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Abstract: The increasing competition for water resources requires a better understanding of
flows, fluxes, stocks, and the services and benefits related to water consumption. This paper
explains how public domain Earth Observation data based on Moderate Resolution Imaging
Spectroradiometer (MODIS), Second Generation Meteosat (MSG), Tropical Rainfall
Measurement Mission (TRMM) and various altimeter measurements can be used to estimate
net water production (rainfall (P) > evapotranspiration (ET)) and net water consumption
(ET > P) of Nile Basin agro-ecosystems. Rainfall data from TRMM and the Famine Early
Warning System Network (FEWS-NET) RainFall Estimates (RFE) products were used in
conjunction with actual evapotranspiration from the Operational Simplified Surface Energy
Balance (SSEBop) and ETLook models. Water flows laterally between net water production
and net water consumption areas as a result of runoff and withdrawals. This lateral flow between
the 15 sub-basins of the Nile was estimated, and partitioned into stream flow and non-stream
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flow using the discharge data. A series of essential water metrics necessary for successful
integrated water management are explained and computed. Net water withdrawal estimates
(natural and humanly instigated) were assumed to be the difference between net rainfall (Pner)
and actual evapotranspiration (ET) and some first estimates of withdrawals—without flow
meters—are provided. Groundwater-dependent ecosystems withdraw large volumes of
groundwater, which exceed water withdrawals for the irrigation sector. There is a strong need
for the development of more open-access Earth Observation databases, especially for
information related to actual ET. The fluxes, flows and storage changes presented form the basis
for a global framework to describe monthly and annual water accounts in ungauged river basins.

Keywords: Nile Basin; evapotranspiration; rainfall; remote sensing; water production;
water consumption; water accounting

1. Introduction

Water is becoming an increasingly scarce resource worldwide as a result of economic and
demographic development pressures. While agriculture is generally assumed to be the largest consumer
of water in Africa and Asia, future increases in food production will be critical to ensure human
wellbeing in both these regions and globally. Projections indicate that producing enough food to meet
the demands of a global population of 9.1 billion people by 2050 require levels of food production in
2007 to be increased by approximately 60%, and doubled in sub-Saharan Africa and parts of South and
East Asia ([1,2]). In order to achieve this level of increase on a sustainable basis, it is critical that new
strategies and approaches are employed to increase agricultural productivity, while sustaining ecological
systems and the services they provide.

Water scarcity, defined as of the threat to people’s livelihoods due to lack of access to safe and
affordable water for drinking, sanitation, and food production (Rijsberman, [3]), is increasing in many
regions along with salinization and pollution of rivers and water bodies and degradation of water-related
ecosystems (FAO, [4]). Mobilizing the necessary water resources to increase food production
will require informed decisions within the water sector and in related sectors (Thenkabail et al., [5];
Rebelo et al., [6]). It is estimated that annual agricultural water use will need to increase from
approximately 7,100 km® globally to between 8,500 and 11,000 km® in order to meet projected food
requirements in 2050 (de Fraiture ef al., [7]). Projections suggest that over the next several decades the
population of people whose livelihoods will be affected by water scarcity will rise to two-thirds of the
world population ([8—12]).

In order to effectively manage resources, decision makers require information on how much water is
available and how much is being used and consumed for various purposes, as well as an understanding
of how water availability will change under future scenarios (e.g., Droogers et al., [13]). Increases in
water scarcity are obvious from fast declining groundwater reservoirs, degraded wetlands and terrestrial
lands and associated ecosystem services, and increased vulnerability to hazards such as droughts and
floods. Most water is consumed through natural evaporative processes, but a portion is also consumed
through anthropogenic influences (e.g., actual evapotranspiration from reservoirs, irrigation,
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aquaculture, domestic use, plantations, greenhouses, etc.). Closed basins occur where the total actual
evapotranspiration (ET) has exceeded the gross inflow from rainfall and interbasin transfers. Flows in
streams and aquifers could be enhanced by appropriate reductions in ET (e.g., [14]) to meet reserved
flows for environmental purposes (e.g., Smakhtin ef al., [15]), navigation needs, or reserved flows for
downstream commitments. A reduction in consumption means that less water is evaporated or exported
in products or flows to sinks. This reduction is also known as a real water saving (Seckler, [16]) because
water resources will remain physically in the basin for a longer period of time. Upstream versus
downstream water availability is an extremely sensitive issue in trans-boundary river basins such as the
Nile River. A reduction in withdrawals leaves more water in rivers, lakes, reservoirs and aquifers, which
is beneficial if most of the available water is utilized downstream. If most of the available water is
utilizable, then a reduced withdrawal is a lost opportunity to boost local agronomies, industries and
environments, provided environmental flow commitments are met (which is basically included in the
definition of utilizable flows). Access to data that underpins information for decision making is largely
erratic in vast basins such as the Nile. The availability of hydrological data and information related to
water management is limited to local agencies. While many attempts are made through, for example, the
Nile Basin Initiative (NBI) and the Food and Agricultural Organization of the United Nations FAO-Nile
agricultural water management program, it remains a challenge to describe the key hydrological and
catchment-scale processes in a geographically and spatially distributed manner. Water management
information such as withdrawals, stocks, waste water return flows and groundwater well yields are kept
by the individual water use sectors. Most of the classical hydrological research (e.g., Shahin, [17],
Sutcliffe and Parks, [18]) is based on rainfall gauges and streamflow measurements, and quantification
of'the ET process is not given much attention. Actual ET has however a major impact on streamflow, and
is paramount for quantifying ecosystem services. A recent overview of several open-access rainfall
products was published by Serrat-Capdevilla et al. ([19]).

The objectives of this paper are to demonstrate (i) how Earth observation data from multi-platform
satellites can contribute to the generation of an open-access data set that provides insights into the major
water flows and fluxes of the Nile River basin and (ii) the need for a sound system of water metrics and
the use of a consistent, comprehensive framework, in order to enhance the understanding of river basins
by stakeholders who make decisions on the retention, allocation and release of scarce water resources. The
volume of renewable water produced by various agro-ecosystems is quantified, and it is demonstrated where,
and how much water of the Nile is consumed, all on the basis of Earth observations.

2. Materials and Methods

The River Nile is fed by two main river systems: the White Nile, with its sources in the Equatorial
Lake Plateau (Burundi, Rwanda, Tanzania, Kenya, Democratic Republic Congo and Uganda), and the
Blue Nile, with its sources in the Ethiopian highlands. The sources are located in humid regions, with
an average rainfall of over 1000 mm per year. The arid region starts in Sudan and extends into northern
Ethiopia and Egypt. The Nile basin comprises 15 sub-basins (see Figure 1). The network of hydro-
meteorological gauging stations in the Nile basin is meager. /n sifu data are generally not easily
accessible. Earth observation measurements have the potential to complement the lack of available and
accessible in situ measurements. Earth observation data are available on-line; they are based on true
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measurements made at particular moments (t) and for a specific geographic location (x,y). By
sequencing repetitive measurements, a time series can be created. Flags can be used in the data sets to
indicate or identify the quality of data. Data set methods to interpret and convert raw satellite
measurements into hydrological variables are described in downloadable manuals, conference
proceedings (e.g., Neale and Cosh, [20]) and journal special issues (e.g., Batelaan ez al., [21]). Following
(Nagesh Kumar and Reshmidevi, [22]; Karimi ef al., [23]), it is argued that the remote sensing science
has progressed sufficiently to ensure certain levels of accuracy. Many products now claim to have an

accuracy better than 90-95 percent.

Figure 1. Location of sub-basins of the Nile River system delineated by the Nile Basin Initiative.

