-recoverable flows considered as flows that are too degraded to be used within the basin were
estimated from a grey water footprint map (Liu et al., 2012). Across the years, a noticeable portion of the
exploitable water is non-recoverable flows ranging 38-41% and this increases to 42% during the dry
season. This indicates that water quality might be of concern in the basin. Other researchers have
identified water quality degradation as a major concern in the basin and this has been attributed to the
numerous land use change activities within the basin (Defersha and Melesse, 2012; Dutton et al., 2018;
Kihampa and Wenaty, 2013). Given that there is a scarcity of water during the dry season, minimizing such
contributions to the consumed water would increase water availability.
3

To be consistent with the available water definition used in the Mara Water Allocation Plan, the definition of
available water within the WA+ Framework was modified accordingly (i.e. without considering non-utilizable
outflow, see Appendix A).

Figure 19. Monthly time series plot of available and utilizable water in 2006, in the Mara River Basin.

Figure 20.Monthly time series plot of available and utilized flows in 2006 and 2013, in the Mara River
Basin.

4.2.3. Mara Basin Water Consumption
Water consumption across the basin is quantified within the Evapotranspiration thematic sheet of the
water accounts, which describes ET processes across the basin (Figure 21). The sheet is divided into two
major panels; the panel on the left shows the total ET and the distribution of ET and transpiration (T) for
major land use groups, sub-groups and individual classes. On the right side of the sheet, the water
consumption is summarized for the entire accounting year. This panel shows the split of ET into its
individual components of Evaporation, Transpiration and Interception. Separating out ET by the individual
components provides opportunities to evaluate the benefits derived from the use of water. Beneficial ET
is defined as evapotranspiration that is used for its intended purpose whereas non-beneficial ET is ET that
is not used for its intended purpose. Non-beneficial ET occurs in physical processes such as evaporation
from soil and water, and/or interception evaporation from canopy. Transpiration is considered as the
beneficial part of the ET and evaporation is considered as non-beneficial.
Figure 21 shows the ET thematic sheet which provides information on the processes by which water is
consumed in the Mara River Basin in 2004. The results show that in on average 40% of the total ET (3.62
of 8.97 km3) is due to managed processes. Across the years, agriculture is the primary activity that
consumes water within the basin (Appendix G). Due to the larger area of rainfed cultivation, almost all the
ET (93%) from agriculture is due to rainfed agriculture with only 7% from irrigated agriculture. However,
over half of the water consumed in rainfed agriculture is lost to evaporation from bare soil and
interception (63%) when separating ET into its components in the rainfed agricultural areas (Appendix G).
While evaporation from interception might have some positive attributes such as canopy cooling, it does
not significantly contribute to crop growth in agriculture and is thus considered to be non-beneficial ET. A
similar pattern is observed in 2006 and 2013 (Appendix G) where 65-59% of the rainfed ET is due to
evaporation.
Transpiration is the part of the ET that contributes to biomass production and thus is referred to as the
beneficial component of ET. Annually, transpiration forms 36-42% of the total ET in the basin across all
land uses (Appendix G) with the remaining 58-64% consumed through evaporation. Most of the
evaporation was from the soil (65-71%) with only 28-35% due to interception. Because of the very small
water body area (Table 2), evaporation from water surfaces was negligible.
Overall, the water consumption in the Mara River Basin occurs through beneficial processes however,
there are opportunities to increase this beneficial use of ET through targeted land management activities
focusing on the rainfed areas. Consequently, the Mara Basin would benefit from agricultural best
management practices (BMPs) that aim to reduce evaporation, increase transpiration or reduce ET in
rainfed areas.

Figure 21. Water consumption in the Mara River Basin in 2004.

4.2.4. Mara Basin Water Balance: Kenya
Following a virtual stakeholder workshop on September 8, 2020, there was a request to separately include
information on the Kenyan part of the Mara Basin. This section presents the water balance and accounts
for the Kenyan part of the Mara River Basin. The water balance computations for the dry season of 2006
and wet season of 2013 at the Kenyan border of the basin is summarized in Table 3 and annual and season
accounts are in Appendix F.
The total precipitation during the wet season (2013) is about two and half times the dry season (2006)
precipitation. Both the dry season and wet season experienced increase in storage, albeit there was a 10fold increase in the wet season. The northern part of the basin is known to be a runoff generation source
area even during the dry season (section 3.2) which might provide opportunity for water to be put in
storage during the dry season. While most of the precipitation (71%) is consumed as evaportranspiration
in the dry season (1.30 km3), only 38% of the precipitation is consumed in the wet season (1.71 km 3).
Outflows at the border of Kenya was estimated as 0.30 km 3 in the dry season (2006) and 0.68 km3 in the
wet season (2013) which is 3 times the estimated outflows of 0.10 km 3 in the dry season and 0.28 km3 in

the wet season estimated from WRA (2017). The main reasons for this differences is that the (WRA-Water
Resources Authority, 2017) estimates are based on the 80th percentile volumes (Q80) while our estimates
are the actual flows. Also, the flow values are specific to the seasons selected for specific years (2006 dry
season and 2013 wet season in our case) whereas (WRA-Water Resources Authority, 2017)flows are
based on the longer term (1955-2009) flows. The exploitable water was 0.3 km3 in the dry season and
0.68 km3 in the wet season. Utilizabe outflow representing water that could be allocated for further use
is estimated as 45% of the avialble water during the dry season, and 58% of available water during the
wet season. These are compareable to the slightly higher percentages (56-70%) of the available water
estimated from (WRA-Water Resources Authority, 2017).

Table 4. Water accounts computed for the Kenyan part of the Mara River Basin for the long dry season
(2006) and big wet rainy season (2013). Values are in km3 per period.
Description
Gross Inflow
Precipitation Advection

2006 Dry
Season
1.82
1.79

2013 Wet
Season
4.51
4.48

0.03
0.00
0.00
-0.22

0.03
0.00
0.00
-2.12

Precipitation Recycled
Surface water
Ground water
Storage Change
Net inflow

1.60

2.39

Landscape ET

1.30

1.71

Exploitable Water
Available Water
Utilized Flow
Utilizable outflow
Non-Utilizable outflow
Reserved outflow
Incremental ET
Non recoverable flow

0.30
0.22
0.12
0.10
0.00
0.09
0.12
0.12

0.68
0.62
0.26
0.36
0.00
0.05
0.05
0.26

Consumed water
Depleted water

1.42
1.27

1.98
1.68

Depletions

Outflow

0.30

0.68

4.3.

