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Abstract

Increasing water and energy demands, hydroclimatic fluctuations, damming, and usage rights disputes present major chal-
lenges in managing transboundary rivers worldwide. Of particular interest is the Eastern Nile River Basin (ENRB), which
is subject to broad debate over which modeling approach should be applied to resolve the disparities in transboundary water
management among the river’s riparian nations, under increased upstream damming. Several studies have simulated the
downstream High Aswan Dam (HAD) storage change during the Grand Ethiopian Renaissance Dam (GERD) filling under
different hydrological conditions. However, their findings diverge regarding the impacts of GERD filling on HAD storage,
especially when considering a specific, naturalized, historical 10-year period to represent the average flow condition used, as
a benchmark for assessing potential downstream impacts. Our extended analysis of the Nile flow historical records demon-
strates that considering a single historical 10-year period to simulate the downstream water budget, as performed in Wheeler
et al. (Nat Commun 11:5222, 2020, https://doi.org/10.1038/s41467-020-19089-x), widely communicated to policymakers as
a robust proof that GERD filling will not generate a deficit at HAD under average flow conditions, is inconclusive as it
strongly depend on the selection of the historical inflow period, due to the river high interannual flow variability. Our simu-
lation results of 20 average/near average historical flow periods in Wheeler et al. (Nat Commun 11:5222, 2020, https://doi.
org/10.1038/541467-020-19089-x)’s datasheet indicates that 60% of them generates a downstream water deficit ranging
from 0.5 to 14.5 BCM under the same modeling conditions and filling policy. Therefore, considering the simulation results
of multiple flow sequences is crucial for accurately reflecting the impact of the Nile’s high interannual flow variability on
downstream water deficit assessments, thereby settling the disparities in transboundary water management forecasts for the
impacts of GERD filling and operation.

Keywords Nile’s megadams - Hydroclimatic fluctuations - Water deficit - Collaborative water management -
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in river flow with high runoff sensitivity of the Nile River
in arid zones (e.g., Egypt and Sudan), where only a 10%
decrease in precipitation leads to a decrease in runoff of
30%, while a 10% precipitation increase resulted in a runoff
increase of 22% (Hasan et al. 2018). Moreover, observed
streamflow and rainfall variations, as well as climate model
simulations, suggest that climate change enhances the year-
to-year variability of the Nile flow (Conway 2017; Siam and
Eltahir 2017; Malede et al. 2022; Reda et al. 2022), which
could challenge future water resource management scenarios
in the Eastern Nile Basin. The Nile River experiences sig-
nificant flow fluctuations due to El Nifio Southern Oscil-
lations (ENSO) in the Pacific area. Around 25% of natural
fluctuations in the river’s yearly flow are attributed to these
oscillations (Camberlin 2009; Siam et al. 2014). The Indian
monsoon also significantly influences summer precipitation
in the Nile basin. The sea surface temperatures SSTs in the
Pacific and Indian oceans can explain up to 84% of the inter-
annual variability in the Nile’s flow Siam and Eltahir (2017).

The construction of the Grand Ethiopian Renaissance
Dam (GERD) on the Blue Nile (Fig. 1) has focused politi-
cal and public attentions on the allocation and management
of the Nile water resources in the absence of a joint opera-
tional collaborative framework for the two largest reservoirs,
GERD and High Aswan Dam (HAD), which both account
for~272% [234 Billion Cubic Meter (BCM)] of the average
annual river flow (~86 BCM). Such a collaborative frame-
work should depend upon an accurate scientific analysis
of the Nile Basin hydrology and realistic forecasts of the
risks associated with different water management scenarios.
These scenarios should also consider the complexity and
the high interannual variability of the Nile flow. Of par-
ticular interest is how the filling of the GERD will impact
the water storage downstream in the HAD reservoir, which
is the strategic water reserve for hyper-arid and populous
Egypt (Abotalib et al. 2021, 2023). Historically, the deple-
tion of the HAD during drought periods, such as the period
from 1978 to 1987, led to nationwide restrictive measures in
water usage, impacting food sufficiency and socioeconomic
instability (AbuZeid 2021; Ngcamu and Chari 2020; Heggy
et al. 2021, 2022a, b).

Since 2011, several studies have simulated the change in
HAD storage during the filling of the GERD under short-
term hydrological conditions of the Nile River (e.g., Donia
and Negm 2018; Medhat 2019; Deltares 2019; Wheeler et al.
2020; Eldardiry and Hossain 2021). However, these studies
diverge on the downstream impact of GERD filling on the
HAD under average conditions, which have been used as a
benchmark. For instance, Wheeler et al. (2020) simulated
the downstream water budget in the HAD reservoir during
the filling of the GERD under the Nile’s wet, average, and
dry hydrological conditions using a single 10-year historical
sequence to represent each of the above states. The study
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Fig.1 Map of the Nile showing the locations of both HAD and
GERD megadams and the average annual precipitation distribu-
tion over the basin. The Nile River represents a unique and complex
hydrological system as it flows across four climate regions: tropical,
humid tropical, semi-arid, and arid, with different precipitation pat-
terns causing its high interannual flow variability (Precipitation data
from CRU TS version 4.05)

adopts a single-filling proposal, introduced as a formal sug-
gestion by the National Independent Scientific Research
Group (NISRG) in 2019. They concluded that filling the
GERD will take 5 years under average flow conditions,
used as a benchmark to assess the downstream impact and
that Egypt’s Drought Management Policy (DMP)! will not
be invoked given that HAD will not reach its critical stor-
age level below 60 BCM. Hence, no water budget deficit
will be applied downstream from it. However, other studies
(e.g., Donia and Negm 2018; Deltares 2019; Eldardiry and
Hossain 2021) which simulate the impact of GERD filling
on HAD level using single short term periods (5-7 years)