The most important Earth observation data set for hydrology and water management is rainfall. In
this case study, the open-access rainfall product from the Tropical Rainfall Measurement Mission
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(TRMM) version 7-product 3B43 is explored. The Famine Early Warning System Network FEWS-NET
Satellite Rainfall Estimate [24], processed and archived by the Famine Early Warning System Network,
has been utilized as well. The period of consideration lapses from 2005 to 2010. Only monthly rainfall
data sets have been created in this study. The two selected rainfall products were both subjected to first-
level calibrations, using rain gauges, by the provisional agencies. The official rain gauges of the Nile
basin registered with the World Meteorological Organization (WMO) have been verified, and it seems
that most of them have substantial data gaps. These gaps make an independent verification of TRMM
and RFE cumbersome, and in the absence of independent verification, it was decided to use the data
products as they are. The average values of the two products were computed.

The second largest hydrological flow path is actual ET. While open-access data sets for rainfall have
a long heritage and are rapidly increasing, the generation of similar data sets for actual ET is in its
infancy. Several leading institutes have started to develop global-scale ET maps; however, they are
currently in the process of verifying the maps before opening new ET data portals. Open-access actual
ET data sets are currently provided by a few institutes only, and include the Land Satellite Application
Facility (LandSAF) under aegis of Eumetsat using the Tiled ECMWF Surface Scheme for Exchange
over Land (TESSEL) algorithm (Van den Hurk et al., [25]; Belsamo et al., [26]). The ET data are
computed with the Second Generation Meteosat (MSG) data having a spatial resolution of 3 km at the
equator and extending to 5 km for European cover. The Global Evaporation Monitoring Amsterdam
Model (GLEAM) is published by Mirales et al. ([27]) at a spatial resolution of 17 km, and while these
data are not available online, the data were acquired for this study from the authors on request.
The standard MODIS 16 ET product (Mu et al., [28]) has an open-access status at 1 km spatial
resolution, although the University of Montana requires a form of registration for use of the product.
Several ET comparison studies have concluded that MOD16 is not favorable (e.g., Kim et al., [29];
Trambauer et al., [30]). Guerschman et al. [31] from the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) and the National University of Australia have developed the global
coverage CRMSET model. Anderson et al. [32] have applied their Alexi energy balance model to the
global scale. These two latter data sets are expected to become open-access within the next year.
Bastiaanssen ef al. [33] developed the two-layer ETLook energy balance algorithm and computed ET
for the Nile basin for the years 2007 (complete basin), and 2005 and 2010 (equatorial Nile only). The
best ETLook pixel dimension currently is 250 m. Because the ETLook model output is not routinely
available, the retrieval of multiple year ET data for the current study was based on the Operational
Simplified Surface Energy Balance (SSEBop) model, recently developed and tested by U.S. Geological
Survey Earth Resources Observation and Science (EROS) Center (Senay et al., [34]). SSEBop has a
pixel dimension of 1 km and computes the surface energy balance on the basis of thermal infrared
measurements by the MODIS satellite. It is an example of a model in the category of potential ET-soil
moisture reduction methods. The SSEBop model output has a high operational potential and the data
will be compared with the ETLook model, which was used successfully in earlier studies in the Nile
basin and provides a good reference (Karimi et al., [35]). SSEBop and ETLook both utilize climatic data
from weather stations and or atmospheric models. A complicating factor with most ET algorithms is that
they utilize satellite images during clear sky days only. Thermal images are taken during cloud-free days
when wet surfaces are unlikely to occur. During rainfall events, leaves, soil and paved surfaces get wet
for a short period, and this interception process is not properly considered by most remote sensing-based
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surface energy balance models. The water film on the surface induces a temporary extra net radiation
value, that contributes to a quicker drying of the wet surface; this is also known as the positive drying
feedback effect (Dickinson, [36]). This enhanced drying process is a result of lower albedo (Aa~0.05)
and lower surface temperatures (AT~2K). Except for GLEAM, none of the other ET algorithms includes
this process of temporary enhanced interception energy and ET. This aspect needs to be considered when
compiling the water balance for each land use class, as it can be expected that existing remote sensing
algorithms have a systematic underestimation of actual ET during wet events.

Africover is a land cover data set that was compiled for East Africa, with data available for all African
countries, except Ethiopia (e.g., Di Gregorio and Jansen, [37]). The purpose of Africover is to produce
the geographic information required for decision making, planning and natural resources management
in African countries. The original Africover data set contains more than 500 land use classes. The land
use classification system developed for Water Accounting (WA) by Karimi et al. [38] was used in this
paper and the Africover classes have been converted into 60 individual WA+ classes that can be
regrouped again into four categories that are relevant for water management: (i) protected land use
(PLU), (ii) utilized land use (ULU), (iii) modified land use (MLU) and (iv) managed water use (MWU).
While PLU is legally protected, ULU has a light utilization and several features of natural ecosystems.
MLU and especially MWU are controlled by the human desire to boost capital growth and improve the
quality of living.

Access to monthly and annual values of rainfall and ET by land use class, opens an innovative
pathway to start describing rainfall excess, and hence lateral water flows in an ungauged river basin
system. Land use that fulfills P > ET will generate surface runoff, interflow, drainage, groundwater
recharge, seepage and base flow. Besides P-ET being the main driver for flows in streams and rivers, P-
ET also impacts the conditions affecting aquifer recharge. Agro-ecosystems where P > ET are referred
to as net producers of water and are typically present in the forested upstream end of river basins. Such
excess water moves downgradient in a given tributary to be used by other agro-ecosystems. Land use
classes fulfilling ET > P are net water consumers. Agro-ecosystems that are net water consumers have
an incremental ET that cannot be attributed to rainfall only, but also to other water sources with a natural
origin, such as groundwater seepage, shallow water tables, interflow or inundations during annual wet
seasons with high river flow levels. The incremental ET can also be caused by anthropogenic factors
such as withdrawals for irrigation, drinking water supply, sanitation, industries, water retention by
reservoirs, efc. Ahmad et al. ([39]) and van Eekelen et al. ([40]) for instance demonstrated that
incremental ET (ETincrem) can be inferred from net precipitation (ETprecip) and the total ET:

ETtotal = ETPrecip + ETincrem

Net precipitation (ETprecip) can be determined from gross precipitation (Pgross) using a certain
efficiency factor o (e.g., Schreiber, [41]; Budyko et al., [42]; Gerrits et al., [43]):

ETPrecip = Pgross

Estimates of ETincrem represent the net withdrawal and it is a first step in the estimation of actual gross
withdrawals. ETincrem 1s referred to as a net value because substantial portions of the gross withdrawals
return to the system. Information on both gross and net withdrawals is difficult to obtain from the national
departments within the Nile Basin, and is the source of political concern. The next section shows some
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first estimates of the net withdrawals that can be made on the basis of using Earth observation data without
flow meter data. This is new information related to Nile basin abstractions that has not yet been published.

Information on the annual changes in storage (AS) is needed to link P and ET to flows. The total
annual storage changes include (i) soil moisture, (ii) surface water and (ii1) groundwater. Surface water
changes were determined from altimeter observations over six major lakes and reservoirs (Lake Victoria,
Lake Kyoga, Lake Kwania, Lake Tana, Lake Roseires and Lake Nasser). The altimeters used are
Topex/Poseidon for rivers, and ERS-1 & 2, Envisat, Jason-1 and Geosat Follow-On (GFO) data for
lakes. The Hydrology from Space website (http://www.legos.obs-mip.fr/soa/hydrologie/hydroweb/) was
consulted (Cretaux et al., [44]). Duan and Bastiaanssen [45] undertook a comparative analysis of several
Earth observation-based altimeter products and concluded that space-borne altimeters provide water
level fluctuations in 4.6—13.1% of in situ measurements. Space-borne altimeters are essential for the
estimation of storage changes in large open water bodies of trans-boundary river systems. The changes
in soil moisture were taken from the Global Land Data Assimilation System (GLDAS) database
(Syed et al., [46]), and they are derived from simulated soil moisture profiles in the vadose zone using
a numerical land surface model. The changes in groundwater were measured on the basis of Gravity
Recovery And Climate Experiment (GRACE) data, after corrections of soil moisture and surface water
changes. GRACE estimates the total change of terrasphere storage from modifications of the
gravitational forces. These three individual data sets (GRACE, GLDAS and altimeters) together will
give an estimate of the total AS and the breakdown in each component. It is beyond the scope of this
paper to discuss all scientific aspects of storage changes and gravity, and we refer to the GRACE studies
for storage changes provided by Syed et al. [46], Klees et al. [47] and Rodell et al. [48].