Mara Basin Investment Assessment

The Nile Equatorial Lakes Investment Portfolio (NEL-IP) is a country-driven multi-sector investment
program, bringing together all NEL member countries around a common growth-oriented goal, leading to
tangible outputs for the direct benefit of the NEL Region people (NEL-IP 2019). The objective of the
program is “To optimize and implement a basin-wide food and energy security program, reduce the
amount of sediments entering the Nile Basin waterways, and improve rural livelihoods”. In particular, the
program will work to:
 bring together ready NEL member countries and the NELSAP CU to design, structure and
implement the program to extend services to more NEL member countries;
 implement in-country/transboundary multipurpose infrastructure projects including fisheries,
irrigation, interconnection and watershed management targeting the World Bank International
Development Assistance (IDA) country allocations;
 implement rural livelihoods improvement projects such as agricultural products value addition,
eco-tourism and market access; and
 develop a basin wide framework and tools to map and monitor cumulative impacts of the
implemented investments on the basin water and land resources.

Target development of the NEL region is a total irrigated area of 510,000 ha and a total hydropower
production of 5,950MW by 2035. In order to assess trade-offs and prioritize projects, NELSAP CU and RBM
staff have undertaken a first level of project pre-screening based on a long list identified during the 1st
Regional NEL-IP workshop. This first level project screening exercise was based on the results from the
Nile Basin Strategic Water Analysis model and the Nile Equatorial Lakes Strategic Water Analysis model.
Several criteria have been selected for use; the indicator selected to assess investments proposed within
the Mara basin is the available water at the exit; any developments must minimize the percentage of
change of flows downstream of the Mara Basin and inflow to Mara Wetlands, due to the sensitivity and
ecological importance of this ecosystem. In order to reduce environment impacts from the
implementation of the NEL-IP projects it has been proposed that any development selected for
implementation should not reduce flows downstream of the Mara Basin to more than 2 percent (NEL-IP,
2019).
The WA+ framework has been proposed as an approach which can be used to characterize water resource
availability and use within a basin, and thus to assess the availability of water for proposed investments
taking into account existing uses (including the environment). This is demonstrated in the subsequent
sections of this report, using a case study from the NEL-IP priority shortlist.

4.3.1. Mara Valley Project
The Mara Valley Project involves a multipurpose storage facility, intended to address water shortages and
improve food productivity. Referred to as Borenga Dam and Reservoir, the proposed site is located in

Tanzania on the lower reach of River Mara (between 20 and 70 kms upstream of where the river flows
into Lake Victoria). The proposed location for the dam is thus a short distance upstream of the Mara
wetland system through which the river connects to Lake Victoria. The dam is intended to raise water
levels so that a sequence of command areas along the left bank of Mara River can be supplied with
irrigation water by a main transfer gravity canal, while the reservoir will provide seasonal storage for use
during the low flow months. In addition to irrigation, water supply for domestic use and livestock will be
provided. The project will also have a hydropower production capacity. In addition to the development
of irrigated agriculture the project will contribute towards restoration of critically degraded subcatchments in the basin. Full design details for the project are provided in the Design Report (2018) which
was prepared following the pre-feasibility studies completed in December 2012 for irrigation
development and watershed management in the Lake Victoria Basin in Tanzania. The Mara Valley project
is one of the investment projects advanced by Tanzania to NELSAP for project preparation as prioritized
through the NEL Multi-Sector Investment Opportunity Analysis (Design Report, 2018).
The Borenga Dam, as the head source of the project, will provide water to satisfy demands for irrigation,
livestock watering, and aquaculture development in the form of fish ponds. There are distinct peaks in
irrigation demand during the dry months of the year which coincide with low river flow. As a result, there
is a need for seasonal storage at the head dam to satisfy both the minimum flow requirements and
irrigation demands with a reliability of more than 70%; Borenga Dam will thus have a storage capacity of
18.3 MCM. In addition, it is proposed that a centralized potable water supply also uses the Borenga Dam
facilities as its abstraction point. The Prefeasibility Study (2012) provided for irrigation development in 10
villages in the District of Serengeti, with a total command area of 6,340 ha. Subsequently was a decision
was made to include three (3) additional villages, downstream of the rest of the project along the Mara
Valley, in the district of Butiama with an additional command area of 2,000 ha, thus increasing the total
command area to 8,340 ha. In the 2018 Design Report, a smaller size of command area of 6,904 ha is also
referred to.
The cropping system proposed in the Design Report combines two components; the first includes doublecropping of paddy on approximately 44% of the total area (cropping pattern “XR”), with some command
areas having higher or lower shares of land under paddy according to the topography, soils and command
area design. the second involves a maize/beans rotation on approximately 70% of the remaining land, and
fodder and horticulture on the rest (cropping pattern “XO”). The crop water requirements have been
extracted from the Design Report (2018), and abstraction demand calculated based on these for both
sizes of command area (Table 5).
With the monthly irrigation requirements based on crop type and command area scenarios in Table 5,

Table 9, and Table 7, the annual abstraction demand (with an efficiency of 60%)is calculated to be 87.5
MCM for Scenario A, 105.6 MCM for Scenario B, and 137.5 MCM for Scenario C. For all scenarios the
demand is high during the two annual dry seasons, in January and February and July to October, with peak
irrigation demand in August.
Table 5: Net scheme irrigation requirements, paddy 44% and vegetables 56% (6,904 ha; Scenario A)
Pattern XR

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mm/month
Volume
(MCM)
Pattern XO
Mm/month
Volume
(MCM)

182

158

94

34

45

26

96

291

150

154

90

91

5.54

4.81

2.86

1.04

1.37

0.79

2.92

8.86

4.57

4.69

2.74

2.77

48.6

14.3

12.8

5.0

53.4

76

41.1

34.0

36.5

47.2

49.6

87.4

1.87

0.55

0.49

0.19

2.06

2.93

1.59

1.31

1.41

1.82

1.91

3.37

Table 6: Net scheme irrigation requirements, paddy 44% and vegetables 56% (8,340 ha; Scenario B)
Pattern XR