! DMP reduces the delivery to downstream water users by 5% when
the storage volume in HAD falls below 60 BCM, 10% (5.5 BCM)
when below 55 BCM, and 15% when below 50 BCM.
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representing different hydrological conditions. These studies
concluded that filling the GERD in 5 years will result in a
shortage of water volume downstream at the HAD reservoir
and can additionally be associated with a reduction in hydro-
power generation. For example, Donia and Negm (2018),
simulated the impact of GERD filling on the HAD level
under a single 5-year average flow period. They concluded
that the water level in HAD reservoir will decrease to the
minimum level of 147 m amsl and its storage will decrease
to 33 BCM (i.e., dead storage) in case of reaching the full
storage capacity of GERD (i.e., 74 BCM). Furthermore, the
hydropower generation will be stopped in the 5th year fill-
ing of GERD.

The above divergence in the modeling of the downstream
impacts, which is associated with the hydraulic modeling
approach, selection of the boundary conditions, and the
hydrophysical assumptions, is natural and represents a con-
structive effort to represent the complexity of the Nile River
system, enabling a realistic understanding of the impacts
of upstream damming (Heggy et al. 2022b). For instance,
the divergence could be related to the different hydrological
model settings, inputs of HAD initial levels, seepage and
evaporation rates, filling policy, and simulating a single short
average historical sequence and overlooking the stochastic
nature of the Nile and its high interannual flow variability
(Conway 2017; Turhan 2021).

However, this technical note examines the divergence in
modeling outcomes within a given hydraulic model when
using different average historical flow periods under the
same boundary conditions, as in Wheeler et al. (2020). As
such, the divergence in the simulation results under the same
boundary conditions, when using other average historical
flow periods that comply with the simulation assumptions,
merits a thorough investigation to examine its causes. The
latter is particularly crucial when the hydrological simula-
tion of a single short-term (i.e., 10 years) historical flow
sequence is aimed to enlighten policymakers on the down-
stream risks from filling GERD as presented in Wheeler
et al. (2020). The study has been widely communicated to
the public, media, policymakers, and scientific community
as proof of the low impact of the GERD filling on down-
stream nations under the suggested NISRG policy.

To examine the accuracy of using a single short-term
average historical flow period to deduce the absence of
downstream deficit as presented in Wheeler et al. (2020),
we requested access to the Eastern Nile River Model
(ENRM) used in their simulation, a request to which the
authors responded positively. It is important to note that, we
selected the ENRM and the datasets provided by Wheeler
et al. (2020) as they incorporate all historical records used
in previous studies. Thereby, examining and extending the
simulation flow periods using ENRM and associated data-
sets in Wheeler et al. (2020) can reveal how accurate is the
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approach of considering a single 10-year historical flow
period and provide insights into one of the main sources of
the divergence between previous downstream water deficit
assessment efforts.

In this technical note, we show the discrepancy in assess-
ing the downstream water deficit at HAD when considering
a single 10-year average historical period to represent the
average hydrological conditions of the Nile flow. We dem-
onstrate the limitation of this approach under the interannual
variability of the Nile flow (Conway 2017; Siam and Eltahir
2017). The above is addressed by extending the assessment
of the downstream shortage at the HAD from the outcomes
of the single near-average 10-year period presented in
Wheeler et al. (2020)—i.e., the period from 1943 to 1952—
to all 19 other periods, as shown in Table 1, representing the
average/near-average flow conditions in the last 118 years
incorporated in ENRM.

2 Methodology

2.1 Examination of the Simulation Entry
Parameters

In their study, Wheeler et al. (2020) examined the Nile’s
historical inflow between 1900 and 2018. They used a sta-
tistical analysis of Non-Exceedance Probability (NEP) to
select characteristic 10-year periods for wet, average, and
dry hydrological conditions (see Suppl. Table 3 and Fig-
ure 5 of Wheeler et al. 2020). In the datasheet provided by
Wheeler et al. (2020) and their suppl. Table 3, they identified
the value of 86.1 BCM/year as representative of the aver-
age flow conditions which corresponding to the 1909-1918
historical sequence (NEP = 0.5). In addition, nineteen other
near-average periods with almost the same average flow vol-
ume (85-86.9 BCM) were identified. However, they only
simulated the 1943—1952 period (avg. 86.08 BCM/year;
NEP=0.48). Based on their single short-term historical
sequence results, they concluded that no deficit would be
observed downstream of HAD under average conditions as
shown in Fig. 4 of Wheeler et al. 2020 and summarized in
the flowchart in Fig. 2 herein.