3. Results
3.1. Rainfall

The difference in annual rainfall from TRMM and RFE is presented in Figure 2. The bar chart
demonstrates that TRMM gives for most years a slightly higher rainfall over the Nile basin than RFE.
The average value for the period 2006-2010 is 647 mm for TRMM and 600 mm for RFE. This is a
difference of 47 mm or 8%. While this difference seems reasonable, the consequence of 8% difference
at an average rainfall volume of 2013 km?® is a potential error of 161 km®/yr, which is two times the
historic Nile flow at Dongola. This example demonstrates the need for a high accuracy in rainfall
products. Because the official WMO rain gauge network is limited in number, and both TRMM and RFE
have advantages and disadvantages, it is difficult to favor one of the rainfall products without
in-depth research. For pragmatic reasons, the pixel values of the two rainfall products were linearly
averaged. Ensemble rainfall products based on Earth observation data will likely lead the way forward
to obtain reliable rainfall data layers. The new Climate Hazard Group IR Precipitation Station (CHIRPS)
rainfall product is an example of an ensemble product based on various interpolation schemes to create
spatially continuous grids from raw point data based on climatology, satellite measurements and ground
precipitation observations from a variety of sources (Funk et al., [49]).

The average rainfall of the two products for the period 2005-2010 is 624 mm/yr (2013 km*/yr for a
basin area of 3,229,038 km?). The FAO-Nile report (Hilhorst et al., [4]) gives an average rainfall volume



Remote Sens. 2014, 6 10313

of 2008 km?/yr for a basin area of 3,170,418 km?, which computes to 633 mm/yr, and which is close to
the value used here (deviation is +1.4%). The FAO irrigation potential study mentions a rainfall of
615 mm/yr (deviation is —1.4%) for an area of 3,112,369 km? or 1914 km*/yr (FAO, 1997). Kirby et al.
estimated the Nile basin rainfall volume to be 2,043 km?/yr (627 mm/yr; deviation is 0.5%) using data
from the Climate Research Unit at the University of East Anglia (CRU TS 2.10) covering the period
1901-2002. Karimi et al. [50] summarized the water balance of the Nile, and estimated the total rainfall
for the wet year 2007 as 2045 km?/yr, which is plausible for an above-average rainfall volume. Hence,
the estimates appear to correspond closely.

Figure 2. Annual rainfall of the Nile as estimated by the Tropical Rainfall Measurement
Mission (TRMM) and RainFall Estimates (RFE) open-access rainfall products.
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The consistency between the TRMM and RFE rainfall products for all 15 sub-basins is shown in
Figure 3. The scatterplot demonstrates that the overall agreement is acceptable, but that large differences
in local rainfall occur (RMSE is 153 mm/yr). The largest differences in absolute rainfall amounts occur
over the equatorial Nile zone. The rainfall rates over Lake Victoria and the Victoria Nile sub-basins are
frequently more than 250 mm/yr different: the difference of 250 mm/yr is unlikely. Rainfall estimates
of the Blue Nile sub-basin also seem to have unreasonable differences. It is therefore concluded that
more research is needed to validate local rainfall products from Earth observation data. The success of
calibration will increase if the data are exposed to a downscaling procedure first. Examples of calibrating
downscaled rainfall products are provided in Duan and Bastiaanssen ([51]) and Hunink et al. ([52]).
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Figure 3. Annual rainfall data from TRMM 3B43 and FEWS-NET RFE presented by
sub-basin (n = 15) for the period 2005-2010 (n = 6).
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The rainfall regimes differ significantly across the different sub-basins, and rainfall evaluation should

actually focus on the sub-basins only (see Table 1). The humid tropical Kagera, Lake Victoria, Semiliki

and Lake Albert and Victoria Nile basins all show substantial amounts of rainfall throughout the year,
with their peaks occurring during March and April (P > 100 mm/month). The central part of the Nile

basin receives rainfall during June, July and August and is relatively dry during the period November to

March. The area downstream of the Blue Nile sub-basin receives substantially lower rainfall amounts.

Their access to water resources depends entirely on the rainfall surplus (P-ET) from the upstream basins.

Table 1. Monthly rainfall from the combined TRMM and RFE products averaged for the
period 2005-2010 by sub-basin.

Area Total
Sub-Basin Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(km?) (mm)
Main Nile 1 39.896 9 10 5 4 2 0 0 3 2 6 40
Main Nile 2 199.564 2 2 0 0 0 1 2 13
Main Nile 3 743.913 1 0 21 31 1 0 0 70
Tekezze-Atbara 231.492 3 9 20 31 58 150 155 74 19 3 2 524
Main Nile 4 35.338 0 0 2 7 5 31 51 19 4 0 0 121
Blue Nile 307.262 6 11 22 36 87 138 231 225 140 63 14 6 978
Lower White Nile 237.429 1 1 1 13 31 68 131 129 83 54 4 0 517
Bahr el Ghazal 549.714 4 6 19 47 78 107 149 176 124 70 14 3 795
Sudd 167.354 8 12 32 76 118 135 148 160 137 103 32 7 968
Baro-Akobo-Sobat 230.368 23 22 50 94 130 119 140 140 134 111 62 27 1051
Albert Nile-Bahr al Jabal ~— 80.432 18 41 79 126 143 98 119 132 140 114 75 36 1121
Victoria Nile 86.192 39 65 111 142 134 68 92 105 131 123 98 58 1166
Semliki-L.Albert 70.646 55 90 121 109 99 50 54 93 122 120 118 64 1095
Lake Victoria 191.317 104 105 163 167 136 53 45 58 88 101 140 125 1285
Kagera 58.115 98 133 142 128 86 19 14 26 57 74 122 89 986
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3.2. Actual Evapotranspiration

The application of the SSEBop model to the African continent is relatively new. Since 2012, ET
anomaly products have been operationally served for various regions of the world at
http://earlywarning.usgs.gov/fews/. While the U.S. Geological Survey (USGS) Earth Resources
Observation and Science (EROS) Center is in the process of preparing an operational ET service
(absolute magnitudes in addition to the already served anomalies) for Africa in line with the RFE rainfall
products, the ET data have not been formally released, and are available only for special ET validation
and water balance studies, such as presented in this paper, in Alemu et al. ([53]) and Senay et al. ([54]).
SSEBop has been validated for locations in the US using flux towers (Senay et al., [34]; Velpuri et al., [55],
Singh et al., [56]), water balances (Senay et al., [57]; Velpuri et al., [55]) and lysimetric observations in
the semi-arid Texas High Plains (Gowda et al., [58]; Senay ef al., [59]). In addition, Senay et al. ([57])
described the comparison of ET layers between the earlier version of the algorithm (SSEB) and the more
detailed output data computed with the Mapping EvapoTranspiration at high Resolution and Internalized
Calibration (METRIC) model (Allen et al., [60]). METRIC is the American version of the Surface Energy
Balance Algorithm for Land (SEBAL) model (Bastiaanssen et al., [61]). The METRIC comparisons for
the State of Idaho, US, revealed a strong correlation (1> = 0.90) for elevations less than 2000 m. The
thermodynamic modelling of the land surface fluxes in METRIC is known to be substantially more
advanced compared to SSEBop. The SSEBop algorithm is an improved version of the SSEB, which is
capable of handling a range of elevations (Velpuri et al., [55]). Furthermore, the simplification of the
parameterization of the surface energy balance in SSEBop is justifiable and required in order to cover
the African continent in an operational mode. Comparison studies for Africa will provide more insights
into the absolute differences and agreements, and this paper contributes to that.