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mm/month
Volume
(MCM)
Pattern XO
Mm/month
Volume
(MCM)

182

158

94

34

45

26

96

291

150

154

90

91

6.68

5.80

3.45

1.25

1.65

0.95

3.52

10.68

5.51

5.65

3.30

3.34

48.6

14.3

12.8

5.0

53.4

76

41.1

34.0

36.5

47.2

49.6

87.4

2.27

0.67

0.60

0.23

2.49

3.55

1.92

1.59

1.70

2.20

2.32

4.08

Table 7: Net scheme irrigation requirements, paddy on 100% (6,904 ha; Scenario C)
Pattern XR

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mm/month
Volume
(MCM)

182

158

94

34

45

26

96

291

150

154

90

91

12.57

10.91

6.49

2.35

3.11

1.80

6.63

20.09

10.36

10.63

6.21

6.28

As the total annual abstractions for the full development of the project have been estimated in the Design
Report to be 146 MCM per annum (with paddy rice on the full area stated as the preference, and including
an additional 7 MCM per annum which have been budgeted for the use of villages in Tarime District for
domestic purposes), Scenario C is used here for the remainder of the assessment. In addition, ET from the
reservoir has been included in the total annual abstraction requirements; based on the assessment of the
remotely sensed ET data, open water ET in the basin is on average 1059 mm. given the proposed reservoir
surface area of 13.5 km2, this results in the addition of 14.3 MCM to the abstraction requirement.

The Mara Basin water accounts contain the data needed to assess the abstraction requirements of the
investment to satisfy both the irrigation demand as well as the minimum flow requirements. Determining
the sustainability of the investment requires assessment against the resource which leaves the system,
measured through the water balance parameters in the water accounting framework against investment
demand. Further to this, assessment of the proposed abstractions within the wider basin and
downstream context requires taking into account any downstream commitments as well as any
downstream abstractions.

4.3.2. Water availability for allocation
The utilizable outflow indicator within the water accounts (Figure 18) represents the amount of water
remaining which can be allocated for further use, after taking into account current uses and reserved
(environmental) flows. The mean monthly utilizable outflow for the Mara over the time period of analysis
is shown in Figure 22 along with the irrigation requirements for Scenario C. On average, across the past
15 years, while utilizable flows are considerably lower during the long dry season (July to October) there
are sufficient resources to support the investment requirements. Assessment of the extreme dry season
years (Figure 23), however, indicates insufficient resource availability during both the long dry season
months (2005) and the short dry season months (January-February 2006), clearly indicating the need for
storage infrastructure to support irrigation expansion. During these dry season months, the proposed
irrigation demand is greater than the utilizable flow; there are negligible utilizable flows during the fivemonth period from October 2005 to the end of February 2006. In December of 2005 the reserve flows
are not met, and without storage any additional demands would have to be met through groundwater
abstraction under these hydrological conditions. The cumulative deficit during this five-month period is
46.5 MCM; this is for the irrigation requirements only, and does not include the additional requirements
for domestic use (7 MCM PA) or the ET from the reservoir (14.3 MCM PA). Given the reservoir volume as
per the proposed design (Draft Design 2018) of 18.3 MCM, this would result in a demand of around 28
MCM not being met by the investment during this extreme dry season. With the low demand irrigation
scenario (Scenario A, Table 5), this reduces to around 17 MCM. Cumulative deficits are also present in
several other years, and are summarized in Table 8.
In the Design Report (2018) project risks and mitigation options have been identified to address the effect
of droughts on satisfaction of demands from Borenga Dam. It is noted in this report that the main demand
(irrigation) is fully satisfied with a reliability of 77% over the time-series used, from 1969 to 1991, including
any drought years, which is stated to be a satisfactory reliability level for irrigation 4. The data from the
current analysis and presented in Table 8 indicate that irrigation demand is fully satisfied with a reliability
of 73% over the time series used, from 2003 until 2017.

4

It is also noted that if a partial reduction in irrigation supply is allowed during drought years to avoid drying of the reservoir, a
common operating rule for irrigation reliability rises to 84% (Design Report 2018).
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Figure 22: Mean utilizable outflow for the Mara Basin, 2003-2017 (black line), with abstraction
requirements for irrigation Scenario C (red line).
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Figure 23: Utilizable outflow for the Mara Basin during extreme dry season years of 2005 (light blue line)
and 2006 (dark blue line) with abstraction requirements for irrigation Scenario C (red line).

Table 8: The effect of droughts on satisfaction of irrigation demands
Month
February 2006
November 2009
October 2016
February 2017

Number of preceding
deficit months
5
4
1
1

Deficit under Scenario A

Deficit under Scenario C

46 MCM
32 MCM
4 MCM
15 MCM

11 MCM
4 MCM
0 MCM
0 MCM

5.

Limitations and Uncertainties

Evaluation results indicate that the spatial variability of precipitation estimates reasonably match with the
long-term FAO precipitation data with a high degree of correlation (R 2 = 0.92). The magnitude of total
precipitation for most of months matched well with the FAO climatology (1961–1990) except for a few
extreme values which were underestimated (Figure 24). The long-term SSEBop ET estimates for the Mara
River Basin when compared to the MPI ET reference data revealed moderate correlation (R 2=0.73)
between the datasets. This analysis indicated an underestimation in the magnitude of the SSEBop ET
which was also observed when compared to literature reported values (section 3.1.5). Estimated overall
bias in P was an underestimation of 7.3%, bias in ET was an underestimation of 18.9%. These errors
resulted in overall bias error in water balance (P-ET) of 11.6% (ie. -7.3%-18.9% = 11.6%). As noted
previously, ET was the major contributor to the overall error in P-ET with more than twice the bias error
in P. Comparing the estimated P-ET with its bias corrected values (Table 9) indicates no major changes in
the estimation of runoff sources due to the remote sensing data across the basin.
In addition to P and ET, another possible source of uncertainty in the input data lie in the land use map.
We used a global land use product since there was no current local high resolution land use map for the
Mara River Basin. The basin has been documented be experiencing significant land use change and
deforestation across the years (Gereta et al., 2009; Mango et al., 2011b; Mati et al., 2008; Mwangi, 2016).
Given that land use/land cover is one of the primary inputs into the WA+ framework, a lack of high
resolution land use data that accurately captures these land transformations and other water use
activities in the basin could directly affect the water balances results (section 4.1). Uncertainties in output
data could stem from the WaterPix model calculations. A comparison of the simulated outflows with
measured outflows indicated WA+ overestimated flows. However, there is uncertainty associated with
measured data themselves (Harmel et al., 2006) and the streamflow data at Mara Mines station has been
shown to be inconsistent (Hulsman et al., 2018, section 4.1). While we used a global hydrological model
to parameterize the partitioning of surface runoff and baseflow from total runoff, locally calibrated model
outputs could potentially help in characterizing the surface and subsurface interaction of the basin. Such
data could be easily coupled with the WaterPix model to improve the model simulation.
None-the-less, it can be concluded that based on the reference datasets, the biases in the input data (P
and ET) are sufficiently small and would not change the main conclusions of the output results. Where
possible we tried to reduce uncertainty by validating the remote sensing input product with available
ground truth or reference datasets (Section 3.1.4).

