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Climate change enhances interannual variability

of the Nile river flow

Mohamed S. Siam* and Elfatih A. B. Eltahir

The human population living in the Nile basin countries is
projected to double by 2050, approaching one billion'. The
increase in water demand associated with this burgeoning
population will put significant stress on the available water
resources. Potential changes in the flow of the Nile River as a
result of climate change may further strain this critical situa-
tion?3. Here, we present empirical evidence from observations
and consistent projections from climate model simulations
suggesting that the standard deviation describing interannual
variability of total Nile flow could increase by 50% (£35%)
(multi-model ensemble mean £1 standard deviation) in the
twenty-first century compared to the twentieth century. We
attribute the relatively large change in interannual variability
of the Nile flow to projected increases in future occurrences of
El Nifio and La Nifia events*® and to observed teleconnection
between the El Nifio-Southern Oscillation and Nile River
flows”. Adequacy of current water storage capacity and plans
for additional storage capacity in the basin will need to be
re-evaluated given the projected enhancement of interannual
variability in the future flow of the Nile river.

The Nile river basin is an ecosystem under severe stress. The
basin is shared by about 400 million people in eleven countries
with economies that depend heavily on agriculture, which employs
the vast majority of the labour force in most of these countries'.
Furthermore, almost half of the Nile basin countries are projected to
live below the water scarcity level, 1,000 m*/person/year, by 2030%°.
Thus, any future changes in the magnitude of the flow volume of
the Nile river can lead to significant impacts on the lives of people
living within the basin and may increase the already high level of
water stress.

To fully utilize the water resources of the basin, several dams were
built in the previous century to control the seasonal and interannual
variability of the Nile flow. The recent conflict over the Nile water
has received significant attention in the past few years after the
decision by Ethiopia to build a large dam on the Blue Nile (the Grand
Ethiopian Renaissance Dam, or GERD) to produce electricity,
mostly for export to neighbouring countries. The dam, currently
under construction, is relatively large compared to previous designs
for the same location, which raised serious concerns regarding its
effect on water shares of downstream countries (that is, Egypt and
Sudan). If variability of the Nile flow changes in the future, then
water storage capacity in the basin will need to be re-evaluated.

Until recently, attempts to project the future of the Nile flow
yielded inconsistent results. Although several studies examined the
impacts of climate change on the Nile basin using different ap-
proaches'®®, the uncertainty surrounding conclusions from these
studies was high for several reasons. First, none of the previous stud-
ies presented observational evidence to support their hypotheses, as
they estimated the impacts of climate change on the flow of Nile
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Figure 1| Topographic map of Eastern Africa and the Nile sub-basins.
Topographic map of Eastern Africa showing the main tributaries of Nile
basins (Upper Blue Nile, Sobat, Atbara and Bahr el-Jebel) and different
dams in these basins. The rainfall and runoff data analysed in this paper are
averaged over the Upper Blue Nile, Sobat and Atbara basins.
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Figure 2 | Observed stream flows and rainfall, and moving averages for the mean and standard deviation for the Upper Blue Nile and Atbara basins.

a, Time series of the annual rainfall based on the weighted average of rainfall stations over the Upper Blue Nile basin (see Supplementary Methods).

b,c, Time series of the annual stream flow averaged between June and May for the Upper Blue Nile and Atbara basins, respectively. d, 30-year moving
average for the rainfall mean and standard deviation of the Upper Blue Nile. e,f, 30-year moving average for the stream flow mean and standard deviation
of the Upper Blue Nile and Atbara basins respectively. In d-f, the dashed lines in blue and brown are the 90% confidence levels of the mean and standard
deviation using the t-test and Chi-square distributions, respectively, based on the mean and standard deviation of the periods 1965-1995 and 1960-1990
for the Upper Blue Nile and Atbara, respectively. In d-f the moving average is plotted at the last year of the 30 years.

river only using Global Climate Models (GCMs) without presenting
recent observations that show similar trends. Second, no consistent
physical mechanism was advanced to explain the future changes.
Third, wide disagreement persists between the results of simulations
using the GCMs, not only in magnitude but also in the sign of
projected changes in rainfall over the basin®>’. These combined
factors made it difficult to reach a consensus on the impact of climate
change on the Nile river flow. Here, we use recent observations and
climate models simulations to support the hypothesis that both the
long-term mean and interannual variability of the Nile river flow
may increase due to climate change.

