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Abstract: The demand for calculating and mapping water yield is increasing for inaccessible locations
or areas of conflict to support decision makers. Integrated Valuation of Environmental Services
and Tradeoffs (InVEST) was applied to simulate basin hydrology. InVEST is becoming popular in
the water modeling community due to its low requirements for input information, level of skill
and model setup is available to the public domain. Estimation and mapping of water production,
evapotranspiration and precipitation of the Nile River Basin have been performed by using open
access data. This study utilized climate, soil and land use related data to model the key components
of the water balance in the study region. Maps of the key parts of water balance were also produced.
The spatial patterns of precipitation, actual evapotranspiration and water yield show sharp decline
from south to northern part of the study basin while actual evapotranspiration fraction happens to
the opposite. Our analysis confirms the ability of the InVEST water yield model to estimate water
production capacity of a different part of a basin without flow meters.
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1. Introduction

According to Haines-young and Potschin [1], (p. 1), “no matter who we are, or where we live, our
well-being depends on the way ecosystems work” because ecosystems are sources of basic needs that
we depend on for our basic necessities, such as wood, food, clothes, shelter and medicines. Ecosystems
also regulate the environment we live in through water and nutrient cycles, protect us from natural
hazards like soil erosion and tsunamis; and they have spiritual and recreational values, but these
benefits we get from ecosystems are simply overlooked. Recently, ecosystem services modeling is
centered on water because fresh water is indispensable for food production, industrialization, domestic
use, hydropower, fisheries, recreation and the entire natural functioning of ecosystems [2]. However,
fresh water production is affected by population growth, land use, land cover change and climate
change. For example, fresh water is becoming a source of conflict between riparian countries due to
scarcity of fresh water availability in the Nile River Basin. To make the right decision and manage
water resources properly, spatial and temporal information of the different components of freshwater
availability is required [3,4], but there is a lack of adequate information to support decisions in
sub-Saharan Africa [5].
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Efforts have been made to develop hydrological models by national and transnational
organizations to encourage transboundary water collaboration and administration. For instance,
the Georgia Institute of Technology developed the Nile Basin Decision Support Tool (DST) under
the FAO-Nile project [6] for the Nile Basin Initiative (NBI), but the model setup is not reachable by
practitioners and researchers. Maryland University has also developed NileSim water simulation
model for the whole Nile Basin to be used by non-technical people. The model was intended to be
freely accessible from the web, but it is no longer available [7].

In order to overcome model input data scarcity, newly developed models used remotely sensed
data as inputs in the study area. For example, Mohamed et al. [8] developed a model over the
whole Nile River Basin watershed. Senay et al. [9] also modeled the water balance dynamics of the
whole Nile River Basin. For the period 1951–2000, Kirby et al. [10] developed a simple water model
of the Nile River Basin. Africa-wide runoff distribution estimation was conducted by Senay and
Verdin [11] at different watershed levels. More recently, Bastiaanssen et al. [12] modeled the water
balance property of the whole Nile and its watersheds using remote sensing data for the first time.
However, evapotranspiration data, an important part of the hydrological system, is not currently
available. Even though the findings of the aforementioned researches are undoubtedly important,
Johnston and Smakhtin [13] point out that they are neither published nor accessible. In addition, the
findings of modeling may be accessible, whereas model setup is not reachable due to political reason in
trans-boundary basins like the Nile River. Furthermore, Schuol et al. [14] modeled water yield, actual
evapotranspiration, and soil water of the entire African continent at sub basin resolution by applying
the Soil and Water Assessment Tool (SWAT) (USDA-ARS, Washington, DC, USA and Texas A&M
AgriLife Research, Dalas, TX, USA). Although SWAT is standard, publicly available and extensively
applied for the sub basins of Nile River, in their review of 22 SWAT models, nine of which were water
balance, Van Griensven et al. [15] discovered a lack of validation of the result and model calibration as
well as unusual results of different studies on the same or similar catchments.