Karimi et al. ([35,50]) report results of the ETLook model developed by Bastiaanssen et al. ([33]) for
water balance and water accounts of the Nile basin during 2007. The total ET was estimated to be
2014 km?®/yr during the 2007 above-average rainfall year. The availability of the 1 km x 1 km ETLook
data set for 2007, as well as of the equatorial Nile for the years 2005 and 2010 (Immerzeel et al., [62]),
provided a great opportunity for comparison with SSEBop output data. A bias correction factor of 1.12
appears to be required. This bias can be related to hot and cold pixel computations with SSEBop that
have been strongly simplified as compared to the original work of Bastiaanssen et al. [63] related to the
selection of surface temperature end members. There is a single overall calibration coefficient in
SSEBop that represents elements of the crop coefficient approach of FAO and the maximum values of
evaporative fraction that are not necessarily 1.0 due to certain small values of sensible heat flux (H) over
wet surfaces. This coefficient is ideal for bias corrections. The overall scatter in the spatial data of ET is
higher (R? = 0.65) than observed for the open-access rainfall products (R? = 0.93). The larger scatter
implies that the spatial variability of ET patterns in ETLook and SSEB are larger than for rainfall. This
difference can partially be ascribed to the higher spatial resolution (1 km x 1 km) of the ET product that
generates more spatial contrast. Ground truth data are necessary to independently validate the ET
products from Earth observations. This validation can best be done with the help of flux towers at a few
locations, and with accurate water balances of paired catchments.

After this bias correction of 1.12, the longer term average actual ET for the period 2005-2010 was
computed with SSEBop as 1863 km?/yr. This is the actual ET rate that occurs due to radiative and
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advective energy. The additional energy due to net radiation increment of wet leaves is not included.
After inclusion of the additional “interception energy”, the longer term total actual ET value totaled
1987 km*/yr, which is 6.7% more than the ET under dry surface conditions. The term “total ET” is used
to express the inclusion of this extra interception energy. The lowest total ET of 1851 km®/yr occurred
during the year 2010, while 2007 had the highest total ET volume (2142 km?/yr). The coefficient of
variation of the 6 years analyzed is 6.2% only, and this indicates a temporary stable situation of actual
ET for the whole Nile basin. The temporal stability can be ascribed to the large area of desert with
negligible ET values.

Table 2. Monthly actual evapotranspiration (including interception) from the calibrated
SSEBop model (mm/month). The update is based on a bias factor and a correction term for
“interception energy”’ during periods when the land surface contains a water film and net
radiation is temporarily enhanced

Area Total
Sub-Basin Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(km?) (mm)
Main Nile 1 39,896 13 21 36 49 46 60 76 75 45 24 15 11 472
Main Nile 2 199,564 3 4 6 8 8 9 10 10 7 4 3 2 74
Main Nile 3 743,913 1 1 1 1 3 10 28 30 11 5 3 1 97
Tekezze-Atbara 231,492 19 15 15 16 23 53 79 79 70 44 23 18 453
Main Nile 4 35,338 2 2 3 3 7 18 51 61 25 5 1 1 180
Blue Nile 307,262 45 38 37 39 52 72 89 87 90 83 57 47 737
Lower White Nile 237,429 35 29 25 22 34 62 95 100 80 64 38 34 617
Bahr el Ghazal 549,714 51 48 53 50 68 81 93 95 88 80 62 53 823
Sudd 167,354 97 87 86 79 102 105 104 103 109 119 114 103 1,209

Baro-Akobo-Sobat 230,368 87 70 65 70 82 82 86 82 92 106 99 91 1,012
Albert Nile-Bahr al Jabal 80,432 85 72 88 87 105 100 94 93 105 114 113 88 1,144

Victoria Nile 86,192 93 77 90 89 91 85 82 84 90 101 99 86 1,067
Semliki-L.Albert 70,646 92 82 90 86 86 83 78 78 84 88 90 87 1,023

Lake Victoria 191,317 96 90 102 95 89 82 80 79 83 86 88 85 1,056
Kagera 58,115 77 67 82 83 82 73 68 69 68 71 79 71 891

The monthly ET layer for each sub-basin is presented in Table 2. These values represent a mix of
agro-ecosystems. The sub-basin with the highest ET per unit of land is the Sudd (1209 mm/yr) followed
by the Albert Nile—Bahr Al Jabal (1144 mm/yr). Both sub-basins host extensive wetlands and tropical
forests, and have a rich biodiversity. Mohamed et al. ([64]) estimated the ET rates of a 38,600-km?-wide
Sudd area to be 1636 mm/yr. The areas prone to floods were included in their analysis. The central part
of the Sudd (shown in Figure 4) displays actual ET rates between 1500 and 2000 mm/yr, similar to the
ET values reported by Mohamed et al. ([64]). The spatial coverage of the entire Sudd sub-basin is 167,354
km?, which is substantially larger than the area used by Mohamed et al. ([64]), and includes the pastures
surrounding the wetlands. This difference in area provides a logical explanation for the lower ET value
shown in Table 2 (1209 mm/yr). The lowest ET by sub-basin occurs in northern Sudan and upper Egypt
where the majority of the agro-ecosystem is desert (74 mm/yr). The impact of irrigation on the sub-basin
averaged ET is clear when considering the sub-basin average ET value for the Main Nile 1 sub-basin
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(472 mm/yr). This value is roughly an average value for a landscape consisting of double cropping
systems in the Nile delta (ET of 1000—1500 mm/yr) and desert land (ET of 10—-100 mm/yr).

Figure 4. Distribution of the annually accumulated actual evapotranspiration across the Nile
basin averaged for the period 2005-2010. The pixel size is 1 km. The data are based on
SSEBop being calibrated against ETLook and adjusted for interception energy.
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Hence, the average total ET for the Nile basin for the period 2005-2010 is 1987 km?/yr. The
FAO-Nile program estimated the total ET to be 1991 km?/yr (Hilhorst et al., [4]), being a difference of
less than 0.2%. Their methodology is based on a classical water balance calculation for sub-basins. Actual
ET over rainfed areas is assumed to be equal to the reference ETo when there is enough water stored in the
soil to allow actual ET fluxes to be equal to ETo. During dry periods, a soil moisture reduction term is
used. The land use map for irrigated areas was derived from AQUASTAT, and it was assumed that actual
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ET equaled ETo after correction with a crop coefficient that reflects pristine growing conditions, without
any moisture or salinity stress, following Allen ef al. ([65]). Open water and wetland evaporation was
estimated from reference evapotranspiration and calibrated through closure of the water balance.
Unfortunately, the boundaries of the sub-basins reported by Hilhorst ef al. ([4]) are not identical to the
official boundaries of the sub-basins outlined by the Nile Basin Initiative and used in this paper. It is
therefore more useful to compare ET expressed as a rate per unit of land, and not by volume. Except for
Bahr el Ghazal and Sudd, the differences are within 15% (see Table 3) and the RMSE is 295 mm/yr. The
overall correlation of R? = 0.92 between the FAO-Nile ET by basin and the aggregated ET value on the
basis of 1 km x 1 km pixels is encouraging, despite the differences between the geographical coverage.