The Nile river basin has four main tributaries: the Upper Blue
Nile, Atbara, Sobat and Bahr el-Jebel (Fig. 1). The Upper Blue Nile
is responsible for almost 56% of the total Nile flow, and each of Sobat
and Atbara adds about 12% of the total flow at Dongola" (Fig. 1).
In this study, we focus on the Upper Blue Nile, Sobat and Atbara,
hereinafter referred to as the Eastern Nile basin, as they represent
almost 80% of the total Nile flow at Dongola (Fig. 1). The flows and
rainfall patterns (that is, long-term mean and standard deviation) of

the Upper Blue Nile, Sobat and Atbara have been changing over the
past 50 years (Fig. 2a—c). These changes are reflected in the 30-year
moving averages of the mean and standard deviation of annual river
flow and annual rainfall, as they both persistently increase with time
(Fig. 2d-f). The increase of variability in the flow of Nile sub-basins
during the past 50 years is also consistent with changes in variability
of the longer record describing main Nile flow at Dongola. The
30-year moving average of the coefficient of variation of the flow at
Dongola has been increasing since 1940 following a previous peak
in variability around the 1920s (Fig. 3c).

The observed increases in the mean and standard deviation are
projected to persist during the twenty-first century, as evident in
the runoff simulated by the GCMs (indicated by the multi-model
ensemble average, thick red line, Fig. 3a,b,d and Supplementary
Figs 1 and 2). The runoff simulated by the GCMs was bias-corrected
(see Methods section) to minimize the impact of discrepancies
between simulations and observations. The long-term mean and
standard deviation of total annual river flow are expected to increase
by almost 15% and 50%, respectively, for the twenty-first century
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Figure 3 | Changes in moving averages for the mean and standard deviation, coefficient of variation, number of ENSO events and frequency distribution
of flow over Eastern Nile basin using 18 CMIP5 GCMs. a,b, 30-year moving averages of the mean and standard deviation of the runoff simulated by the
models from 1900 to 2100, the 95% confidence levels of the mean and standard deviation using Student's t and Chi-square tests are 0.54 (mmd~") and
011 (mmd~), respectively, based on the mean and standard deviation of the period (1900-1930). The thick black line is the observed annual flow of
Atbara and Upper Blue Nile in a, and the 30-year moving average of the standard deviation of the flow of Atbara and Upper Blue Nile basin in b. The Sobat
flows are not included as they were not available. ¢, 30-year moving average of the coefficient of variation (blue line) of the stream flow at Dongola with the
number of non-neutral years (red line) (that is, moderate and extreme El Nifio and La Nifia years). d, 30-year moving average of ensemble average of the
coefficient of variation (blue line) of 18 GCMs of the runoff of the Eastern Nile basin with the number of non-neutral years (red line) (that is, moderate and
extreme El Nifio and La Nifia years). e, Changes in the frequency distribution in future Nile flow based on bias correction approach (see Supplementary
Methods). The change in the long-term average of annual Nile flow for the future period (2000-2100; red dashed lines) is statistically significant above the
95% confidence level using Student's t-test compared the past period (1900-2000; blue solid lines). In a-d the moving average is plotted at the last year of
the 30 years.

compared to the twentieth century. Hence, we conclude that the changes in the mean and variability in the annual flow of Nile
projected relative change in interannual variability is significantly —river are also evident in the projected change in the frequency
larger than the corresponding change in long-term mean flow. This  distribution of the annual Nile flow. The distribution of the flow
conclusion is consistent with the magnitudes of the changes that in the twentieth century is closely clustered around the mean, with
has already been observed in the Nile river flow (see Fig. 2). These few extreme events (that is, below 70km’ yr~! and higher than
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Figure 4 | Total current water storage in the Eastern Nile basin, and required changes in future storage to accommodate the effects of climate change.
a, The estimated water storage as a function of the return period based on the Hurst equation; the blue and red lines are for the past climate (1900-2000)
and future climate (2000-2100) periods, respectively (see Water Storage Analysis in Methods) and the increase in water storage capacity of the dams in
the Eastern Nile basin with time including Sennar, Khashm El Girba, Roseiras, High Aswan Dam (HAD), Fincha, Meroewe, Tekeze and the Grand Ethiopian
Renaissance Dam (GERD; to be completed by 2017). b, Water storage required for different return periods according to the Hurst equation for the past

climate (1900-2000) and future climate (2000-2100) periods.

100 km? yr™!), whereas the future flows have fewer normal events
(that is, between 70 km® yr~' and 100 km® yr™') and more high flow
events (that is, greater than 100km’yr~') (Fig. 3e). To study the
sensitivity of our conclusions to the choice of the climate models,
the projected changes in the Nile flow are estimated using different
combinations of climate models (Supplementary Information). Our
conclusions remain the same regardless of which combination of
models is chosen to estimate the trends in the mean or variance
(Supplementary Figs 8 and 9 and Supplementary Table 8).