We extended the simulation analysis to include the
twenty average historical sequences identified in Wheeler
et al. (2020)’s datasheet. Using the same Eastern Nile River
Model (ENRM), their provided spreadsheets, and filling
policy files, we reproduce their results for the single period
accounted for in their analysis (i.e., 1943-1952, Fig. 3a).
We then considered all the other 19 average/near-average
flow periods (Table 1) to simulate GERD’s filling and the
change in HAD storage using the same NISRG filling policy
as shown in the flowchart in Fig. 2.
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Table1 Assessment of the cumulative downstream deficit at the
HAD for filling the GERD under the twenty average/near-average
hydraulic Nile flow periods in Wheeler et al. (2020) datasheet. It

is noteworthy that the same average inflow volume of 86 BCM can
yield different cumulative deficits (i.e., 0.5 and 14.5 BCM) due to the
interannual flow variability

Simulation period, 10 years Average inflow years Non-exceedance DMP? Invoking Cumulative deficits ~ No. of years
(BCM) Probability (BCM) with deficit
1932-1941 85.066 0.42 No 0 0
1973-1982 85.499 0.43 No 0 0
1900-1909 85.560 0.44 Yes 4.59 4
1972-1981 85.861 0.45 Yes 0.5 1
1941-1950 85.968 0.46 Yes 5.72 2
1926-1935 85.987 0.47 No 0 0
1943-1952 (Wheeler et al.) 86.087 0.48 No 0 0
1909-1918 (Main average) 86.101 0.5 Yes 14.5 3
1931-1940 86.233 0.51 No 0 0
1944-1953 86.299 0.52 No 0 0
1902-1911 86.409 0.53 Yes 7.73 3
1988-1997 86.423 0.54 Yes 1.954 2
1914-1923 86.438 0.55 No 0 0
1927-1936 86.504 0.56 Yes 0.5 2
1903-1912 86.656 0.57 Yes 1.473 2
1971-1980 86.676 0.58 Yes 0.5 1
1916-1925 86.765 0.59 Yes 0.84 1
1915-1924 86.812 0.60 No 0 0
1901-1910 86.857 0.61 No 12.04 4
1930-1939 86.926 0.62 Yes 0.633 1

“Egypt’s Drought Management Policy (DMP) reduces deliveries to downstream water users by 5% when the storage volume in Lake Nasser falls
below 60 BCM, 10% (5.5 BCM) when below 55 BCM and 15% when below 50 BCM

The bold italicized periods are the near-average of 1943—1952, presented in Wheeler et al. (2020), and the main average of 1909-1918 (from the
same study’s datasheet) that, without explanation, is not visualized in the study’s results

2.2 Historical Flow Dataset

The naturalized historical inflows to the HAD reservoir
from 1900 to 2018 are incorporated in the ENRM model.
By removing the effects of upstream agricultural activi-
ties in terms of water consumption, this naturalized dataset
reconstructs the flow conditions before significant human
involvement. For naturalizing the historical flow data, the
consulting company Deltares used a hydrologic reconstruc-
tion derived from gauge sites using the gauged flows at Don-
gola and adjusted for expected Sudanese usage throughout
this period (Wheeler et al. 2020). We examined the valid-
ity of the above naturalized historical flow (1900-2018) by
comparing the spreadsheet provided by Wheeler et al. (2020)
with the naturalized data that we obtained from the Ministry
of Water Resources and Irrigation (MWRI) of Egypt (Per-
sonal communication), both datasets are identical.

The extended analysis in the present study simulates a
total of twenty 10-year historical sequences representing the
average and near-average flow periods (§5-86.9 BCM/year),
as shown in Table 1.

@ Springer

2.3 Simulation Model and Policy

To test the consistency in assessing the downstream defi-
cit at HAD associated with GERD filling using a single
10-year period, our investigation utilizes the same Eastern
Nile River Model (ENRM), filling policy, and dataset used
in Wheeler et al. (2020), where all the simulation parameters
are detailed.

The ENRM, which was developed initially using the rule-
based RiverWare platform contains all the hydraulic charac-
teristics of the Eastern Nile Basin, including those of all the
reservoirs on the Blue Nile such as HAD, Merowe, Rosa-
ires, Sennar, Gebel Aulia, Khashm Elgirba, Tekeze, Atbara
and Setit, Finchaa, and Tana Lake in addition to demand
structures and gauges. Detailed characteristics of the model
parameters and schematics can be found in Wheeler and
Setzer (2012).

According to the NISRG filling policy, as stated in
Wheeler et al. (2020) and used in our simulation, the GERD
Reservoir will be filled to the minimal levels necessary for
turbine functioning during the first 2 years of filling, which
equals 595 m above mean sea level (m amsl), according to
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Fig.2 Flowchart of the
extended analysis of the average
historical flow periods identified
in Wheeler et al. (2020)’s data-
sheet showing the difference in
assessing the downstream water
deficit at HAD between the
selected 1943—-1952 period and
19 other ones identified in their
datasheet but not visualized in
their original study results. The
flowchart shows the impor-
tance of considering multiple
historical flow periods to
provide a realistic assessment
of the downstream impact of
filling GERD under Nile’s high
interannual variability that has
been underestimated in Wheeler
et al. (2020)
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Reproduction of Wheeler et al. (2020
results under average condition

Select a single near-average

historical flow period 1943-1952,
presented in Figure 4 of Wheeler

et al. (2020)

Run the
simulation in
RiverWare

Plotting the output of HAD
and GERD storages in Figure
2a. The same results of figure

4 in Wheeler et al. (2020) are
obtained.