Figure 24. Comparison of long term (A) CHIRPS with FAO P and (B) SSBop ET

Table 9. Comparison of remote sensing based precipitation and evapotranspiration with long term
reference datasets in the Mara River Basin.

Year
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

6.

P (mm)
900.1
1035.9
852.5
1255.2
995.5
925.1
951.5
1162.8
1210.5
1192.1
1155.4
1005.0
1147.4
1005.8
955.9

P
(km3)
12.3
14.1
11.6
17.1
13.6
12.6
13.0
15.9
16.5
16.3
15.8
13.7
15.6
13.7
13.0

ET
(mm)
672.7
661.8
663.2
592.4
828.3
682.8
579.6
741.5
679.5
740.6
684.4
670.6
679.1
699.4
573.6

ET
(km3)
9.2
9.0
9.0
8.0
11.2
9.3
7.9
10.0
9.2
10.0
9.2
9.1
9.2
9.5
7.7

P-ET
(mm)
227.4
374.1
189.3
662.8
167.2
242.3
371.9
421.3
531.0
451.5
471.1
334.4
468.3
306.4
382.3

P - ET
(km3)
3.1
5.1
2.6
9.1
2.4
3.3
5.1
5.8
7.3
6.3
6.5
4.6
6.5
4.3
5.3

P - ET
adj
(km3)
2.7
4.5
2.3
8.0
2.1
3.0
4.5
5.1
6.4
5.5
5.8
4.1
5.7
3.8
4.7

Conclusions and Recommendations

The Mara River Basin has undergone significant land modification over the recent decades due to the
expansion of agriculture, deforestation, population growth and competing demands for different water
uses (Mango et al., 2011a, 2011b). To support water related investment strategies, there is a need to
understand the interaction among the natural processes and anthropogenic activities in the basin and
how they impact the basin hydrologic processes. In this study the WA+ framework was used to evaluate
the water resource status in the Mara River Basin, and to assess the availability of water for further
allocation. Watershed response to changing seasons indicates there is a scarcity of water in the basin
during the long dry season and an abundance of water during the big wet season. The water balance
analysis indicates a more recent, sharper rise to peak outflows which may be attributed to land use change
and land management activities within the basin that are having an effect on the hydrologic cycle of the
basin. This is confirmed by other studies which have reported similar intensified peak flows in the basin
(Kipampi et al., 2017; Mango et al., 2011b; Mutie et al., 2006) due to land use change. An altered
hydrologic cycle has implications not only for water quantity and quality, but also the ecological health of
the Mara River (McClain et al., 2014). As a result, there is a need to monitor and manage land use activities
within the basin to safeguard the river’s natural hydrological regime (Dutton et al., 2018).

In terms of resource availability, there is ample water during the wet seasons (available water is typically
2-2.5 times what is currently utilized) and considerable water available for further allocation (utilizable
outflows is 53-59% of available water) during the wet season. However, most of the available water is
utilized during the dry seasons with utilized flows approaching available flows during these months. As a
result, water available for allocation during the dry season is highly variable and typically scarce (2-36% of
available water). A consistent and reliable supply of dry season flows would require water management
plans that would store water during the wet season and made available during the dry season. Both the
Ministry of Water Tanzania and the Water Resources Authority Kenya have developed water allocation
plans for the basin. Both plans indicate that current water demands in the basin can be met without
compromising reserve flows (URT-United Republic of Tanzania, 2020; WRA-Water Resources Authority,
2017). However, the status of future water availability is uncertain upstream (WRA-Water Resources
Authority, 2017), especially in the dry season, and this study has shown that utilizable outflows may be
low during the dry season. This suggests that while the water allocation plans should be used as guidance
for water use permits, future projects should be carefully considered before issuance and water use
should be regularly monitored.
Water quality is of concern in the basin, with about 38-42% of the exploitable water consumed and not
available for use within the basin. Increasing water quality degradation within the basin has been
reported in other studies, including heavy metals and nutrient contamination from mining activities and
agriculture activities (Kihampa and Wenaty, 2013) increased sediment loads and soil erosion (Defersha
and Melesse, 2012; Dutton et al., 2018). Due to the pollution levels of such waters, they are unavailable
for use within the basin. Minimizing such contributions to the total basin consumed water would increase
water availability especially during the dry season.
A substantial amount of the water consumed within the basin is through evaporation (58-64% annual and
62-64% seasons). Most of this evaporation is evaporation from the soil (65-72%). As a result, a large
portion of the ET in the basin (including agricultural areas) is non-beneficial (46-52%) or in other words
large volumes of water are not consumed for their intended purpose. This implies a large portion of the
water consumed does not produce any service and is lost. Green water ET is currently the largest
consumer of water (83-92% of the annual ET), while blue water ET, although it increases during the dry
season, remains only a small fraction of the total ET (9-17%). This is due to the fact that agriculture within
the basin is primarily rainfed and only a small portion of the basin is irrigated. Given the scarcity of water
and the extreme variability during the dry season, food security issues within the basin could be addressed
and improved through an expansion of irrigated agriculture where water use is managed during the dry
season, as well as through more beneficial use of the available water for agriculture during the wet season.
There are distinct peaks in irrigation demand during the dry months of the year which coincide with low
river flow, and as a result, there is a need for seasonal storage to support irrigation. This is the purpose
of the proposed Mara Valley Project which is centered on a multipurpose storage facility, the Borenga
Dam and Reservoir, to be built on the lower reach of Mara River to supply irrigation water through