Kirby et al. ([66]) estimated the ET (referred to as “water use”) to be 1828 km?/yr, with the majority
of the water being evapotranspired by grassland (937 km?*/yr), followed by woodland and other (563
km?/yr), rainfed agriculture (264 km®/yr), and irrigated agriculture (65 km®/yr). Remarkably, they did
not report on the evaporation from open water bodies, and that is one of the reasons that their total value
of 1828 km?/yr is lower than the 1987 km?®/yr found in this study. The Kirby e al. model calculates
actual ET based on potential ET and water availability. Potential ET acts as an upper boundary for actual
ET. Storage of water in soil and on the surface is calculated using a soil moisture bookkeeping procedure
and water balance equation. Sub-basins identified as Main Nile 1 and 2 are the irrigated areas in Egypt.
The average ET of these sub-basins for the period 2005-2010 is 35 km*/yr, and this number compares
well with the 35 km?/yr of ET in agriculture mentioned in the National Water Resources Plan for Egypt
(MWI, [67]). In addition, there is ET from surface evaporation (2.5 km*/yr), fallow land 0.9 km?/yr, fish
ponds (0.2 km®/yr), and municipal and industrial use (2.5 km?/yr). Some of these national-scale non-
agricultural ET values occur, however, outside the Nile basin. So, this ET number officially endorsed
by the Egyptian authorities agrees well with the Earth observation estimates.

Table 3. Comparison of longer term ET volumes (km*/yr) and fluxes (mm/yr) estimated by
FAO-Nile (1960-1990) and the adjusted USGS EROS SSEBop model (2005-2010). The
deviation is based on the ET flux values.

FAO-Nile Adjusted SSEBop Model

Description Area ET ET Description Area ET ET Dev

(km?) (km/yr)  (mm/yr) (km?) (km’/yr)  (mm/yr) (%)
Main Nile d/s Atbara 877,866 108.8 124 Main Nile 1,2,3 98,3375 105.7 107 13.3
Atbara 237,044 94.1 397 Tekezze-Atbara 231,492 104.8 453 -14.0
Main Nile d/s Khartoum 34,523 7.3 211 Main Nile 4 35,338 6.4 180 14.7
Blue Nile 308,198 266.0 863 Blue Nile 307,262 226.4 737 14.6
White Nile 260,943 144.5 554 Lower White Nile 237,429 146.4 617 -11.4
Bahr el Ghazal & el Arab 606,428 454.1 749 Babhr el Ghazal - Sudd 717,069 654.7 913 -21.9
Pibor-Akabo-Sobat 246,779 223.8 907 Baro-Akobo-Sobat 230,369 2332 1012 -11.6
Bahr el Jebel 136,400 163.1 1,196 Albert Nile-Bahr - al Jabal 80,433 92.0 1144 43
Kyoga-Albert 197,253 221.6 1,124 Victoria Nile Semliki - L.Albert 156,839 164.2 1047 6.8
Lake Victoria basin 264,985 307.5 1,160 Lake VictoriaKagera 249,433 253.8 1018 12.3
Total and average 3,170,419  1990.8 628 3,229,039  1987.6 616

3.3. Water Balance

The long-term average flows in the River Nile are measured and published in several sources. Based
on data from Sutcliffe and Parks [18] and others, river flows at various points in the Nile basin were
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compiled before by Dai and Trenberth [68], Awulachew et al. [69], El-Shabraway [70] and Johnston [71].
The water balance for every sub-basin can also be computed from the Earth observation-based P, ET and
AS data. It is a unique situation to have spatially distributed ET data. In combination with flow data, the
ET data will facilitate the understanding of the water balance of the Nile.

Congruency between P, ET and AS values can be obtained from the mass balance. The inflow and
outflow across sub-basins can be determined by accounting for P, ET and AS. Stream discharge gauges
were used to measure flows in the main river courses. Outflow of sub-basins does not follow the main
river course only. Inter-basin transfer also occurs through floods, smaller ungauged streams,
groundwater flow and irrigation canals. The large flood plain in southern Sudan, stretching from the
west (Bahr al Ghazal), across the center (Sudd) to the east (Baro Akabo Sobat), transfers large amounts
of water between sub-basins when the area is submerged. Ungauged streams traverse the hilly
topography and undulating terrain of the Bahr al Ghazal and Victoria Nile. The Gezira irrigation system
in Sudan is located in the lower White Nile sub-basin, and receives water released by the Roseires
reservoir in the Blue Nile sub-basin. Irrigation is thus an essential inter-basin transfer process.
Groundwater flow occurs in areas with strong groundwater recharge. A map with annual recharge rates
of 100400 mm/yr in the Nile basin was provided by MacAllister et al. [72] based on earlier work of
Bonsor ef al. [73]. The greatest recharge occurs in the Blue Nile, Sudd and Bahr al Ghazal. These areas
are conspicuous in Figure 5. Areas with P-ET > 700 mm/yr occur in the Blue Nile sub-basin at the
highlands of Ethiopia and Kenya. Values of P-ET also seem to be systematically higher in the
southwestern part of Lake Victoria than at the eastern side of the lake. All the blue areas with P> ET in
Figure 5 are net water producing areas. Besides the typical water towers at higher elevations, there are
also vast areas in north Sudan that produce a thin layer of water (P-ET > 50—100 mm/yr), which volume-
wise, contributes substantially to groundwater recharge and river flow (commonly via the groundwater
flow system and baseflow).

Excess water from the production areas are conveyed via streams and aquifers to the lower parts of
the basin. The largest water consumers (i.e., most negative P-ET pixel values) are (i) lakes and reservoirs,
(i1) wetlands and (iii) irrigated areas. The flooded area of the Sudd appears dominantly in Figure 5 due
to a high percentage of permanent open water bodies and swamps. The wetland areas in the Bahr al
Ghazal and Sobat also appear to be vast, although flood duration might be shorter than in the Sudd; due
to shorter flood seasons, the ET rates in Figure 4 do not exceed 1400 mm/yr. The irrigation systems in
Sudan are clearly visible, but P-ET is higher in absolute terms than for Egypt where the role of rainfall
is basically excluded. The Kenana irrigation system located at the right bank of the White Nile near the
town of Rabak is an exception, with rates of P-ET < 1000 mm/yr due to commercial monoculture
sugarcane plantations. Egypt and the Sudd wetlands have large areas where the ET exceeds P by more
than 1000 mm/yr, hence a substantial net withdrawal must occur.
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Figure 5. Water production areas (P > ET) and net water consumption areas (ET > P) for
the Nile basin over the period 2005-2010. Lateral transport of water occurs from positive to
negative areas, also non-conventionally via floods and groundwater flow
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Congruency of P, ET and AS was verified by comparing accumulated P-ET values from upstream to
downstream with outflow measured at discharge gauges. The accumulation of P-ET is zero at the water
divide and increases when going downstream along the river course trajectory. The accumulation of P-
ET reverses after passing flood plains and other points of substantial withdrawals. The closure errors
between the measured flow at discharge gauges and P-ET for each sub-basin are ascribed to ungauged
inter-basin transfer processes discussed before. Maps of groundwater recharge were used to estimate
whether the inter-basin-transfer is of surface or groundwater origin. The results are provided in Table 4.
It is estimated that the lower White Nile is a net receiver of surface and groundwater from floods and
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groundwater seepage in the southern part of the sub-basin. Bahr al Ghazal and the Sudd receive inter-
basin transfer during the flood season. Lake Victoria and the Victoria Nile discharge excess water
through ungauged streams and by means of deep percolation towards the flood plain areas in southern
Sudan. Inter-basin transfer in Egypt happens by leakage towards the Nubian Sandstone and Mohra
aquifers, among others (Shahin, [17]; Elsawwaf et al., [74]). Surface water resources are withdrawn and
transferred to newly reclaimed desert areas outside the Nile basin such as in Sinai, North Coast, Toshka
and Oweinat. The net result of all these exchanges is that 5 km?/yr of groundwater leaves the Nile basin
by inter-basin transfer in addition to a surface water amount of 2 km®/yr. The average outflow to the
Mediterranean Sea through the Nile branches and drainage canals of the Nile delta is estimated to be 14
km?/yr. The Egyptian National Water Resources Plan reports 12 km3/yr (drainage: 11.7 km?®/yr; rivers
0.2 km®/yr). Faures et al. [75] estimated that 12.5 km?/yr drains to the sea and lakes, 1.2 km*/yr directly
via the rivers. The agreement between the estimated outflow in the main river course of each sub-basin
and the flow measurements is presented in Figure 6. The RMSE is 3 km®/yr without any bias for the 15
discharge stations and the correlation is excellent (R? = 0.98).