The projected increase in the interannual variability of the flow
of the Nile river, as shown in the observed stream flows of the
major tributaries and simulated runoff of the GCMs, is consistent
with the increase in the frequencies of El Nifio and La Nina
events projected by recent studies*® (Supplementary Fig. 4a). These
changes in the frequencies of El Niflo and La Nifa events would
change the Nile flow patterns following the observed teleconnection
between ENSO and the Nile, in which El Nifio and La Nifa events
induce low and high flows in the river, respectively*** (Fig. 3d
and Supplementary Fig. 4b). It is also important to note that the
increase in the variability in the flow of the Nile flow occurs between
2010 and 2040 and then stabilizes until the end of the twenty-
first century, which is consistent with the weakening of the Walker
circulation during the same period (2010-2040)*. Although ENSO
is a major driver of interannual variability in the Nile flow, and
the tropical climate in general, this oscillation explains only 27%
of the observed natural variability, as shown in Supplementary
Fig. 4b. In a different approach to the same problem, we use the
ENSO-Nile teleconnection to predict future Nile flow based on
changes in frequency of El Nifio and La Nifia events projected by
an ensemble of GCMs. The future Nile flows estimated based on
future El Niflo and La Nina events exhibit the same changes in
the mean, interannual variability and frequency distribution as the
simulated runoff by the GCMs (see Sampling Analysis in Methods
and Supplementary Fig. 4c,d). The agreement between the changes
in the future flows projected using these two different approaches
(that is, simulated flow by the GCMs; and based on projected
changes in El Nifo and La Nina events) increases our confidence
in the projected changes and support the mechanism proposed to
explain the future changes in the Nile flows. Moreover, a sensitivity
analysis of the results based on the choice of the GCMs using
the sampling approach is conducted and the results are consistent
regardless of which combination of models results is chosen to

4

estimate the changes in the flow of the Nile (Supplementary Fig. 10
and Supplementary Table 8). Our approach which emphasizes the
teleconnection between ENSO and the Nile flow and our choice
to use only GCMs that accurately simulate the statistics of ENSO
resulted in narrowing the range of uncertainty about future Nile
flow, and increasing our confidence in the projected impacts of
climate change.

The relatively large increase in interannual variability in the flow
of Nile river dictates an increase of almost 33% in the total storage
capacity (from 340 to 460 Km”) that is needed to maintain a flow in
each year, for over 100 years, equivalent to the long-term mean flow
(Fig. 4a) (see Methods for details of the Hurst storage analysis®**).
It is also important to note that the long-term mean flow for the
past (1900-2000) was about 80 km® yr™!, while the mean flow for the
future (2000-2100) is projected to be about 92 km® yr~'. The current
total storage capacity in the Eastern Nile river basin is about 155 km’
and is expected to increase to 230 km® if the GERD is built (Fig. 4a).
Based on our analysis shown in Fig. 4a, applying the Hurst equation,
the current storage in the basin is sufficient for securing a yield
equivalent to the observed mean annual flow, for about 40 years.
To secure a yield equivalent to the projected mean annual flow for a
similar 40 years into the future, the storage will have to be expanded
by about 55%. However, after GERD is built, the new storage in the
basin will be sufficient for securing a yield equivalent to the observed
flow, for about 60 years (Fig. 4a). To secure a yield equivalent to the
projected mean flow for a similar 60 years into the future, the storage
will have to be expanded by about 45% (Fig. 4b) (it is important to
note that our analysis does not include evaporation losses from new
reservoirs behind dams).

Here, we project that the future water storage capacity in the
basin needs to be re-evaluated to control the enhanced interannual
variability in the flow and to capture the additional flow due to cli-
mate change. However, this increase in storage capacity may or may
not be feasible, depending on several factors, including availability
of suitable sites for dams, economic considerations, and agreement
between Nile basin countries. Moreover, detailed studies for these
new dams that identify the potential locations, sizes, operational
rules and impacts on the water resources shares between riparian
countries based on a range of expected changes in the future flows
of the Nile will be required*?’.

The lack of consensus between the past studies that investigated
the impacts of climate change on the Nile river flow hinders the
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development of effective climate change adaptation plans. Hence,
knowledge about the future flow of the Nile river is needed to
guide water resources planning, including proposals for dams and
hydropower projects (for example, GERD). Based on our analysis
using two different approaches and several different combinations
of GCMs results, we project that the mean and interannual vari-
ability of annual flow in the Nile river basin will increase due to
climate change. The projected increase in the interannual variability
may limit the benefits of projected increase in mean flow, and
hence motivate a significant increase in the water storage capac-
ity to fully utilize the additional water resource. Future climate
projections discussed here assume a business-as-usual scenario of
greenhouse gas emissions. Any effective mitigation efforts are likely
to impact these projections, and hence reduce the intensity of the
projected impacts.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Bias correction using the probability matching method. The bias correction
approach was used to correct for bias in hydrological variables in several previous
studies'"*®. Here, the cumulative distribution function is calculated for the
observed annual average Nile flow at Dongola for the past period (1900-2000). In
the following step, the cumulative distribution function is calculated for the annual
average simulated runoff by each GCM for the past period (1900-2000). Then, a set
of bias correction factors are estimated by the ratio of the observed Nile flow at
each cumulative probability to the corresponding Nile flow simulated by the GCM
at that same cumulative probability. In other words, for each range of simulated
Nile flow values produced by a GCM, we estimate a correction factor that would
effectively match the observed and simulated probability distributions of past flows.
For the period (2000-2100), the simulated runoff by each GCM is bias-corrected
by multiplying the GCM simulated value by the corresponding correction factor.