seasonal storage for use during the low flow months. The water accounts produced for the Mara Basin
were used to assess the requirements to satisfy both the irrigation demand and the minimum flow
requirements. The data from the water accounts indicate that the proposed irrigation demand is satisfied
with a reliability of 73% over the 15-year time series used, between 2003 until 2017.
Further to the assessment of the planned investment, the following are recommended to ensure
adequate use and water availability during the dry seasons; i) the use of the water allocation plan and
issuance of water use permits should be accompanied with consistent monitoring to ensure resource
availability, ii) water should be stored during the wet season and made available during the dry season,
iii) point and non-point sources of pollution should be monitored in the basin, and iv) agricultural best
management practices should be implemented to target a reduction in evaporation across the basin.
While a number of additional investments are being considered for water infrastructure, watershed
management and irrigation infrastructure across the basin, the water accounts confirm that these need
to be considered within a basin development strategy. By systematically acquiring, analyzing and
communicating information related to water resources, water accounting provides the data needed to
inform development strategies, allocation plans and to regularly report on the water resource status.

7.
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Appendix A: WA+ Definitions
Available water: water that can be allocated to various water use sectors (it is the exploitable water minus
reserved outflows and non-utilizable outflow)
Consumed water: total ET plus non recoverable water
Depleted water: all of the water that leaves the basin permanently through ET
ET recycled: ET that returns as rainfall within the basin; it is equal to recycled P
Exploitable water: water present in reservoirs, rivers, lakes and groundwater that may be available for
exploitation
External: all incoming water from outside the basin boundaries
Gross Inflows: the total inflow from surface water, groundwater, other inflow and precipitation
Groundwater inflow: any subsurface water inflow to the basin
Incremental ET: the fraction of total ET that is from sources other than rainfall i.e. blue water sources
Landscape ET: ET through natural process i.e. the water cycle without artificial supply
Managed water use: represents landscape elements that receive withdrawals from utilized flows
Net Inflows: the gross inflow after correction for storage change (represents water available for landscape
ET and exploitable water)
Non consumed water: the total water that remains unconsumed
Non recoverable flow: water that flows to sink or becomes unavailable for further use due to quality
degradation
Non utilizable flow: portion of outflow that is not committed but also not possible to utilize, e.g. flash
floods, groundwater outflow
P recycled: rainfall originated from within the basin
Rainfall ET: total ET resulting from direct rainfall (ie. total green ET)
Reserved outflow: surface water that has been reserved to meet committed flows, navigational flows,
and environmental flow conditions
Return flow: the portion of water from the groundwater or surface water withdrawals which returns to
the surface water
Storage change: the total surface, ground water and soil moisture storage change
Sub-surface inter-basin transfer: any sub-surface water outflow from the basin
Surface water inflow: any surface water inflow to basin including basin transfer
Surface inter-basin transfer: any surface water transfer from the basin
Surface water outflow: any surface water outflows from the basin to the sea, lakes, etc
Total outflow: water that leaves the basin in liquid form from surface and groundwater sources

Utilizable outflow: portion of outflow that is available for further allocation
Utilized flow: water consumed as a result of human management
Vertical Recharge: vertical infiltration of water into the saturation zone in order to replenish an aquifer

Appendix B: Water Accounting + computation steps

Figure B1. Detailed computational work flow used in the WA+ Framework.
Evapotranspiration
Evapotranspiration is first separated in to its component parts to quantify the consumption of water per
land use class.
Interception
Monthly LAI maps were aggregated from MODI15 8-daily LAI products. Interception maps were computed
according to Von Hoyningen-Hüne (1983) and Braden (1985) as described in Kroes et al., (2009)

𝐼𝑚 = (1 −

𝐼m is the Interception [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ]
𝑃m is the Precipitation [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ]

1
) ∗ 𝐿𝐴𝐼𝑚 ∗ 𝑛𝑚
𝑃𝑚
1
1 + 𝑛 ∗ (1 − 𝑒𝑥𝑝−0.5∗𝐿𝐴𝐼𝑚 ) ∗ 𝐿𝐴𝐼
𝑚
𝑚

nm is the number of rainy days [𝑑𝑎𝑦𝑠/𝑚𝑜𝑛𝑡ℎ]
𝐿𝐴𝐼m is the Leaf-Area-Index [−]
m is the month [−]
Transpiration
Monthly Net-Primary-Production was used to estimate monthly Net-Dry-Matter as:
𝑁𝐷𝑀m=22.222*𝑁𝑃𝑃m
where:
𝑁𝑃𝑃m is the monthly Net-Primary-Production [gC/m2/month]
𝑁𝐷𝑀m is the Net-Dry-Matter [kg/ha/month]
The average and maximum monthly Net-Dry-Mass were then calculated following the formulas:
̅̅̅̅̅̅̅𝑚 =
𝑁𝐷𝑀

∑𝑛𝑚 𝑁𝐷𝑀𝑚
𝑛

where:
̅̅̅̅̅̅̅
𝑁𝐷𝑀𝑚 is the average monthly NDM [kg/ha/month]
𝑁𝐷𝑀 is the Net-Dry-Matter [kg/ha/month]
m is the month, m=[1,...,12] [−]
𝑛 is the total number of available dates for month M [−]
̅̅̅̅̅̅̅𝑚,1,1 , … , 𝑁𝐷𝑀
̅̅̅̅̅̅̅𝑚,𝑖,𝑗 )
𝑁𝐷𝑀𝑚𝑎𝑥,𝑚 = 𝑚𝑎𝑥(𝑁𝐷𝑀
where:
𝑁𝐷𝑀𝑚𝑎𝑥 is the per pixel monthly maximum NDM [kg/ha/month]
𝐼 is a range of columns around i [−]
𝐽 is a range of rows around j [−]
transpiration was computed as a function of Net-Dry-Mass and maximum transpiration assuming the
linear relation between biomass production and transpiration (Steduto et al.,2007),
𝑇𝑚

