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Summary

This report aims to evaluate the impacts of climate
change on both hydrologic regimes and water
resources of the Upper Blue Nile River Basin in
Ethiopia where observed hydrologic data are limited.
The downstream countries of the Nile River Basin
are sensitive to the variability of runoff from the
Ethiopian part of the basin. This report presents
three steps for analyzing climate change impacts on
hydrology and water resources. The first is the
construction of the climate change scenarios
whereby the outcomes of multiple general
circulation models (GCMs) are used to perturb the
baseline climate scenario representing the current
precipitation and temperature patterns. The second
is runoff simulation by using a simple two-tank
hydrologic model due to the limited data availability
and the scale of the sub-basins. The hydrologic
model uses the constructed climate scenarios as
input to predict runoff. The model parameters for
ungauged parts of the basin are estimated by
means of hydrologic regionalization. In the final step,

climate change impacts on hydrology and water
resources are examined using a set of indices. The
impacts of potential future hydropower dam
operations in the upstream parts of the Nile Basin
under future climate scenarios on downstream
countries are also assessed. The results suggest
that (1) the climate in most of the Upper Blue Nile
River Basin is likely to become wetter and warmer
in the 2050s (2040-2069); (2) low flows may become
higher and severe mid- to long-term droughts are
likely to become less frequent throughout the entire
basin; and (3) the potential future dam operations
are unlikely to significantly affect the water
availability to Sudan and Egypt based on predicted
outflows from six GCMs and many dam operation
scenarios. The results, however uncertain with
existing accuracy of climate models, suggest that
the region is likely to have the future potential to
produce hydropower, increase flow duration, and
increase water storage capacity without affecting
outflows to the riparian countries in the 2050s.






Climate Change Impacts on Hydrology and Water
Resources of the Upper Blue Nile River Basin, Ethiopia

Ungtae Kim, Jagath J. Kaluarachchi and Viadimir U. Smakhtin

Introduction

The impacts of climate change on water resources
are high on the research agenda worldwide (IPCC
2007). Future changes in overall flow magnitude,
variability and timing of the main flow events are
among the most frequently cited hydrologic issues
(Frederick 2002; Wurbs et al. 2005). These
changes may have a high impact on transboundary
river basins where competition for water is from
stakeholders from different economic, political and
social backgrounds while changing runoff variability
of upstream countries can affect the downstream
countries. A typical example is the Nile River Basin
which consists of the White Nile and the Blue
Nile. Most parts of the Nile Basin are found to be
sensitive to climatic variations (Conway and Hulme
1996; Yates and Strzepek 1998a,b; Conway 2005).
The Blue Nile which constitutes only around 10%
of the entire Nile Basin area, however, contributes
about 60% of its total mean annual flow measured
at the High Aswan Dam (Waterbury 1979; Sutcliffe
and Parks 1999; Conway 2005). Thus, runoff
variability in upstream countries, such as Ethiopia
where most of the Blue Nile flow is generated, is
of great importance to the sustainable development
of downstream countries such as Sudan and Egypt
where most of the Nile water is used in
accordance with the 1959 water sharing agreement
(Yates and Strzepek 1998a; Tafesse 2001; Conway
2005). The increasing water demand of upstream
countries in the Nile Basin coupled with climate
change impacts can affect the availability of water
resources for downstream countries and in the
basin.

Previous studies which examined the impacts
of climate change on water resources in the Nile
Basin (Gleick 1991; Conway and Hulme
1993,1996; Strzepek and Yates 1996; Yates and
Strzepek 1996,1998a,b; Sene et al. 2001; Conway
2005), have mostly focused on the changes in
runoff and their consequences for the economies of
downstream countries. However, climate change
can affect multiple features of water resources, e.g.,
quantity and quality, high- and low-flow extremes,
timing of events, water temperature, etc. All these
aspects affect livelihoods in the basin but have not
received attention in planning for future water
allocation and design of water infrastructure yet.

Since 1999, a multilateral effort called the Nile
Basin Initiative has been underway to promote the
cooperation to maximize the benefits of Nile water
(Whittington et al. 2005). Ethiopia, for example,
can be endowed with economic benefits due to the
tremendous potential for hydropower generation and
irrigation associated with the country’s
advantageous geographical location in the Nile
Basin. In 1964, the US Bureau of Reclamation
(USBR 1964) identified four hydropower sites,
Karadobi, Mabil, Mendaia and Border, in the main
stem of the study area (Figure 1). More recently,
Block (2007) assessed the benefit-cost ratios of
these potential future USBR dams under
operational policies, water abstractions, and
climate change scenarios. Although several studies
identifying the feasibility of hydropower projects
were conducted by the Water and Power
Consultancy Services (WAPCOS 1990) and the



Ministry of Water Resources (MOWR 1998), there
is still a discrepancy in the estimates of
hydropower potential under different flow and
operational conditions and a lack of understanding
on how this capacity can be best utilized under
future climate conditions.