Although comparisons of the basin-wide models were rare, the results of simple water balance
models are comparable with complex models [16,17]. Therefore, introducing a model requires low
input data and level of skills, and utilizing open access data and the actual model setup in the public
domain has paramount importance. Integrated Valuation of Environmental Services and Tradeoffs
(InVEST) (The Natural Capital Project) annual water yield model has been developed according to
these points of view [18].

InVEST is a collection of open-access and freely available software models applied to map and
value ecosystem services from nature for sustaining normal ecosystems’ functioning. Currently,
InVEST consisted 18 different ecosystem service models for terrestrial, freshwater, marine, and coastal
ecosystems. In addition, it has many “helper tools” to assist input data processing and visualizing
model output. It can function in the ArcGIS Arc Toolbox environment or independently. We selected the
InVEST annual water yield among the eighteen models. This model used simple production function
compared with other processed-based hydrological models. The main strengths of the model are its
low input data requirements, ease of use and model calibration being simple and objective. The model
has acknowledged limitations. It neglects surface and base flow partitioning and inter-annual water
delivery timing (see [18], for details).

This study aims to introduce the InVEST water yield model and demonstrate its applicability in
the Nile River Basin to calculate and map water production. The model introduced here is an attempt
to calculate and map spatial distribution of water production for the Nile River Basin and its sub-basins
system delineated by NBI in 2016 using open access and globally available data. In the first part of the
paper, we review previous studies about the hydrology of the Nile River Basin and the purpose of this
study. The next parts deal with the physical characteristics of the Nile River Basin and methodology.
Then, model results are described. This paper ends with a discussion and conclusion of the model's
performance and its applicability in the Nile River Basin using open access data.
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2. Materials and Methods

2.1. Study Area Description

According to NBI [19], the Nile is 6695 km long and drains over 3,176,541 km2, which makes it
the longest river on the planet earth and covers almost 10% of the African mainland. The Nile River
flows through 11 countries of northeast Africa including Ethiopia, Tanzania, Sudan, Egypt, Kenya
and has 10 sub-basins (see Figure 1). The main tributaries of Nile River are the White Nile with its
upstream catchments fed by rivers originating in Burundi and in Rwanda and the Blue Nile originating
in Ethiopia. Sobat River, Atbara River and Bahr el Ghazal are also contributing significant amounts of
water for the Nile River. The Nile River flow shows the highest level of variability both in time and
space compared with World’s main river basin. The contribution of Ethiopian highlands is nearly 80%
of the total flow in Egypt, whereas the lower Nile contributes a negligible amount [13].

The Nile River Basin is inhabited by 257 million people, which is more than half of riparian
countries’ total residence. A significant portion of the Nile Basin are arid and semi-arid ecosystems that
determine the distribution of the population within the basin. Livelihoods of the riparian communities
are entirely dependent on water resources of the Nile. Sustainable management of the shared waters is
challenged by uneven distribution of the water between the riparian countries, population pressure,
urbanization, scarcity of hydrological data, complex hydrology of the Nile system and climate change.
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2.2. The InVEST Annual Water Yield Model

The InVEST annual water yield model is a biophysical water balance model that computes
water production capacity for the different parts of the watershed or sub-watershed. The Natural
Capita Project developed this model to quantify water production of a landscape, and it is under
development [18]. We used version 3.3.3 of InVEST water simulation to simulate annual mean water
production of the Nile River Basin. It calculates water production at a pixel level to capture the
heterogeneity of the landscape but reported at a watershed or sub-watershed level. The InVEST
annual water yield is selected for this study because of its applicability in data scarce areas such as
the Nile Basin. The model is designed to accept globally available data and its structure is limited to
key biophysical processes involved in land-use change. This study could be regarded as the first to
test the practical applicability of InVEST water yield model based on remote sensing data for water
yield estimation in the Nile River Basin. Therefore, our study will pave the way for non-technical
people to evaluate the impact of land use change on water production capacity of the ecosystem
at the local scale in the study area by avoiding the problem of observed data paucity. The InVEST
Annual water yield model used a simple assumption compared with other water balance models.
It assumes water production (y) for each pixel (x) of the landscape as annual precipitation (p) minus
annul evapotranspiration (AET) (Equation (1)):

y(x) =
(

1 − AET(x)
p(x)