0.95 ∗ (𝐸𝑇𝑚 − 𝐼𝑚 )
= 𝑚𝑖𝑛 { 𝑁𝐷𝑀𝑚
∗ 0.95 ∗ (𝐸𝑇𝑚 − 𝐼𝑚 )
𝑁𝐷𝑀𝑚𝑎𝑥,𝑚

where:
𝑇m is the Transpiration [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ]
𝐸𝑇m is the Actual Evapotranspiration [𝑚𝑚/𝑚𝑜𝑛𝑡ℎ]
Evaporation
Finally, evaporation was computed as the residual of Tm and ETm:
𝐸m=𝐸𝑇m−𝐼m−𝑇m

Calculate change in soil moisture storage
Daily Soil moisture (𝜃) was obtained from the GLDAS soil moisture data. The monthly soil moisture was
computed for the beginning of the month, monthly average and the last day of the month from this
data. A root zone soil moisture for the first, last day of the month (𝜃𝑥𝑟𝑧) and average for the month
were computed following Bastiaanssen et al., (2012) as:
𝜃𝑜

𝜃𝑜𝑟𝑧 = ((0.1 ∗ 𝐿𝐴𝐼 + (1 − 0.1𝐿𝐴𝐼 ) ∗ 𝑒 𝜃𝑆𝐴𝑇

∗(−0.5∗𝐿𝐴𝐼−1)

) ∗ 𝜃𝑆𝐴𝑇

Where LAI is the leaf Area Index, 𝑠𝑎𝑡 is the saturated soil moisture content that was obtained from
HiHydroSoil soil data (De Boer, 2016). The soil moisture storage change in the root zone was then
estimated as :
Δ𝑆𝜃=𝑅𝑑∗(𝜃𝑥𝑟𝑧−𝜃𝑜𝑟𝑧)
where Rd is the root depth.

Estimation of Water Supply
Additional supply of water (in addition to rainfall) enhances evapotranspiration due to rainfall (ETg). The
evapotranspiration from this additional supply of water is termed incremental rainfall (ΔET or ETb). The
total ET (ETa) is therefore the sum of ETg, and incremental ΔET or ETb:
ETa = ETg + ETb
ETg by definition is from moisture that is infiltrated after rainfall (P) and has not been in contact with
groundwater, drainage water or river floods. ETb is from surface or groundwater uptakes, which occurs
in many places of the watershed landscape. For pixels where ETa is greater than the effective rainfall (Peff
), there but be additional source of water which would be the withdrawal. The sources of the supply could
be due to land management activities (e.g. irrigation) or natural supply (e.g. floods, perched water tables).
The Budyko (1974) framework is used to separate ETa into ETg and ETb (Rouholahnejad & Kirchner, 2017).
The amount of water supplied to each pixel is a function of ETb and a consumed fraction (fc).
Qsupply = f(ETb, LU) =

𝐸𝑇𝑏
fc

fc is dependent on the land use class and was suggested to preplace the classical irrigation efficiencies
(Molden, 1997; Simons et al., 2016). The consumed fractions applied in this study are specified in Table
B1.
Table B1: Consumed fraction per land use
Land use class

Consumed
fraction

Forest
Shrubland
Rainfed crops
Forest plantations
Natural water bodies
Wetland
Natural grassland
Other (non-manmade)
Irrigated crops
Managed water bodies
Other

1
1
1
1
0.15
0.15
0.7
0.4
0.8
0.4
0.4

Estimation of surface runoff
The total natural surface runoff (SROg) was calculated using a modified Soil Conservation Service runoff
equation. The modified version replaces the Curve Numbers by a dynamic soil moisture deficit term in
order to account for the dry and wet season infiltration (Schaake et al., 1996; Choudhury & DiGirolamo,
1998):
0 𝑖𝑓 𝑝 = 0
(𝑃 − 𝐼)2
𝑆𝑅𝑂𝑔 = {
𝑖𝑓 𝑃 ≠ 0
𝑃 − 𝐼 + 𝑅𝑑 ∗ (𝜃𝑆𝐴𝑇 − 𝜃𝑟𝑧 )
Where P is monthly Precipitation

In the presence of irrigation, the total surface runoff (SRO) includes supply in addition to P:
0 𝑖𝑓 𝑃 = 0 𝑎𝑛𝑑 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 = 0
𝑆𝑅𝑂 = {

2

(𝑃 + 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 − 𝐼)
𝑖𝑓 𝑃 ≠ 0 𝑜𝑟 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 ≠ 0
𝑃 + 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 − 𝐼 + 𝑅𝑑 ∗ (𝜃𝑆𝐴𝑇 − 𝜃𝑟𝑧 )

The incremental surface runoff is then computed as:
𝑆𝑅𝑂𝑏=𝑆𝑅𝑂−𝑆𝑅𝑂𝑔
Estimate percolation
Percolation is calculated as the residual of the root zone water balance:
𝑃𝑒𝑟𝑐=𝑃+𝑄𝑠𝑢𝑝𝑝𝑙𝑦−𝐸𝑇𝑎−Δ𝑆𝜃−𝑆𝑅𝑂
To compute the incremental percolation (due to supply) we first estimate the green component of
percolation:

𝑃𝑒𝑟𝑐𝑔=𝑃−𝐸𝑇𝑔−Δ𝑆𝜃−𝑆𝑅𝑂𝑔
Followed by:
𝑃𝑒𝑟𝑐𝑏=𝑃𝑒𝑟𝑐−𝑃𝑒𝑟𝑐𝑔=𝑄𝑠𝑢𝑝𝑝𝑙𝑦−𝑆𝑅𝑂𝑏−𝐸𝑇𝑏
Estimate baseflow as a function of surface runoff and runoff ratio
We estimate baseflow from the total surface runoff and a runoff ratio (r). The runoff ratio is a yearly ratio
of surface runoff to total runoff calculated from the GLDAS model. The difference between Perc and BF is
an indication of groundwater storage changes and the amount of groundwater available for abstraction.
The annual runoff ratio is distributed over the months using the filter_par and the Rd infiltration depth
parameters that are calibrated within the model (Table B2).