Table 4. Annual water balance by sub-basin, averaged for the period 2005-2010.
‘Inter—basin transfer is estimated from closure of the water balance of each sub-basin.

SB Name Inflow P ET+I Net GW interbasin  Net SW interbasin AS Outflow
(km’/yr) (km%yr) (km%/yr) (km?/yr) (km3/yr) (km’/yr)  (km®/yr)
Main Nile 1 36 2 19 4 1 —-0.09 14
Main Nile 2 55 3 16 4 1 -0.22 36
Main Nile 3 79 51 71 4 1 0.10 55
Tekezze-Atbara 0 121 105 1 2 1.19 12
Main Nile 4 87 4 6 4 2 —-0.07 79
Blue Nile 0 299 237 5 6 1.54 50
Lower White Nile 25 122 141 -11 =7 -0.25 25
Bahr el Ghazal 0 435 446 -3 -10 1.00 1
Sudd 35 162 201 -9 -6 -1.25 12
Baro-Akobo-Sobat 0 242 232 -1 0 -1.17 13
Albert Nile-Bahr al Jabal 33 90 91 -2 -1 —0.08 35
Victoria Nile 28 100 93 3 5 —-0.56 28
Semliki-L.Albert 0 78 72 0 0 0.43 5
Lake Victoria 5 246 208 6 8 2.00 28
Kagera 0 57 52 0 0 0.78 5
NILE 2005 to 2010 2013 1987 5 2 3 14

The water balance check shows that P, ET and AS spatial data from different types of satellites are
consistent with the classical hydrological observations. The minor differences can be ascribed to
ungauged lateral transfer of water outside the main river courses, apart from the fact that the reporting
period of the discharge stations and the satellite data are not identical. Discharge measurement stations
are not always located at the boundary between adjoining basins. For instance, the peak flow in Dongola
is generally known to be 84 km®/yr, but Dongola is located in the central part of the Main Nile 3
sub-basin. The peak flow computed from P-ET is 87 km?/yr and occurs upstream of the Merowe dam.
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Figure 6. Relationship between estimated outflow through the main outlet of each sub-basin
for the period 2005-2010 and the longer term averaged measured river discharge.

>100 :

‘E 90 M Measured discharge
=< 80 - -

T Estimated discharge by
?’;f’ remote sensing

S 60

(8]

o

o

©

=

c

[

<<

€ 9|IN Ul
¥ 3N ule
3|IN an|g
ppns

“-3|IN Haq|VY
3|IN BLIOIIA
BLIOIDIA D¥e]

< Z
Y
5 5
z Z
© @
[l N

*-0qOYy-0.Jeg

eJeqiy-9zzaya)
“*3)YM J13MOT
[ezeyo |3 Jyeq
SSELTIVA ENTINENS

Considering this good agreement with flows and the plausibility of non-conventional inter-basin
transfers, which cannot be neglected, it can be concluded that the P-ET values are highly realistic.
Figure 5 is, to the authors’ knowledge, the first map of water producing and water consuming areas
published for the Nile basin, and due to the acceptable values for inter-basin border flow, this information
can be used for water accounting. Some examples of estimated drainage and withdrawals by agro-

ecosystems are discussed in the next section.
3.4. Net Water Producers and Consumers

The FAO-Africover Land Use-Land Cover (LULC) product was used as a basis for identifying the
agro-ecosystems with net production and net consumption of water. The results of the LULC map and
the link to rainfall and ET are provided in Table 5. The complete data set for 43 LULC classes is provided
in Appendix 1. The net water production comprises all non-consumed and non-utilized water resources
and is defined simply as P-ET. It is the total drainage of all non-consumed water, assuming zero changes
in storage. In cases where ET > P prevails, an effective rainfall coefficient of 70% (w = 0.7) has been
used arbitrarily, hence the surface runoff and drainage production is 30% of P. In reality, the w-factor is
climate, soil and land use dependent (e.g., Dastane, [76]), and more research is required to improve the
estimation of ® across heterogeneous landscapes. The remaining ET that cannot be met from P is referred
to as the incremental ET due to surface water or groundwater withdrawals. This extra water consumption
is feasible due to lateral transfer of water in the basin and can happen by manmade infrastructure or
through natural groundwater flows.

This analysis reveals that plantations are, in a relative sense, the major sources of exploited water in
the River Nile (P-ET: 300 mm/yr). Rainfed crops follow with a water layer of P-ET being 181 mm/yr.
Plantations and rainfed crops are both Modified Land Use. It is a positive signal that these forms of land
use generated by humans are the source of lateral flow. Because the rainfed crop area is five times larger
than for forest plantations, crop plantations generate 68.7 km?/yr excess water (runoff, drainage,
recharge), in addition to providing staple food. This is an excellent example of contributing simultaneous
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to food security and ecosystem services (Rebelo and McCartney, 2012 [77]). The majority of these
plantations can be found in the equatorial Nile region.

Table 5. Water production and consumption by land use-land cover class in the entire Nile
basin for the period 2005-2010. Production was computed as P-ET when P > ET. For cases
with ET > P, production was computed as 0.3 P. Net withdrawal was computed as ET-0.7 P.

WA+ Net
Code LULC Area ET ET P P P-ET Production Withdrawals
(km?) (mm/yr) (km%yr) (mm/yr) (km3/yr) (mm/yr) (km¥/yr) (km3/yr)
MLU2 Rainfed crops 380,180 749 284.6 929 3533 181 68.7 0
MLUI Plantations 74,806 850 63.6 1150 86.0 300 22.4 0
ULU4 Savannah 892,666 846 755.3 870 776.2 23 20.9 0
ULUS8 Pastures 441,240 423 186.9 442 194.9 18 8.1 0
MWUI17  Wetlands 10,057 1040 10.5 1092 11.0 52 0.5 0
MWUI11  Urban areas 58 769 0.0 815 0.0 46 0.0 0
ULUI19 Sinks 987 297 0.3 146 0.1 -150 0.0 -0,2
MLUI12 Urban areas 4740 473 22 142 0.7 -330 0.2 -1,8
PLU4 Bare land 196,017 91 17.9 64 12.6 =27 3.8 -9,1
MWU6 Reservoirs 6310 1566 9.9 48 0.3 —1518 0.1 -9,7
ULUI1 Bare land 679,835 62 42.1 52 35.4 -10 10.6 -17,3
MWU1 Irrigated crops 54,733 812 44.5 282 15.5 =530 4.6 -33,6
ULU16 Rivers and 89,489 1445 129.3 1335 119.4 -110 35.8 —45,7
natural lakes

ULUI10 Wetlands 112,648 1206 1359 960 108.1 —247 32.4 —60,2
ULUI Forests 285,271 1067 304.4 1053 300.5 —14 90.2 —94,1
Total 3,229,039 1987.3 2014.1 298 =272

A layer of 1581 and 530 mm/yr, respectively, is evaporated in excess of rainfall with respect to
reservoirs and irrigated crops. As pointed out before, the source of this incremental ET is not only surface
water, but can also be groundwater that seeps out in flood plain areas and in shallow water table areas. The
largest volumetric water consumer is forest. In addition to rainfall, forests consume 94 km?/yr extra, most
likely due to deep rooting and use of groundwater interflows. Forests in the Nile must be distinct
groundwater-dependent ecosystems. The total forest ET is 304.4 km?/yr, indicating that forest in the Nile
basin are substantial water consumers (304/1987 x 100%=15%). The gross rainfall is 300.5 km>/yr, and
all this rainfall water is certainly not available for forest ET, especially during heavy storms when surface
runoff from forested mountains is large. There is no runoff from forests during the dry season, and the fact
that ET remains high during the dry season implies that groundwater must be tapped into. The o = 0.7
correction factor is used for forests also. More research is needed on local forest hydrology processes to
estimate which part of the rainfall is stored in the root zone and subsequently available for root uptake
during dry years, and which part of the rainfall runs off. Van Eekelen ef al. ([40]) found for the Incomati
basin that the net withdrawals by forests were also substantially higher than irrigated crops, which supports
the findings for the Nile basin. Wetlands in the Nile basin have a net withdrawal of —60.2 km?/yr, which
reduces the flow of water to downstream areas. The incremental ET from open water bodies (i.e., rivers
and natural lakes; see Appendix 1) totals 45.7 km*/yr (Table 5). This total ET value for natural bodies of
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water should not be confused with the reservoirs that have an incremental ET of 9.7 km?/yr. Hence, the
natural lakes and rivers consume more water than the manmade lakes.