!

No deficit is observed
under the single selected near
average period, claimed in
Wheeler et al. (2020) as
representative of the Nile’s
average flow condition

this policy. In year 1, GERD will impound 4.9 BCM, in the
second year, GERD will impound 13.5 BCM to reach the
level of 595 m (~ 18.4 BCM) amsl and enable the testing
of additional turbines. The policy anticipates that GERD
authorities would release at least 35 BCM annually and
would continue to fill the GERD reservoir up to the Full
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Extended data analysis of
Wheeler et al. (2020) datasheet

<&

Supply Level (FSL) of 640 m amsl during the peak of the
flood season to optimize hydraulic head and energy pro-
duction, even if the filling process may formally end when
the reservoir elevation reaches 625 m amsl during the dry
season (Wheeler et al. 2020).
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Fig.3 Simulated HAD storage during the GERD’s initial filling
under four representative periods of average Nile flow conditions
from Wheeler et al. (2020) datasheet. a near-average period 1943—

For the HAD conditions, the initial storage for all simula-
tions is fixed at ~ 151.5 BCM (equivalent to~ 180.3 m amsl,
i.e., almost full). During the GERD filling, the HAD will
release 55.5 BCM/year until reaching the Drought Manage-
ment Policy level of 159.4 m amsl (60 BCM). Once reached,
the released downstream water is reduced by 5%. When the
storage reaches 55 BCM, the downstream release is reduced
by 10% and then by 15% when it reaches 50 BCM.

The limitations of the ENRM model, as implemented in
Wheeler et al. (2020), include the overlooking of the seep-
age losses from HAD and GERD reservoirs. However, sev-
eral studies estimated the annual seepage losses from HAD
to range between 1.15 and 6 BCM/year (Kim and Sultan
2002; Elsawwaf et al. 2014; Abdelmohsen et al. 2020). In
the present study, we used the same assumptions provided
by Wheeler et al. (2020) and did not consider seepage to
solely examine the consistency of their results under dif-
ferent average flow periods from the study datasheet.
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Year

1952 used in Wheeler et al. (2020), b main average period 1909-
1918, ¢ near-average period 1902-1911, and d near-average period
1988-1997

3 Results

Our extended simulation result for the 1909-1918 his-
torical sequence, which has a non-exceedance probability
of 0.5, fully represents the main average flow conditions
(Fig. 3b). Using the same assumptions and filling policy
applied in Wheeler et al. (2020), the simulation shows
that the GERD filling will take 8 years to reach its total
filling capacity of 74 BCM and that HAD will be below
its critical DMP level (60 BCM) for 3 years during that
process, triggering the DMP and leading to a measurable
cumulative water deficit of 14.5 BCM downstream of the
HAD (Fig. 3b; Table 1). Furthermore, our simulation
results of the other 19 average periods, also referred to as
near-average (see Figs. 3c—d; Table 1) show that only 8 of
the 20 considered will not trigger the DMP. The other 12
periods, i.e., 60% of the average identified periods, will
show a measurable deficit invoking the DMP and leading
to cumulative deficits ranging from 0.5 BCM in 1 year to
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Fig.4 Comparison of the distribution of water deficit at the High
Aswan Dam (HAD) over the simulated 10-year average/near-average
flow periods (Fig. 2a—d) using the same filling policy and parameters
examined in Wheeler et al. (2020)

14.5 BCM in 3 years (Table 1, Fig. 3), contradicting the
conclusion of the outcome of using a single 10-year flow
period to represent the average flow hydrological condi-
tions, which suggests that no downstream deficit will occur
(e.g., 1943-1952, Wheeler et al. 2020). The above deficits
should not be invalidated by comparing them to the total
volume of flowing water during the 10-year period (~ 550
BCM). This is because this comparison ignores the tempo-
ral distribution of these deficits, which can trigger specific
years of measurable water stress that such averaging can
overlook. For instance, observing a total deficit of 14.5
BCM averaged over 10 years (i.e., 1.45 BCM/year) is sub-
stantially different from observing it over a shorter period
of 1-3 years (i.e., 14.5-4.83 BCM/year) in terms of water
management schemes, as shown in Fig. 4.

It is important to note that triggering the DMP involves
a series of conservation measures and water usage restric-
tions on the national scale for the agricultural and industrial
sectors in Egypt that correlate not only to the volumes of
the deficits but also to the time-lapse over which they occur.
The socioeconomic impacts are thus measured by whether
the DMP is triggered or not and not only for the volume of
the associated deficit. Furthermore, as Egypt already has an
intrinsic water budget deficit of ~40 BCM/year since 2010s
(Nikiel and Eltahir 2021), increasing this figure has conse-
quences that should not be underestimated, especially in a
research analysis primarily aimed at supporting policymak-
ers as stated by Wheeler et al. (2020). For instance, to fill any
additional and temporal water deficit, Egypt heavily relies on
reusing wastewater, for which the treatment of 1 BCM costs,
on average, ~ 180 million US dollars (Tawfik et al. 2021),
which is a sizeable cost of the overall budget of a devel-
oping nation (Reuters 2021) that is undergoing the world’
second most considerable external debts (CNN 2022). On
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the other hand, reusing the wastewater introduced an accel-
erated phase of heavy metal pollution in the Nile Delta sys-
tem, compromising water quality and crop production and
aggravating Egypt’s vulnerable food security (Abotalib et al.
2023; Fouad et al. 2022).