)
× p(x). (1)

Catchment level actual evapotranspiration measurement is practically highly problematic.
To overcome this problem, the InVEST associates AET to potential evapotranspiration (PET) following
Zhang et al. [20] (Equation (2)):

AET(x)
P(x)

= 1 +
PET(x)

P(x)
−

[
1 +

(
PET(x)

P(x)

)ω]1/ω

. (2)

PET can be easily calculated by multiplying reference evapotranspiration with crop coefficients of
each pixel (Equation (3)):

PET(x) = Kc(lx)× ETo(x). (3)

Following Donohue et al. [21], ω(x) is defined as follows because ω is characterized by
precipitation, plant available water content (AWC) and seasonality factor (Z), which elucidate local
hydrological properties including precipitation pattern (Equation (4)):

ω(x) = Z
AWC(x)

P(x)
+ 1.25. (4)

The minimum value of ω(x) is 1.25 at which the ground is bare. According to Donohue et al. [21]
and Yang et al. [22], the average values of ω(x) are approximately five.

2.3. Model Input Variables and Preparation

The InVEST annual water yield model required nine tabular and biophysical parameters. These
are climate and environment related for example precipitation, evapotranspiration, root restricting
layer depth, plant available water content, watershed, sub-watersheds, land use and land cover,
biophysical table and Z parameter.

The most essential input data for water balance modeling is precipitation. In our study, openly
accessible precipitation product from WorldClim version 1.4 was applied. It is average monthly
precipitation for 12 months from 1960–1990 with a spatial resolution of about 1 km2 [23]. The second
largest water balance modeling input data is ETo. The Consultative Group on International Agricultural
Research, Consortium on Spatial Information (CGIAR-CSI) dataset was the source of an average annual
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ETo for this study. We obtained data for the period 1950–2000 with 1 km2 spatial resolution, which
is in the range of the precipitation data temporal resolution [24]. We used Harmonized World Soil
Database version 1.2 to generate root restricting layer depth and Plant Available Water Content for this
study. Root restricting layer depth is not available in the study area; reference soil depth was used as
a proxy [25]. Land Use and Land Cover (LULC) datasets of the study area for 1981–1994 with 1 km2

spatial resolution was provided by the University of Maryland [26]. Watershed and sub-watersheds of
the study area was obtained from NBI on request, which was delineated in 2016.

Zhang constant (Z parameter) is an empirical constant that characterizes the seasonality of
precipitation, and additional hydrogeological properties within possible ranges of values between
1 to 30. Calibration, using local ω values and using the annual number of rain events, are the
three options to calculate Z parameter proposed by the InVEST user’s guide [18]. For our study,
we used local ω values and Z = (ω − 1.25) × (P/AWC). In addition to the aforementioned
biophysical parameters, the model also needs tabular data of each LULC type like root depth,
plant evapotranspiration coefficient and cover type of the land. We estimated root depth following
Canadell et al. [27] and evapotranspiration coefficient based on Allen et al. [28] and the InVEST user
guide [18]. Tables A1 and A2 in the Appendix A present a summary of input parameters used for
this study.

3. Results

3.1. Model Calibration and Result Validation

Model calibration and validation are necessary and should be performed using long-term average
streamflow [18]. Unlike the development of any complex or process-based hydrological model where
calibration and validations of model is challenging and a certain degree subjective, model calibration
and validation for InVEST is simple and objective. We delineated sub-watershed above Diem stream
gauge where observations are measured with the InVEST RouteDEM program and created a shapefile
of Upper Blue Nile sub-watershed. Then, we run the simulation for the Upper Blue Nile sub-watershed
and compared model results with the observed data obtained from NBI and Ministry of Water and
Energy, Ethiopia.