The irrigated area of 54,733 km? is in agreement with earlier estimates of 55,360 km? and 49,010 km?
made by Awulachew et al. [78] and Bastiaanssen and Perry [79], respectively. FAO [80] estimated the
total irrigation-equipped area in the basin at 50,790 km?. Hence, there are some acceptable differences
that can be attributed to the type of data survey, the period under consideration, and definitions of
irrigated areas. Table 5 indicates that the net withdrawal by the irrigation sector is 33.6 km?/yr.
Bastiaanssen and Perry [79] estimated the total net withdrawal to be 31.2 km?/yr for the year 2007; their
value is remarkably similar to the value derived in this study, given that different data sources were used,
and 2007 was a wet year with lower irrigation water requirements.

Awulachew et al. [78] estimated the current annual irrigation requirement—or gross withdrawal—to
be 65.9 km*/yr, which implies an average irrigation efficiency of 50% at a net withdrawal of 33.6 km*/yr,
which is a reasonable number for the current flood irrigation practices in the Nile basin. Hilhorst e al. [4]
report a basin-wide average irrigation efficiency of 49%. The FAO estimates of gross withdrawal were
67.7 km®/yr in 1997 and are thus close to Awulachew et al. [78].

4. Discussion

The growing water scarcity in developed and developing countries prompts water professionals to
deal more accurately with the management of water resources. Hydro-meteorological stations of rainfall,
weather and stream discharge provide point measurements. The data are not publicly accessible, and
many stations are dysfunctional. Actual ET is a key component of the water balance, but cannot be
measured easily using in situ devices. There are only three flux towers in the Nile basin that measure ET
flux. Access to spatially distributed P, ET and AS data from Earth observations has a number of
advantages including: (i) providing actual ET data that cannot be measured in situ, (ii) providing
information on all agro-ecosystems in Prediction of Ungauged Basins PUBs, (iii) the data are open-
access, (1v) the data are scientifically verified by the providing agencies who have strict data protocols,
(v) the source of the measurements is provided and can be inspected and verified in case of disputes, and
(vi) the data are archived indefinitely. The contribution of Earth observation data for improved
management of water resources in Africa will increase substantially if, in addition to rainfall products,
competing ET products are made freely accessible. The SSEBop and Alexi data sets would be a valuable
addition to the existing open-access MOD16 and LandSAF products for Africa. The provision of 30 m
EEFlux data in the near future will be another important contribution (Allen et al., [81]; Morton et al., [82]).
The new version of the Alexi model developed by Anderson et al. ([32]) has a spatial resolution of 1
km, and is also based on thermal infrared radiation. Alexi has been applied to the Nile basin in some
recent National Aeronautics and Space Administration (NASA) studies
(http://svs.gsfc.nasa.gov/vis/a000000/a004000/a004044/).

This paper has demonstrated that P-ET information is of strategic importance for describing the
redistribution of water resources in basins without flow meters. Agro-ecosystems that produce water
will need to be managed carefully, to ensure that they continue to provide this ecosystem service, and
that they sustain rainfall (van der Ent et al., [83]). Spatially discretized information on net water
withdrawals or incremental ET is also fundamental for discussions on redistribution of water among



Remote Sens. 2014, 6 10325

competing user groups. While classical statements concerning withdrawals are typically limited to
irrigated crops, this study demonstrates that groundwater-dependent ecosystems extract twice as much
by utilizing groundwater. In situations of droughts or dry years, it is especially relevant to prioritize
water allocations in terms of the most urgent and important user needs.

Although not discussed in detail, it was found that satellite information on storage changes is
fundamental, but not yet reliable. The GRACE data are only applicable for areas with minimum
dimensions of 300 km in the x and y direction. Changes in sub-soil moisture are not really measureable
with multi-spectral radiometers from space. While claims are made that sub-surface moisture is a
reflection of top-soil moisture processes (e.g., De Lange ef al., [84]), this supposition cannot be
supported in soil physical terms because complex 3-dimensional interactions between moisture in the
soil and the vertical and horizontal water fluxes are at play. Better Earth observations systems are needed
to compute sub-surface storage changes, especially for monthly-scale applications.

Every remote sensing algorithm has its own uncertainty and limitations. The accuracy is expressed
by the deviation between two values pertaining to a certain space and time domain, which is often
referred to as an error. The uncertainty is expressed by the range of likely values and the RMSE is a
good proxy for describing that range. The rainfall product from TRMM and RFE is validated by the
provisional agencies, and is estimated to have an error of 0.5 to 1.4 % at the basin scale when comparing
with independent sources. The RMSE values at sub-basin scale is 153 mm/yr (R? = 0.93), hence locally
there is more uncertainty of rainfall. The actual ET product deviates 0.2% at basin scale from the only
reliable alternative data source based on earlier FAO work. At the spatial scale of a
sub-basin, the RMSE is 295 mm/yr (R? = 0.92). This implies that local values of actual ET are more
uncertain than for rainfall. The congruency between rainfall and actual ET is excellent because the
estimated river flows at 15 discharge stations have a RMSE of 3,0 km*/yr only, and the mean discharge
is 100% accurate. We therefore believe that the water balance presented at the annual time scale for all
sub-basin level is highly accurate. Locally, the uncertainty will be substantially larger, especially when
dealing with monthly time steps. This is natural to any water balance analysis.

Bastiaanssen ([85]) and Karimi et al. ([38]) recommended a water accounting system based on Earth
observation data (see also www.wateraccounting.org). This paper confirms that some fundamental
processes can indeed be derived from satellite measurements, even for vast basins with many ungauged
catchments such as the Nile. Water accounting with the use of public domain Earth observation data is
feasible if such data can be coupled to a local hydrological model that recognizes essential processes
such as drainage, irrigation, recharge, baseflow and lateral groundwater flow. This is an attractive
possibility next to the more complex accounting systems proposed by System of Environmental-
Economic Accounting for Water SEEAW (United Nations, [86]), Australia (Australian Bureau
Statistics, [87]) and Europe (Crouzet et al., [88]).

5. Conclusions

This paper is the first to describe the water balances of the Nile Basin and its 15 major
sub-basins, based on Earth Observation data. Excess water flows from the water towers in the mountains
and forests in the equatorial Nile belt and the Ethiopian Highlands are quantified. The lateral transport
of water throughout the ungauged basin as a result of floods, groundwater movement, small ungauged
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streams, and withdrawals—planned for irrigation and unplanned for groundwater-dependent
ecosystems—are quantified.