The discrepancy between the downstream water deficit
outcomes of the different Nile average/near-average flow
periods, as summarized in Fig. 3 and Table 1, calls into
question the reliability of using a single 10-year average
historical flow sequence to inform policymakers on the
risks of downstream water deficit under Nile average flow
conditions.

4 Discussion

Hydroclimatic fluctuations in the Nile basin and their
impacts on the river flow volumes are one of the primary
concerns for water resources managers and policymakers
(Gleick and Adams 2000; Fouad et al. 2023), as it has a
marked effect on the repeatability of the river hydrologi-
cal cycles (Kundzewicz and Robson 2004). Among several
atmospheric parameters, the variability in precipitation is the
most critical factor in determining the spatiotemporal influ-
ence of the climate system on the Nile’s hydrological con-
ditions, and its consequences on the uncertainties in water
management scenarios are underestimated when using the
single 10-year period approach, as shown above.

The discrepancy between the calculated downstream
deficit of the single 10-year period in Wheeler et al. (2020)
and multiple other ones in their datasheet is due to the inter-
annual flow variability resulting from the changes in pre-
cipitation patterns in the Eastern part of the Nile basin. This
variability is accentuated by the observed climatic changes
in the Nile River system (Conway 2017). Neglecting the
above by considering a particular near-average historical
flow period to represent all average/near-average flow peri-
ods underestimates the high interannual variability of the
Nile flow and leads to non-repeatable findings over most of
the other average/near-average historical flow periods, as
shown in Fig. 3 and Table 1. Moreover, detailed verifica-
tion of the annual flow rate in the selected average period
1943-1952 in Wheeler et al. (2020) shows that the year 1946
inflow, assumed to be the fourth year of the GERD’s initial
filling, witnessed a significant flood of 106.7 BCM (Fig. 3a).
The above explains a controversial result in Figs. 3 and 4 in
Wheeler et al. (2020), where the GERD reservoir would be
filled faster- in 4 years- under average flow conditions and
slower- in 5 years- under the wet one with a higher inflow
rate to the reservoir (Heggy et al. 2022a, b). Furthermore,
including a flood year in the considered near-average period
in their Fig. 4 contradicts Wheeler et al. (2020) own assump-
tions for selecting representative periods that must avoid
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anomalous events such as single-year floods or droughts dur-
ing the initial filling years as they stated “This selection used
both parametric and non-parametric criteria, including a
statistical analysis of periods of flows along with hand selec-
tion to avoid anomalous events, such as single-year floods or
droughts. Instead, high, average and low samples of 10-year
average flows used for the Era 1 analysis were chosen to
include persistent extreme periods (high and low), and aver-
age conditions.” (Supplementary of Wheeler et al. 2020,
lines 242-246). Similarly, the period of 1909-1918 which is
the main average period with NEP =0.5, contains a drought
year (Fig. 3b), and hence it is equally non-compliant with
Wheeler et al. (2020) assumption as the period 1943-1952
but yields a cumulative downstream deficit of 14.5 BCM.
Therefore, it is unmistakable that in Wheeler et al. (2020),
the outcomes for assessing the downstream deficit strongly
depend on the selection of the historical inflow period due
to the interannual flow variability in the considered peri-
ods rather than the 10-year average water flow volume. For
example, a detailed analysis of the last 118 years identifies
the period of 1902-1911 as one of the most compliant with
the method selection criteria of Wheeler et al. (2020) for
average flow conditions, as it does not include a single-year
flooding or drought. However, using this compliant period
would result in a downstream water shortage triggering the
DMP, leading to a cumulative downstream deficit of 7.7
BCM in 3 years for Egypt during the GERD filling, as shown
in Fig. 3c and Table 1.

A noteworthy additional observation that demonstrates
the limitation of using the single period is that the aver-
age flow period of 1909-1918 (Fig. 3b) has a higher aver-
age flow volume than 1943-1952 (used in Wheeler et al.
2020, Fig. 3a), but yet yields a higher downstream deficit
(Table 1). The above calls for the importance of consid-
ering the interannual flow variability of the Nile River by
simulating several flow periods to reduce these ambigui-
ties in assessing the downstream water deficits. More rigor-
ous assessment, considering long-term flow periods (e.g.,
40 years) (e.g., Sharaky et al. 2019; AbuZeid 2021) or the
average of several short-term periods, will substantially
reduce the uncertainties associated with the upcoming cli-
mate change impacts on the interannual flow variability. The
above will significantly contribute to building confidence
between the different hydrological analyses performed by
the river riparian nations, supporting policymakers with
realistic modeling that accounts for the complexity of the
river system to converge toward an executable collaborative
framework for a sustainable transboundary management of
the river’s water resources. Moreover, the comprehensive
understanding of the impacts of climate change-induced
interannual flow variability helps the Eastern Nile Basin
states to adapt to scenarios of both too little and too much
water through expanding in groundwater exploration and
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rainwater harvesting strategies to cope with the former sce-
nario (Attwa et al. 2021; Khalil et al. 2021) and to develop
some flood management strategies to overcome any adverse
impacts of the latter one (Abdelmohsen et al. 2022).