𝐵𝐹 =

𝐵𝐹𝑔 =

𝑆𝑅𝑂
− 𝑆𝑅𝑂
𝑟

𝑆𝑅𝑂𝑔
− 𝑆𝑅𝑂𝑔
𝑟

The incremental baseflow is calculated as follows:
𝐵𝐹𝑏= 𝐵𝐹−𝐵𝐹𝑔
The total runoff into streams and rivers is then calculated as the sum of the baseflow and surface runoff:
𝑅𝑂= 𝑆𝑅𝑂+𝐵𝐹
Table B2: WaterPix Calibration parameters
Name
Rd
qr_par

Definition
Root depth parameter
Minimum value of runoff ratio
Baseflow filter parameter (monthly partitioning of
Filter_par runoff ratio)

Table B3: Outputs of the water balance model at pixel level
Variable

Definition

ΔSθ

Soil moisture change

Range
0 -100
0-1

Default
1
0.4

Calibrated
1.8
0.58

0-1

0.5

0.6

Qsupply
SRO
SROb
Perc
Percb
BF
BFb
RO

Water Supply
Surface Runoff
Incremental surface runoff generated because of water supply (e.g. irrigation)
Percolation
Incremental percolation generated because of water supply (e.g. irrigation)
Base flow
Incremental base flow generated because of water supply (e.g. irrigation)
Total runoff

Appendix C: Remote sensing, tabular, and spatial data sources used in
the WA+ Framework
Data

Scale

Source

Data Description

Elevation (DEM)

90 m

U.S Geological Survey- HydroSHEDS

Digital Elevation
model

Land Use

100 m resolution

FAO WaPOR database
https://wapor.apps.fao.org/home/W
APOR_2/1

Landuse for year
2014

Land Use

shapefile

Assembled by NELSAP

Land use for years
2000 and 2008 for
Kenya

CHIRPS
Precipitation

5 km resolution, monthly
temporal resolution

The Climate Hazards Group, The
University of California, Santa Barbara

Climate Hazards
Group InfraRed
Precipitation with
Station data

TRMM
Precipitation

25 km spatial resolution,
monthly temporal
resolution

Actual
Evapotranspirati
on

1 km spatial resolution,
monthly temporal
resolution

https://earlywarning.usgs.gov/fews

Actual ET from the
SSEBop model

Actual
Evapotranspirati
on

250 m spatial resolution,
monthly temporal
resolution

UNESCO-IHE Water Accounting
Research Group, unpublished product

Ensemble mean of ET
products: ALEXI,
CMRSET, GLEAM,
MOD16, SSEBop, ET
Monitor resampled
to 250m

Actual
Evapotranspirati
on

100 m resolution

FAO WaPOR database
https://wapor.apps.fao.org/home/W
APOR_2/1

Actual ET

Reference ET

250 m spatial resolution,
monthly temporal
resolution

UNESCO-IHE Water Accounting
Research Group, unpublished product

Computed from the
GLDAS model

Tropical Rainfall
Measurement
Mission

Rainfall

stations, daily temporal
resolution

Various instations, data assembled by
NELSAP

Measured rainfall
data for various
gauge stations within
the Mara River Basin

IUCN protected
areas

shapefile

https://www.protectedplanet.net/

World Conservation
Union & United
Nations Environment
Program (UNEP) World Conservation
Monitoring Centre,
2007

GLDAS Soil
Moisture

0.25 degree resolution

Rodell et al., 2004. obtained from
http://grace.jpl.nasa.gov

Daily soil moisture
content

Streamflow

stations, daily temporal
resolution

Various instations, data assembled by
NELSAP

Environmental
flow
requirements

10 km resolution

http://waterdata.iwmi.org

Environmental water
requirements for
sustaining ecological
processes and
biodiversity

(NDVI) MOD13

250 m , 16 day time scale

https://lpdaac.usgs.gov/

NASA Moderate
Resolution Imaging
Spectroradiometer
MODIS Product

Leaf Area Index
(LAI) MOD15A2

1 km, 8 day time scale

http://reverb.echo.nasa.gov/

NASA Moderate
Resolution Imaging
Spectroradiometer
MODIS Product

Net Primary
Productivity
(NPP) MOD17A3

1 km, annual time scale

http://www.ntsg.umt.edu/project/M
OD17/ or https://lpdaac.usgs.gov/

NASA Moderate
Resolution Imaging
Spectroradiometer
MODIS Product

Gross Primary
Productivity
(GPP) MOD17A2

1 km, 8 day time scale

http://www.ntsg.umt.edu/project/M
OD17/ or https://lpdaac.usgs.gov/

NASA Moderate
Resolution Imaging
Spectroradiometer
MODIS Product

Grey water
consumption

5 minutes resolution

Liu et al., 2012

Global Map of
Irrigation Areas
(GMIA)

5 minutes resolution

http://www.fao.org/nr/water/aquast
at/irrigationmap/index10.stm

GRACE storage
change

1 arc-degree resolution

http://ccar.colorado.edu/grace/about
.html

Water pollution level
for nitrogen and
phosphorous in the
world's river basins

change in total water
weight including
surface water,
groundwater and soil
moisture.

Appendix D: Goodness of fit statistics comparing remote sensing rainfall
products with station data

Table D1. Summary Goodness of fit statistics computed when comparing station rainfall data with the
TRMM remote sensing rainfall product. Note: ME is mean error, MAE is mean absolute error, MSE is mean
squared error , RMSE is root-mean squared error, NRMSE is the normalized root-mean squared error,
PBIAS is Percent Bias, RSR is the RMSE-observations standard deviation ratio, rSD is the Ratio of Standard
Deviations, NSE is the Nash-Sutcliffe efficiency, d is the Index of Agreement, md is the Modified Index of
Agreement, cp is the Coefficient of Persistence, R2 is the coefficient of determination, bR2 is the
coefficient of determination multiplied by the slope of the linear regression, Kling-Gupta efficiency (KGE),
and VE is the volumetric efficiency.
Parameter