We used Diem station hydrological records from 1914 to1964 for model calibration and from 1965
to 2014 for result validation. The Diem station was purposefully selected because the flow at this station
can be considered approximately natural flow conditions due to limited man-made interventions, and
contributes to about 70% of the combined flows of all Nile tributaries [19]. Therefore, calibrating the
model and validating the result with Diem station record is ideal. The initial model result was compared
with measured flow data. Then, we adjusted plant evapotranspiration coefficients and root depth for
each LULC class based on available data and literature. After we fine-tuned plant evapotranspiration
coefficients and root depth for each LULC class manually, hydrological simulation for the Upper Blue
Nile sub-watershed was carried out. We applied the pairwise comparison statistics techniques like
Bias, Root Mean Square Error (RMSE) and Mean Error (ME) for evaluation of model estimates of
annual water yield. The ME and RMSE values of the calibration results were −0.02 km3/year and
0.02 km3/year, respectively, which are near the perfect score zero. In addition, the Bias value of the final
calibration result was 0.99, which is near the ideal value of Bias (1.00). Finally, hydrological simulation
for the entire Nile Basin was carried out. The final model result was compared with measured flow
data for Upper Blue Nile sub-watershed using Zonal Statistics (Figure 2). The ME and RMSE value
of the final model results were −0.03 km3/year and 0.03 km3/year, respectively, which are near the
perfect score zero. In addition, the Bias value of the final model result was 0.99, which is near the ideal
value of Bias (1.00). The aforementioned parameters determined through such validation were used
for the model and results.
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Nile sub-watershed for the period 1960–1990.

3.2. Mean Annual Precipitation

The mean annual precipitation of WorldClim version 1.4 value between 1960–1990 is 596 mm/year
(2014 km3) for the whole Nile Basin (3,379,295 km2). Kirby et al. [10] simulated rainfall volume of
the whole Nile Basin using Climate Research Unit (CRU TS 2.10) data between 1901–2002. Their
finding shows that the total volume of rainfall is 2043 km3/year or (627 mm/year), which is very
close to the amount used in our study (deviation is +5%). Food and Agriculture Organization (FAO)
conducted the irrigation potential of Nile Basin. The finding of FAO’s study shows that the mean
annual rainfall amount of the whole basin is 615 mm, which is close to our study result (deviation is
+3%) [29]. Bastiaanssen et al. [12] also computed Nile Basin water balance using Rainfall Estimates
(RFE) data for the period 2006–2010. Their finding shows 600 mm is the average rainfall value of Nile
River Basin, while our simulation shows that 596 mm is the average rainfall of the Nile. These results
are comparable with Bastiaanssen et al. (deviation is −0.6%).

Figure 3 shows the mean annual precipitation of all 10 Nile sub-watersheds from the years
1960–1990. Lake Victoria, Victoria Nile, Lake Albert, Blue Nile and Baro-Akobo-sobat sub-watersheds
generated high rainfall in the study area almost greater than 1000 mm/year. Therefore, Uganda,
Ethiopia, Kenya and South Sudan received high precipitation in the Nile River Basin. Low precipitation
totals (46.61 mm) were exhibited in Sudan and Egypt, the Main Nile sub-watershed. Hence,
the northern part of the Nile Basin (Sudan and Egypt) are totally dependent on upstream watersheds
rainfall surplus to access water.
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3.3. Actual Evapotranspiration

While actual ET is the second largest hydrological flow path, the generation of open-access data
sets for actual ET is in the infant stage and is not available online. Therefore, we used the InVEST
model to estimate AET from Eto and Kc as a new model, and this was applied to the Nile River Basin.

Table 1 shows the estimated mean annual actual ET for all 10 Nile sub-watersheds. Lake Victoria
(992.75 mm/year) is the sub-watershed with the maximum actual ET followed by Victoria Nile
(969.8 mm/year) and Lake Albert (910.78 mm/year), respectively. These sub-watersheds host extensive
water bodies, forests and different biodiversity. In most of these areas, mean annual precipitation goes
above 1150 mm. The lowest actual ET by sub-watershed occurs in the Main Nile where most of the
agro-ecology is bare ground and the agro-ecology is desert (46.47 mm/year).

Table 1. Precipitation, actual evapotranspiration and water yield of Nile sub-watersheds.