Although, this technical note utilizes the same approach
used in Wheeler et al. (2020), it evaluates the methodologi-
cal limitation in using a single short-term hydrological flow
sequence to inform policymakers on the long-term hydro-
logical response of river systems, especially under climate
change-induced high interannual flow variability. The inter-
annual flow variability is expected to increase under climate
change conditions in several rivers worldwide (e.g., S@o
Francisco River in Brazil, Congo River, Colorado River)
(e.g., Moquet, et al. 2016; Syvitski et al. 2014; Schone,
et al. 2003) thus it is necessary to reveal any methodologi-
cal shortcomings in river flow simulations as performed in
this technical note. For example, in Tigris-Euphrates basin,
the year 2019 witnessed an unprecedented extreme flooding
event in 100 years that exceeds the long-term average precip-
itation with about 200 BCM (Abdelmohsen et al. 2022). The
aforementioned event was preceded by an unprecedented
100-year extreme drought event that lasted 11 years between
2007 and 2018, with an average precipitation of 130 BCM
below the long-term average (Abdelmohsen et al. 2022).
Such climate change-induced river interannual flow variabil-
ity should be monitored, and its impact should be properly
quantified by integrating realistic datasets in hydrological
models, as presented in this technical note.

5 Conclusion and Recommendation

Our analysis examined the validity of considering a single
10-year historical flow period to be representative of the
average Nile hydrological conditions in assessing the down-
stream water deficit during the filling of GERD. Extending
the simulation to include the main average period and 19
other identified average periods of inflow under the NISRG
2019 policy is crucial to verify the stability of the method
that is used as a benchmark to inform policymakers on the
downstream impacts from filling dams. The reproduction of
these other average/near-average flow periods yielded differ-
ent results than the single near-average period of 1943-1952
used in Wheeler et al. (2020), indicating a 60% chance of
observing a downstream water shortage under the same
filling policy. The latter will lead to a measurable down-
stream water deficit of 0.5 BCM in 1 year to 14.5 BCM in 3
years, as shown in Table 1, compared to the no deficit sug-
gested by the 1943-1952 period reported in Wheeler et al.
2020. The above demonstrates that a single period cannot
be conclusive in assessing the downstream deficit under a
given filling policy as widely used in the Eastern Nile Basin.
Today, as of September 2023, GERD is expected to be filled
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with ~42 BCM which accounts for~56% of its total capac-
ity of 74 BCM (Ethiopia News 2023). Therefore, updating
the filling policy to represent current and future reservoir
volume impoundments and considering long-term periods
or multiple flow periods is highly recommended for better
constraining the uncertainties around the impacts of GERD
filling and operation on the downstream water budget. The
ongoing negotiations on the water management framework
in the Eastern Nile basin can greatly benefit from the revised
analysis provided in this technical note, reducing the ambi-
guities in assessing the downstream water budget deficit
at HAD reservoir and thus helping to converge toward an
operational collaborative framework for megadams.

Acknowledgements The authors thank the seven anonymous reviewers
for their helpful suggestions. The authors are also grateful to the associ-
ate editor of Nature communication, Dr. Sebastian Mueller, for facilitat-
ing the exchanges with Drs. Kevin Wheeler and Dale Whittington to
obtain the Eastern Nile River Model (ENRM) and datasheet used in the
published analysis of Wheeler et al. (2020). We thank Wheeler et al.
for their reply to our questions, which helped improve our manuscript.

Author Contributions EH, MR, and AZA conceived the study, con-
ducted the analysis, and examined and verified the results. All authors
wrote and edited the manuscript.

Funding Open access funding provided by SCELC, Statewide Cali-
fornia Electronic Library Consortium. This research is funded under
support from the Zumberge Research and Innovation Fund of the
University of Southern California, allocated to the Arid Climates and
Water Research Center—AWARE.

Data Availability All data sources are available in Wheeler et al.
(2020) in the data tables, figures, and supporting information. A copy
of the manuscript’s data, graphs, and model outputs will be available
on request.

Declarations

Conflict of Interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdelmohsen K, Sultan M, Save H, Abotalib AZ, Yan E (2020) What
can the GRACE seasonal cycle tell us about lake-aquifer interac-
tions? Earth Sci Rev 211:103392

Published in partnership with CECCR at King Abdulaziz University

Abdelmohsen K, Sultan M, Save H, Abotalib AZ, Yan E, Zahran KH
(2022) Buffering the impacts of extreme climate variability in
the highly engineered Tigris Euphrates River system. Sci Rep
12(1):4178

Abotalib AZ, Heggy E, El Bastawesy M, Ismail E, Gad A, Attwa M
(2021) Groundwater mounding: a diagnostic feature for map-
ping aquifer connectivity in hyper-arid deserts. Sci Total Environ
801:149760

Abotalib AZ, Abdelhady AA, Heggy E, Salem SG, Ismail E, Ali A,
Khalil MM (2023) Irreversible and large-scale heavy metal pollu-
tion arising from increased damming and untreated water reuse in
the Nile Delta. Earth’s Future 11(3):e2022EF002987