Utegi

Mugumu

Olenguru
one

Pyrethru
m Board

Kiptunga
Forest

Bomet
Water
Supply

Nyangore
Forest

Nairotia
Forest

Governor
Camp

ME

31.35

11.30

-19.62

-12.20

12.71

-10.23

0.56

1.01

23.20

MAE

46.22

37.93

48.70

48.81

36.79

39.94

41.40

32.70

36.50

MSE

3372.6

2519

4731.45

3944

2118.9

2959

3374

1885

1950

RMSE

58.07

50.19

68.79

62.80

46.03

54.40

58.10

43.40

44.20

NRMSE %

91.40

87.20

83.60

76.60

64.10

58.00

65.00

46.20

87.50

PBIAS %

40.90

14.30

-15.90

-9.30

13.00

-8.20

0.40

0.80

34.00

RSR

0.91

0.87

0.84

0.77

0.64

0.58

0.65

0.46

0.87

rSD

1.14

1.05

0.66

0.72

0.92

0.64

0.78

0.75

1.07

NSE

0.15

0.23

0.28

0.40

0.58

0.66

0.57

0.78

0.18

mNSE

0.11

0.16

0.21

0.24

0.36

0.47

0.41

0.59

0.11

d

0.81

0.79

0.71

0.78

0.88

0.87

0.85

0.93

0.81

md

0.57

0.57

0.54

0.57

0.66

0.68

0.67

0.76

0.57

cp

0.32

0.44

0.26

0.59

0.71

0.73

0.74

0.86

0.32

r

0.75

0.66

0.59

0.66

0.79

0.85

0.76

0.90

0.73

R2

0.56

0.43

0.34

0.43

0.63

0.72

0.57

0.80

0.53

bR2

0.47

0.43

0.24

0.34

0.63

0.56

0.50

0.71

0.46

KGE

0.50

0.62

0.44

0.54

0.75

0.60

0.67

0.73

0.56

VE

0.40

0.52

0.61

0.63

0.62

0.68

0.68

0.73

0.46

Table D2. Summary Goodness of fit statistics computed when comparing station rainfall data with the
CHIRPS remote sensing rainfall product.

Parameter

Utegi

Mugumu

Olenguruone

Pyrethrum
Board

Kiptunga
Forest

Bomet
Water
Supply

Nyangores
Forest

Nairotia
Forest

Governors
Camp

ME

36.96

31.80

-14.52

1.11

17.47

-3.86

-13.67

3.25

34.10

MAE

47.82

43.63

54.78

49.61

37.36

42.32

40.26

38.89

37.62

MSE

3430.14

3203.12

5992.11

4390.32

2337.99

3628.38

2938.13

2510.40

2260.22

RMSE

58.57

56.60

77.41

66.26

48.35

60.24

54.20

50.10

47.54

NRMSE %

92.20

98.30

97.00

80.90

66.80

62.80

58.10

53.20

94.20

PBIAS %

48.20

40.20

-10.80

0.80

17.40

-3.00

-10.00

2.50

50.00

RSR

0.92

0.98

0.97

0.81

0.67

0.63

0.58

0.53

0.94

rSD

1.11

1.13

0.77

0.80

0.87

0.70

0.73

0.75

1.13

NSE

0.14

0.03

0.02

0.34

0.55

0.60

0.66

0.71

0.05

mNSE

0.08

0.03

0.05

0.23

0.36

0.45

0.45

0.51

0.09

d

0.81

0.78

0.60

0.76

0.87

0.85

0.88

0.90

0.82

md

0.56

0.56

0.47

0.56

0.65

0.68

0.69

0.71

0.56

cp

0.31

0.29

0.11

0.56

0.69

0.68

0.79

0.84

0.21

r

0.77

0.71

0.42

0.61

0.78

0.78

0.83

0.85

0.80

R2

0.60

0.51

0.18

0.37

0.61

0.61

0.69

0.72

0.65

bR2

0.48

0.42

0.13

0.32

0.61

0.50

0.56

0.64

0.50

KGE

0.46

0.49

0.36

0.56

0.69

0.62

0.66

0.70

0.45

VE

0.38

0.45

0.59

0.62

0.63

0.67

0.70

0.70

0.45

Table D3. Summary Goodness of fit statistics computed when comparing station rainfall data with the
IMERG remote sensing rainfall product.

Parameter

Utegi

Mugumu

Olenguruone

Pyrethrum
Board

Kiptunga
Forest

Bomet
Water
Supply

Nyangores
Forest

Nairotia
Forest

Governors
Camp

ME

36.06

38.73

-21.74

-14.98

0.48

-16.69

-23.06

-22.15

31.87

MAE

48.62

48.78

54.98

53.07

37.22

44.48

46.38

43.71

40.92

MSE

3975.40

4009.83

6468.99

4861.34

2521.31

4030.47

3910.59

3247.64

2781.79

RMSE

63.05

63.32

80.43

69.72

50.21

63.49

62.53

56.99

52.74

NRMSE %

99.20

110.00

97.80

85.10

69.90

67.70

70.00

60.60

104.50

PBIAS %

47.00

48.90

-17.60

-11.50

0.50

-13.40

-17.80

-18.20

46.70

RSR

0.99

1.10

0.98

0.85

0.70

0.68

0.70

0.61

1.04

rSD

1.27

1.16

0.66

0.75

0.79

0.64

0.67

0.65

1.18

NSE

0.00

-0.22

0.02

0.27

0.51

0.54

0.50

0.62

-0.17

mNSE

0.06

-0.08

0.11

0.17

0.35

0.41

0.33

0.45

0.01

d

0.80

0.74

0.58

0.73

0.83

0.82

0.81

0.86

0.78

md

0.57

0.53

0.49

0.55

0.63

0.65

0.63

0.67

0.56

cp

0.20

0.11

0.00

0.53

0.66

0.63

0.70

0.76

0.02

r

0.76

0.68

0.40

0.57

0.71

0.76

0.76

0.85

0.70

R2

0.58

0.46

0.16

0.33

0.51

0.58

0.58

0.72

0.49

bR2

0.46

0.37

0.10

0.25

0.44

0.43

0.42

0.52

0.39

KGE

0.41

0.39

0.29

0.49

0.65

0.55

0.55

0.57

0.42

VE

0.37

0.38

0.55

0.59

0.62

0.64

0.64

0.64

0.40

Appendix E: Monthly time series plot of observed and simulated outflows
in the Mara Basin

Appendix F: Water accounts for the Mara Basin

Appendix G: Water consumption through evapotranspiration in the Mara
Basin