Sub-Watersheds Area (km2)
Precipitation

mm/year AET mm/year Water Yield Volume Billion
m3/year

White Nile 270,753 513 496 4.60
Main Nile 1,102,339 47 46 0.04

Lake Victoria 264,083 1195 993 53.20
Victoria Nile 85,643 1200 970 19.62
Lake Albert 74,799 1180 911 19.89

Blue Nile 319,831 1041 781 82.86
Baro Akobbo Sobat 207,447 1025 863 33.50

Bahr El Jebel 187,610 990 848 26.55
Bahr El Ghazal 618,324 754 670 51.29
Tekeze Atbara 248,219 477 424 12.87

Actual ET of the Nile Basin is estimated by Kirby et al. [10] as water use utilized by different
ecosystems in the basin. The authors’ findings show that the total volume of actual ET is 1828 km3/year,
being a difference of less than 7% compared with our results.

According to Bastiaanssen et al. [12] producing spatially distributed ET data for the Nile is
a unique situation because ET data along with flow data could increase our understanding on water
balance in a basin. In addition, distributed annual ET can be used to evaluate the response of the
landscape based on its rainfall distribution. Figure 4 below shows average annual AET for the period
1950–2000 at 1 km2 spatial resolution.

Sustainability 2018, 10, x FOR PEER REVIEW  7 of 14 

3.3. Actual Evapotranspiration 

While actual ET is the second largest hydrological flow path, the generation of open-access data 
sets for actual ET is in the infant stage and is not available online. Therefore, we used the InVEST 
model to estimate AET from Eto and Kc as a new model, and this was applied to the Nile River Basin. 

Table 1 shows the estimated mean annual actual ET for all 10 Nile sub-watersheds. Lake Victoria 
(992.75 mm/year) is the sub-watershed with the maximum actual ET followed by Victoria Nile (969.8 
mm/year) and Lake Albert (910.78 mm/year), respectively. These sub-watersheds host extensive 
water bodies, forests and different biodiversity. In most of these areas, mean annual precipitation 
goes above 1150 mm. The lowest actual ET by sub-watershed occurs in the Main Nile where most of 
the agro-ecology is bare ground and the agro-ecology is desert (46.47 mm/year). 

Table 1. Precipitation, actual evapotranspiration and water yield of Nile sub-watersheds. 

Sub-Watersheds Area 
(km2) 

Precipitation 
mm/year 

AET 
mm/year 

Water Yield Volume Billion 
m3/year 

White Nile 270,753 513 496 4.60 
Main Nile 1,102,339 47 46 0.04 

Lake Victoria 264,083 1195 993 53.20 
Victoria Nile 85,643 1200 970 19.62 
Lake Albert 74,799 1180 911 19.89 

Blue Nile 319,831 1041 781 82.86 
Baro Akobbo Sobat 207,447 1025 863 33.50 

Bahr El Jebel 187,610 990 848 26.55 
Bahr El Ghazal 618,324 754 670 51.29 
Tekeze Atbara 248,219 477 424 12.87 

Actual ET of the Nile Basin is estimated by Kirby et al. [10] as water use utilized by different 
ecosystems in the basin. The authors’ findings show that the total volume of actual ET is 1828 
km3/year, being a difference of less than 7% compared with our results. 

According to Bastiaanssen et al. [12] producing spatially distributed ET data for the Nile is a 
unique situation because ET data along with flow data could increase our understanding on water 
balance in a basin. In addition, distributed annual ET can be used to evaluate the response of the 
landscape based on its rainfall distribution. Figure 4 below shows average annual AET for the period 
1950–2000 at 1 km2 spatial resolution. 

 
Figure 4. Spatially distributed average annual AET of the Nile basin for the period 1950–2000. Figure 4. Spatially distributed average annual AET of the Nile basin for the period 1950–2000.