AbuZeid KM (2021) Potential transboundary impacts of the Grand
Ethiopian Renaissance Dam under climate change and variability.
In: Diop S, Scheren P, Niang A (eds) Climate change and water
resources in Africa. Springer, Switzerland AG, pp 359-386

Attwa M, El Bastawesy M, Ragab D, Othman A, Assaggaf HM,
Abotalib AZ (2021) Toward an integrated and sustainable water
resources management in structurally-controlled watersheds in
desert environments using geophysical and remote sensing meth-
ods. Sustainability 13(7):4004

Camberlin P (2009) Nile basin climates. The Nile: origin, envi-
ronments, limnology and human use. Springer Netherlands,
Dordrecht, pp 307-333

CNN (2022) How the Arab world’s most populous country became
addicted to debt, December 2022, https://edition.cnn.com/2022/
12/16/business/egypt-debt-crisis-mime-intl/index.html. Accessed
11 July 2023

Conway D (2017) Future Nile River flows. Nat Clim Change
7(5):319-320

Deltares (2019) The study of GERD impact on Egypt. In: Cairo
Water Week, 2019, Cairo, Egypt, CWW2019PS2, Presented by
Professor Eclo Van Beek.https://www.youtube.com/watch?v=
CXd4povRFKkM.

Donia N, Negm A (2018) Conventional water resources and agricul-
ture in egypt. In: Negm AM (ed) Impacts of filling scenarios of
GERD'’s reservoir on Egypt’s water resources and their impacts
on the agriculture sector. Springer, Cham, pp 391-414

Eldardiry H, Hossain F (2021) A blueprint for adapting high Aswan
dam operation in Egypt to challenges of filling and operation
of the Grand Ethiopian Renaissance dam. J Hydrol 598:125708

Elsawwaf M, Feyen J, Batelaan O, Bakr M (2014) Groundwater—sur-
face water interaction in lake Nasser, Southern Egypt. Hydrol
Process 28(3):414-430

Eltahir EA (1996) El Nifo and the natural variability in the flow of
the Nile River. Water Resour Res 32(1):131-137

Ethiopia News (2023) A monumental achievement and significant
triumph!, https://twitter.com/RenaissanceDam. Accessed 2 June
2023

Fouad SS, Heggy E, Abotalib AZ, Ramah M, Jomaa S, Weilacher
U (2022) Landscape-based regeneration of the Nile Delta’s
waterways in support of water conservation and environmental
protection. Ecol Ind 145:109660

Fouad SS, Heggy E, Ramah M, Abotalib AZ, Palmer EM, Jomaa S,
Weilacher U (2023) Egypt’s waterways conservation campaigns
under growing intrinsic demand and Nile upstream damming. J
Hydrol Reg Stud 50:101537

Gleick P, Adams DB (2000) Water: the potential consequences of
climate variability and change for water resources of the United
States. Report of the Water Sector. Assessment Team of the
National Assessment of the Potential Consequences of Climate
Variability and Change, Pacific Institute, Oakland California,
p 151

Hasan E, Tarhule A, Kirstetter PE, Clark R III, Hong Y (2018)
Runoff sensitivity to climate change in the Nile River Basin. J
Hydrol 561:312-321

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://edition.cnn.com/2022/12/16/business/egypt-debt-crisis-mime-intl/index.html
https://edition.cnn.com/2022/12/16/business/egypt-debt-crisis-mime-intl/index.html
https://www.youtube.com/watch?v=CXd4povRFkM
https://www.youtube.com/watch?v=CXd4povRFkM
https://twitter.com/RenaissanceDam

732

E. Heggy et al.

Heggy E, Sharkawy Z, Abotalib ZA (2021) Egypt’s water budget
deficit and suggested mitigation policies for the Grand Ethi-
opian Renaissance Dam filling scenarios. Environ Res Lett
16(7):074022

Heggy E, Sharkawy Z, Abotalib AZ (2022a) Reply to Comment on
‘Egypt’s water budget deficit and suggested mitigation policies for
the Grand Ethiopian Renaissance Dam filling scenarios. Environ
Res Lett 17(8):088002

Heggy E, Sharkawy Z, Abotalib AZ (2022b) Reply to Comment on
‘Egypt’s water budget deficit and suggested mitigation policies for
the Grand Ethiopian Renaissance Dam filling scenarios’ by Kevin
Wheeler et al’. Environ Res Lett 17(12):128001

Khalil MM, Hamer K, Pichler T, Abotalib AZ (2021) Fault zone hydro-
geology in arid environments: The origin of cold springs in the
Wadi Araba Basin, Egypt. Hydrol Process 35(5):e14176

Kim J, Sultan M (2002) Assessment of the long-term hydrologic
impacts of Lake Nasser and related irrigation projects in South-
western Egypt. J Hydrol 262(1-4):68-83

Kundzewicz ZW, Robson AJ (2004) Change detection in hydrological
records—a review of the methodology. Hydrol Sci J 49(1):7-19

Malede DA, Agumassie TA, Kosgei JR, Andualem TG, Diallo I (2022)
Recent approaches to climate change impacts on hydrological
extremes in the Upper Blue Nile Basin, Ethiopia. Earth Syst
Environ 6(3):669-679