Sampling analysis. In the sampling approach, we estimate the Nile flow based on
the frequency of occurrence of different types of El Nifio and La Nifia events (that
is, extreme El Nifo, moderate El Nifio, neutral, extreme La Nifia and moderate

La Nifia). First, we compute the frequency of different events based on sea surface
temperature (SST) observations using HadISST? for the period (1900-2000). The
identification process of the different types of events follows the methodology of
previous studies that were investigating the changes in the frequencies of El Nifo
and La Nifa events*’. In these studies, the extreme El Nifio events are identified
when the average (December-February) rainfall over the Nifio 3 region is greater
than 5 mm d~'. However, we replaced this condition by satisfying a SST condition
over Nifo 3 as there is no observed precipitation data available over the oceans for
the whole period (1900-2000). It is estimated that when the rainfall over Nifo 3
exceeds 5mmd ™, the average SST anomalies during December to February over
Nifio 3 are greater than 1.75 times the standard deviation. Thus, extreme El Nifio
events are identified when the (December-February) SST anomalies over Nifio 3
are greater than 1.75 times the standard deviation. On the other hand, the extreme
La Nifia events are identified when the average (December-February) SST
anomalies over Nifo 4 are less than 1.75 times the standard deviation. The
moderate El Nino events are identified when the average (December-February)
SST anomalies over Nifio 3 are greater than 0.5 times the standard deviation and
less than 1.75 times the standard deviation. The moderate La Nifia events are
identified when the average (December-February) SST anomalies over Nifo 4 are
less than 0.5 and greater than 1.75 times the standard deviation. The remainder of
events are considered as neutral events.

Second, for each type of event (that is, extreme El Nifio, moderate La Nifia,
neutral, extreme La Nifia and moderate La Nifia) within the past period
(1900-2000), the corresponding observed total Nile flows at Dongola are identified
and grouped together for each type.

The same identification process of the different types is repeated for GCMs
simulations for the periods (1900-2000) and (2000-2100). The different types of
events are identified for each model and for the past period (1900-2000). Each time
the model simulates any event, a value is picked randomly from the group of the
observed Nile flow values for this type of event and is assigned to be the

corresponding Nile flow. This step is repeated for the future period (2000-2100);
however, the magnitude of assigned flow is modified by the ratio of the simulated
future runoff over ENB for that type of event in the period (2000-2100) to the past
simulated runoff over ENB for the same type of event in the period (1900-2000).

Water storage analysis. The storage capacity required to accommodate the
variability in any river flow and to supply an equal flow each year (that is, the
long-term average) over a certain period of time (N) can be calculated by taking
the departures of the flow from the mean and summing these departures®*. Thus,
the difference between the maximum and minimum of these continued sums is the
required storage capacity. Several phenomenon, including the Nile flow, which
have long time series follow a certain relation between the difference of maximum
and minimum continued sum, the standard deviation (¢), and (N) (ref. 23). The
relation has the form R/o = (N /2)*, where k is the Hurst coefficient?. The Hurst
coefficient can be estimated by fitting the relation between (R/o) and (N /2) for
different lengths of the time series of length (N). The summary of the changes in
the 100-year storage and Hurst coefficients for the different GCMs is presented in
Supplementary Table 7.

Data availability. In this study, we use several observational data sets and climate
models simulations to investigate the future change in the interannual variability of
the flow in the Nile river. The observational data sets include stream flow data at
Dongola available from the Global River Discharge Database (GRDD)™, stream
flow data for Atbara and Upper Blue Nile basins available through personal
communications with the ministries of water in the countries of the Nile basin, and
rainfall data based on rain gauges from the Global Historical Climatology Network
(GHCN-V2) (ref. 31). The climate models simulations are based on 18 GCMs that
participated in the Coupled Model Inter-comparison Project Phase 5 (CMIP5) with
the Representative Concentration Pathway (RCP 8.5) for future greenhouse gases
projected emissions®. For further details about these data, please refer to sections 1
and 2 of the Supplementary Information. The data that support the findings of this
study are available from the corresponding author upon request.
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