Sustainability 2018, 10, 810 8 of 14

3.4. Water Balance

InVEST annual water yield model assumes that all water in excess of evaporative loss is runoff
or water yield. Figure 5 show the estimated annual runoff (Figure 5a), while Figure 5b shows
estimated actual evapotranspiration fraction of precipitation that actually evapotranspires. Lake
Victoria, Victoria Nile, Lake Albert, Blue Nile and Baro-Akobo-sobat are sub-watersheds where
maximum runoff generated and areas with low actual ET fraction in Figure 4b show high runoff.
The spatial distribution map of runoff volume produced in our simulation is in line with the findings
of previous researchers [9,11].
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Figure 5. (a) estimated annual water yield (mm); (b) estimated actual ET fraction.

The estimated water yield volume of each sub-watershed is presented in Figure 6. Annual average
water yield is 304.51 km3, but water yield shows large spatial variation ranging from 0.04 km3 in Main
Nile to 82.86 km3 in Blue Nile. The highest water yield is generated from Blue Nile, Lake Victoria
and Bahr el Ghazal sub-watersheds at 82.9 km3, 53.2 km3 and 51.3 km3, respectively. A considerable
amount of water is also generated from sub-watersheds in the southern part of the Nile Basin, but
contribution of sub-watersheds in the northern part of the basin is negligible.

Conway [30] produced an estimated water yield of 47.4 km3 between 1951 and 1987 for Abay
Basin (Upper Blue Nile sub-watershed) utilizing a zone of 176,000 km2, which has similar temporal
resolution to this study. Using the 176,000 km2 area utilized by Conway, 82.86 km3 stated in Table 1
is equivalent to 45.6 km3, which is similar to the findings of Conway. Bastiaanssen et al. [12] also
reported an estimated water production of about 298 km3 for 3,229,039 km2 of the Nile Basin area
between 2005 and 2010. Using the 3,229,039 km2 area utilized by Bastiaanssen et al., 304.5 km3 stated
earlier is equivalent to 291 km3, which is similar to the findings of Bastiaanssen et al. (−2.42%).
Despite the fact that the InVEST water yield model is very simple, the closeness (within 2.42%) of the
water production calculated for the Nile Basin shows the applicability of the model to estimate water
balance components.
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4. Discussion

4.1. Major Water Balance Components of Nile River Basin

In most African countries where the Nile River is situated, hydro-meteorological data are not
available to the public domain. Therefore, application of complex hydrological models is difficult
compared with simple hydrological models. In addition, the results of the simple hydrological model
are far better than complex models due to data scarcity for model calibration and result validation
for complex models [8,10,13,15,17]. Hence, the model introduced here is to predict water production,
AET and precipitation of the Nile River Basin and its sub-basins system based on remotely sensed and
globally available data with the simple model (InVEST).

Our finding shows that the InVEST water yield model can produce acceptable spatial distribution
of water yield in different parts of the study basin. Therefore, the model accurately displays relative
water yield contribution of each watershed in the study area (Figure 7).
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4.2. Uncertainties in This Model

Although the InVEST water yield model has good performance for estimating relative water
production contribution of watersheds in the study area, model result accuracy is still dependent on
empirical validation, which is difficult in scarce areas for observed data [31]. In addition, the InVEST
water yield model has recognized limitations because water transfer, seasonal water production and
partitioning between surface and ground water flow are not captured by the model [18].

Each open-access precipitation product has benefits and drawbacks, although providing
organizations have firm data protocol and scientifically verified their products. Therefore,
investigations are required to decide which data is appropriate for specific location, which is beyond
the scope of this study [12,32–34]. This shows that certain uncertainty in the precipitation product
exists. Another uncertainty in the model input data is the selection of Z parameter. The robust way of
selecting Z parameter is calibration if there is enough observed data [35]. Since our study area is vast
and has complex topography, it is hardly possible to calibrate Z parameters. Therefore, this is a source
of model structural uncertainty. However, we used one of the recommended ways of Z parameter
selection by Sharp et al. [18].