Open-access data portals for rainfall and ET are fundamental in making water resources assessment
reporting feasible. While there are more than 15 operational rainfall products available, open-access ET
layers are currently provided only by the LandSAF product (i.e., TESSEL) and MOD16. ET data layers
from GLEAM, SSEBop, Alexi, CRMSET and EEFlux will likely become available within the next year.
New high frequency and high resolution spatial data measured by Proba-V, Sentinel and Landsat-8 series
satellites will enrich the current satellite data archives and enable refinement of ET and land use
products. While sufficient materials have been used to demonstrate the overall accuracy of the results
(the RMSE’s and R2 are acceptable, the discharge is congruent with P and ET, the irrigation withdrawals
match), further independent scientific ground verification of ET fluxes and rainfall is required in these
type of vast and transboundary river basins. Ideally, this should be done for small and instrumented
catchments, through the inclusion of more eddy covariance towers and rainfall measurements using
recent advances in technologies such as acoustic disdrometers (van de Giesen et al., [89]) or the
attenuation of microwave signals between telecommunication towers (e.g., Overeem et al., [90]).

The fluxes, flows and stocks presented in the paper can be used to determine monthly and annual
water accounts. The analysis of the Nile basin indicates that most water is produced in rainfed crop areas
(69 km?3/yr) followed by areas of forest plantations (22 km?/yr). The four agro-ecosystems with the
highest net withdrawals are forests (94 km®/yr), wetlands (60 km*/yr), open water areas (46 km?/yr) and
irrigated crops (34 km®/yr). Because the net withdrawal by irrigated crops could be validated against
third sources, and the total water balance for every sub-basin is closed, all class averaged net withdrawals
are believed to be accurate.
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Table Al. Comprehensive list of rainfall and ET by land use-land cover class. The classes
are coded by the standard defined by Water Accounting Plus (WA+).

WA+ Code Description LULC Area ET ET P P P-ET P-ET
(km?) (mm/yr) (km*yr) (mm/yr) (km¥yr) (mm)  (km/yr)
PLU4 Sand dunes Bare land 196017 91.4 17.9 64.1 12.6 -273 =53
ULU1 Closed trees Forests 9802 1182.2 11.6 1290.3 12.6 108.1 1.1
with closed to open shrubs
ULU2 Closed multilayered trees Forests 7109 1154.6 8.2 1286.4 9.1 131.7 0.9
(broadleaved evergreen)
ULU3 Open trees with open shrubs Forests 268360 1060.7 284.7 1038.7 278.7 —22.1 -5.9
ULU4 Closed shrubs Savannah 116480 1068.7 124.5 1096.5 127.7 27.8 32
ULUS Open general shrubs Savannah 342789 845.0 289.7 866.8 297.1 21.8 7.5
with closed to open herbaceous
ULU6 Closed shrubs with sparse trees Savannah 312953 693.8 217.1 738.6 231.1 44.8 14.0
ULU7 Closed low trees Savannah 120445 1030.2 124.1 998.2 120.2 -32.0 -39
with closed to open shrubs
ULUS Sparse herbaceous Pastures 419102  405.8 170.1 415.6 174.2 9.8 4.1
ULU9 Closed to very open grassland Pastures 22138  758.0 16.8 936.4 20.7 178.4 4.0
ULU10 River bank Wetlands 535 751.8 0.4 193.1 0.1 —558.8 0.3
ULU11 Bare soil stony (deep soil) Bare land 117213 33.1 39 30.7 3.6 -2.3 -0.3
ULU12 Bare soil stony under reclamation  Bare land 23530 386.9 9.1 384.2 9.0 =2.7 —-0.1
ULU14 Bare rock with a thin sand layer Bare land 396767 51.9 20.6 39.6 15.7 -122 —49
ULU16 River Open water 4423 967.7 43 409.8 1.8 -5579 =25
ULU17 Natural lakes Open water 85066 1469.3 125.0 1382.9 117.6 -864 74
ULU18 Post Flooding Herbaceous Crop, ~ Wetlands 25093 1111.3 27.9 938.4 23.5 -1729 -43
Medium Fields
ULUI19 Salt fields Sinks 987 297.0 0.3 146.5 0.1 -150.5 —0.1
ULU20 Closed medium herbaceous Wetlands 112 787.4 0.1 74.6 0.0 -712.8 -0.1
on permanently flooded land -
brackish water
ULU21 Bare soil Bare land 142325 59.8 8.5 49.5 7.0 -10.3 -1.5
ULU24 Open general woody Wetlands 77743 1231.0 95.7 980.5 76.2 -250.5 -19.5
with closed to open herbaceous
on temporarily flooded land
ULU25 Closed trees on permanently Wetlands 9166 1286.6 11.8 894.6 8.2 -392.0 -3.6
flooded land - fresh water
MLU1 Forest Plantation Plantations 74806 850.0 63.6 1150.0 86.0 300.0 22.4
MLU2 Rainfed Tree Crop Rainfed 189204 869.4 164.5 1142.8 216.2 273.5 51.7
crops
MLU4 Rainfed Herbaceous Crop Rainfed 8952 752.4 6.7 350.7 3.1 —401.8 3.6

crops
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Table Al. Cont.
WA+ Code Description LULC Area ET ET P P P-ET P-ET
(km?) (mm/yr) (km’/yr) (mm/yr) (km/yr) (mm) (km?/yr)
MLUS Rainfed Herbaceous Crop Rainfed 107661 541.4 58.3 618.1 66.5 76.7 8.3
crops
MLU6 Rainfed Shrub Crop/orchard Rainfed 2634 904.1 2.4 1103.2 2.9 199.1 0.5
crops
MLU7 Rainfed Herbaceous Crop Rainfed 70564 732.2 51.7 895.9 63.2 163.7 11.6
crops
MLU8 Rainfed Shrub Crop Rainfed 1165 866.1 1.0 1077.7 1.3 211.6 0.2
crops
MLUI2 Dumps / deposits Urban 3 177.7 0.0 147.7 0.0 -30.1 0.0
areas
MLU14 Airport Urban 94 401.9 0.0 360.5 0.0 —41.4 0.0
areas
MLU16 Urban areas Urban 3490 503.3 1.8 60.3 0.2 —443.0 -1.5
areas
MLU17 Rural settlements Urban 1153 386.0 0.4 372.4 0.4 —-13.6 0.0
areas
MWU1 Irrigated Herbaceous Crop Irrigated 12983 744.3 9.7 287.8 3.7 —456.5 -5.9
crops
MWU2 Irrigated Herbaceous — Cereal Irrigated 9275 835.5 7.7 351.2 33 —484.3 —4.5
crops
MWwWU2 Irrigated Herbaceous Crop Irrigated 5621 839.2 4.7 41.7 0.2 =797.5 —4.5
(1 add. Crop) Large to crops
Medium Fields — Maize, Clover
MWU3 Irrigated Orchard, Irrigated 17698 822.3 14.6 428.3 7.6 -3940 7.0
Small Fields - Citrus spp. crops
MwU4 Irrigated Herbaceous Crop Irrigated 6449 921.0 5.9 68.8 0.4 —852.2 =55
(1 add. Crop) Small Fields crops
MWU5 Irrigated Forest Irrigated 2707 682.2 1.8 75.7 0.2 —606.5 -1.6
Plantation - Eucalyptus crops
MWU6 Artificial Lakes or Open 12 1156.3 0.0 461.9 0.0 —-694.4 0.0
Reservoirs water
MWUS Snow Open 5918 1642.6 9.7 46.1 0.3 -1596.5 -94
water
MWU10 Fish Pond Open 381 391.3 0.1 66.2 0.0 —325.1 0.1
water
MWUI11 Refugee camp Urban 33 765.7 0.0 821.9 0.0 56.2 0.0
areas
MWU15 Urban Areas Vegetated Urban 25 772.8 0.0 806.5 0.0 33.7 0.0
areas
MWU17 Open trees with closed to Wetlands 5443 984.4 54 1101.4 6.0 117.0 0.6
open herbaceous on
temporarily flooded land
MWUI18 Very open trees with Wetlands 4614 1105.2 5.1 1080.4 5.0 —24.7 —0.1
closed to open shrubs
on temporarily
flooded land - fresh water
Total 3229039 1987.3 2014.1 26.8
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