Mana TT, Abebe BW, Hatiye SD (2023) Effect of climate change on
reservoir water balance and irrigation water demand: a case of
Gidabo irrigation project, Rift Valley Basin, Ethiopia. Environ
Monito Assess 195(7):866

Medhat A (2019) Water management in the Eastern Nile with alterna-
tive development scenarios. Ph.D. thesis, Faculty of Engineering.
Ain Shams University

Mekonnen DF, Disse M (2018) Analyzing the future climate change of
Upper Blue Nile River basin using statistical downscaling tech-
niques. Hydrol Earth Syst Sci 22(4):2391-2408

Mekonnen DF, Duan Z, Rientjes T, Disse M (2018) Analysis of com-
bined and isolated effects of land-use and land-cover changes and
climate change on the upper Blue Nile River basin’s streamflow.
Hydrol Earth Syst Sci 22(12):6187-6207

Moquet JS, Guyot JL, Crave A, Viers J, Filizola N, Martinez JM,
Oliveira TC, Sanchez LSH, Lagane C, Casimiro WSL, Noriega
L (2016) Amazon River dissolved load: temporal dynamics and
annual budget from the Andes to the ocean. Environ Sci Pollut
Res 23:11405-11429

Ngcamu BS, Chari F (2020) Drought influences on food insecurity in
Africa: a systematic literature review. Int J Environ Res Public
Health 17(16):5897

@ Springer

Nikiel CA, Eltahir EAB (2021) Past and future trends of Egypt’s water
consumption and its sources. Nat Commun 12:4508

Reda KW, Liu X, Tang Q (2022) Intra-annual variation of high and
low-flow extremes associated with land use and climate change in
the Upper Tekeze of the Nile River Basin. J] Geophys Res Atmos
127(8):2021JD036325

Reuters N (2021) Egypt’s parliament approves 2021-2022 budget,
https://www.reuters.com/world/middle-east/egypts-parliament-
approves-2021-2022-budget-2021-06-14/. Accessed 1 Sept 2023

Roussi A (2019) Gigantic Nile dam prompts clash between Egypt and
Ethiopia. Nature 574:159

Schone BR, Flessa KW, Dettman DL, Goodwin DH (2003) Upstream
dams and downstream clams: growth rates of bivalve mollusks
unveil impact of river management on estuarine ecosystems (Col-
orado River Delta, Mexico). Estuar Coast Shelf Sci 58(4):715-726

Sharaky AM, Hamed KH, Mohamed AB (2019) Model-based optimi-
zation for operating the Ethiopian Renaissance Dam on the Blue
Nile River. In: Negm A, Abdel-Fattah S (eds) Grand Ethiopian
renaissance dam versus Aswan high dam: a view from Egypt.
Springer, Switzerland, pp 119-148

Siam MS, Eltahir EA (2017) Climate change enhances interannual
variability of the Nile River flow. Nat Clim Chang 7(5):350-354

Siam MS, Wang G, Demory ME, Eltahir EA (2014) Role of the Indian
Ocean Sea surface temperature in shaping the natural variability
in the flow of Nile River. Clim Dyn 43:1011-1023

Syvitski JP, Cohen S, Kettner AJ, Brakenridge GR (2014) How impor-
tant and different are tropical rivers? An overview. Geomorphol-
ogy 227:5-17

Tariku TB, Gan TY, Li J, Qin X (2021) Impact of climate change
on hydrology and hydrologic extremes of Upper Blue Nile River
Basin. J Water Resour Plan Manag 147(2):04020104

Tawfik MH, Hoogesteger J, Elmahdi A, Hellegers P (2021) Unpacking
wastewater reuse arrangements through a new framework: insights
from the analysis of Egypt. Water Int 46(4):605-625

Turhan Y (2021) The hydro-political dilemma in Africa water geopoli-
tics: the case of the Nile River basin. Afr Secur Rev 30(1):66-85

Wheeler K, Setzer S (2012) Eastern Nile RiverWare planning model.
Eastern Nile Technical and Regional Office, Addis Ababa

Wheeler KG, Jeuland M, Hall JW et al (2020) Understanding and man-
aging new risks on the Nile with the Grand Ethiopian Renais-
sance Dam. Nat Commun 11:5222. https://doi.org/10.1038/
$41467-020-19089-x

Published in partnership with CECCR at King Abdulaziz University


https://www.reuters.com/world/middle-east/egypts-parliament-approves-2021-2022-budget-2021-06-14/
https://www.reuters.com/world/middle-east/egypts-parliament-approves-2021-2022-budget-2021-06-14/
https://doi.org/10.1038/s41467-020-19089-x
https://doi.org/10.1038/s41467-020-19089-x

	Examining the Accuracy of Using a Single Short-Term Historical Flow Period to Assess the Nile’s Downstream Water Deficit from GERD Filling: A Technical Note
	Abstract
	1 Introduction
	2 Methodology
	2.1 Examination of the Simulation Entry Parameters
	2.2 Historical Flow Dataset
	2.3 Simulation Model and Policy

	3 Results
	4 Discussion
	5 Conclusion and Recommendation
	Acknowledgements 
	References