4.3. Practical Implication

Decision-makers and development planners require spatial and temporal information for different
components of freshwater availability to make rational decisions and sustain ecosystem service
provision for water. However, there is a lack of such information in the study area because of scarce
input data for hydrological modeling in general and state-of-the-art models in particular. Hence,
complex models demanding high input data and level of skill are difficult to use in the study area
because hydrological data and model setup are not available in the public domain [12]. The aim of our
research is to introduce the InVEST water yield model as it is user friendly, applies remotely sensed
information, and model setup is easily accessible. Thus, non-technical people can use this model to
evaluate the outcome of policy and development options implemented in different parts of the basin
by downloading input data and model setup from the Internet.

This paper confirms that the ability of the InVEST water yield model to estimate annual spread of
water yield production in the study area without flow meters. The model clearly shows the contribution
of each landscape to the annual water production of the basin, which helps to prioritize which part of
the basin will maximize water production ecosystem service if it is managed properly.

Bashar et al. [17] and Awulachew et al. [16] concluded that the accuracy of results from simple
water balance models is better than more complex ones because of inadequate observed data for input,
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model calibration and result validation of complex models in the Nile River Basin. Mohamed et al. [8],
Kirby et al. [10] and Bastiaanssen et al. [12] also suggested the use of remote sensing data in the Nile
Basin to solve input data problems. Therefore, this study introduces a simple water balance model
entirely dependent on open access and freely available data. We believed that the InVEST water yield
model is capable of estimating water production contribution of different parts of the basin, although
it has accepted limitations and simplifications. In order to evaluate this capability, future work should
intend to compare the InVEST water yield model with process-based models.

5. Conclusions

Our work aimed to introduce the InVEST water yield model and demonstrate its applicability
using the Nile River Basin to calculate and map the annual water yield. Annual water yield of the Nile
Basin and its sub-watersheds were computed. The spatial distribution of annual water yield indicates
a higher amount in the upstream, whereas the contribution of downstream portion is insignificant in
the study area. The annual water yield volume of our result is very similar (97.58%) with the result of
state-of-the-art models published before in the study area. Furthermore, the spatial distribution map
of the annual water yield is similar to runoff maps published by other researchers. Hence, the InVEST
water yield model is capable of predicting water production patterns within large transboundary river
basins such as the Nile without flow meters.

The introduction of simple water balance models has paramount importance for practical
applications. Therefore, this model will help to evaluate the effects of implemented development
strategies on water production capacity for different landscapes in the Nile River Basin. However,
more research is recommended to assess model performance and compare with process-based models.
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Appendix A

Table A1. Inputs data sources and statistics for water yield module (InVEST 3.3.3). Raster statistics are
for the entire Nile river basin.

Input Data Type or Format Value (Mean and Range) Spatial Resolution Sources

Average annual
precipitation (mm) GIS raster 597 (1–2296) 1 km × 1 km WorldClim [23]

Average annual
ETo (mm) GIS raster 1970 (746–2340) 1 km × 1 km CGIAR CSI [36]

Soil depth (mm) GIS raster 835 (100–1000) 1 km × 1 km FAO, IIASA [37]

PAWC (mm) GIS raster 0.14 (0–0.3) 1 km × 1 km FAO, IIASA [37]

LULC GIS raster see Table A2 1 km × 1 km Global Land Cover
Facility (GLCF) [38]

Watershed and
Sub-watersheds

GIS
polygon/Shapefile - - NBI [19]

Root Depth Per LULC class see Table A2 - [27,28]

Kc Per LULC class see Table A2 - [18,28]

Z parameter Integer number 14.91 (1–30) - [18]
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Table A2. Biophysical table used for the InVEST model run, giving the root depth and Kc for each
LULC class (values from [18,26,27]).

LULC Description LULC Code Kc Root Depth LULC_veg

Water 0 0.9 500 0
Evergreen Broadleaf Forest 2 1.05 7000 1
Deciduous Broadleaf Forest 4 1.05 7000 1

Woodland 6 0.85 3000 1
Wooded Grassland 7 0.85 5000 1
Closed Shrub land 8 0.35 3000 1
Open Shrub land 9 0.35 3000 1

Grassland 10 0.82 5000 1
Cropland 11 0.81 1000 1

Bare Ground 12 0.5 300 0
Urban and Built 14 0.37 500 0
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