To consider climate change into water
resources planning and management in the

The Upper Blue Nile River Basin

Physiography

The Upper Blue Nile River Basin is located in the
Ethiopian Highlands and has a drainage area of
about 176,000 square kilometers (km”) upstream of
El Diem and comprises of six sub-basins (Figure
1). The river originates in Lake Tana and flows to
the Sudanese Border to eventually meet the White
Nile River at Khartoum, Sudan.

The climate of the study area varies from
humid to semiarid. Most precipitation occurs in the
wet season called Kiremt (from June to
September). The two other seasons are known as
Bega (normally dry; from October to February) and
Belg (normally mild; from March to May). The
seasonal precipitation based on data from 1961 to
1990 (Kim et al. 2008) shows about 240
millimeters (mm), 990 mm, and 190 mm in Belg,
Kiremt, and Bega, respectively. About 70% of
annual precipitation is concentrated on Kiremt. The
annual precipitation has an increasing trend from
northeast to southwest. The estimated mean
annual precipitation of the study area ranges from
1,200 to 1,600 mm based on data from 1961 to
1990 depending on the studies (Gamachu 1977;
Conway 1997; Conway 2000; Tafesse 2001;
UNESCO 2004; Kim et al. 2008). The mean annual
temperature estimated using the records from 1961
to 1990 is 18.3°C with a seasonal variation of less
than 2°C (Kim et al. 2008). The annual potential
evapotranspiration is 1,100 mm with a seasonal
variation of less than 20 mm (Gamachu 1977; Kim

basin, an analysis of possible changes in
multiple aspects of water resources under
changing climatic conditions is required. This
report aims to examine the future variability of
hydrologic regimes and water resources of the
Upper Blue Nile River Basin and the potential
impacts in the basin and to downstream
countries.

et al. 2008). Both cited studies used the
Thornthwaite method based monthly temperature
data from 1965 to 1969 and from 1961 to 1990,
respectively.

Due to the summer monsoon occurring
between June and September, more than 80% of
the annual flow occurs from July to October and
flows to the downstream countries due to the
absence of storage capacity. Small tributaries in
the mountainous region experience large
fluctuations of streamflow due to the seasonal
variation of precipitation (UNESCO 2004). The
monthly discharge time series at E/ Diem, which
is the main outlet of the basin, between 1921 and
1990, taken from the National Center for
Atmospheric Research (NCAR, http://dss.ucar.edu/
datasets/, accessed in March, 2006), produce a
mean annual discharge of 49 cubic kilometers
(km® with a minimum of 31 km® (between 1972
and 1984) and a maximum of 70 km® (1929). The
estimates of mean annual discharge at the same
location from previous studies range from 46 to 54
km® due to the difference in recording periods and
the number of data points (Conway 1997, 2000;
Sutcliffe and Parks 1999; NMSA 2001; UNESCO
2004; Conway 2005).

Cultivated areas, woodlands, and grasslands/
shrublands occupy about 60%, 25%, and 7%,
respectively, of the Upper Blue Nile River Basin (Dr.
Terekegn Deksyos, MOWR, pers. comm., April,
2006). The most common land use patterns are
grazing and rain-fed agriculture, and as a result



soil erosion is a big issue for the entire basin
(UNESCO 2004).

Data

There are few reliable meteorological and
hydrologic stations in the basin and most of the
monitoring was started by NMSA and MOWR of
Ethiopia in the early 1960s (Conway 2000).
Monthly precipitation data from 10 stations (also
used in previous studies of Johnson and Curtis
1994; Conway 1997,2000; Seleshi and Zanke
2004; Figure 1) were collected from the Gilobal
Historical Climatology Network (GHCN, ftp://
ftp.ncdc.noaa.gov/pub/data/ghcn/v2/, accessed in
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March, 2006). Monthly temperature data for the
period of 1961 to 1990 at eight of the ten stations
(Figure 1, excluding Bahar Dar and Sibu Sire) were
also collected from the GHCN. The missing
precipitation and temperature data at each station
were filled using local regression and correlation
weight methods (Kim et al. 2008; Kim and
Kaluarachchi 2008a). These climate variables were
spatially averaged for each sub-basin and also for
the entire basin using the Thiessen method.

The flow data available for this study included
monthly discharge time series for stations 2001
(drainage area of 66,000 km®, Figure 1) and E/
Diem and were collected from MOWR (Dr.
Terekegn Deksyos, MOWR, pers. comm., April,
2006) and the NCAR, respectively.

FIGURE 1. Physical layout of the Upper Blue Nile River Basin. Six sub-basins are presented in bold numbers. Digital maps were

collected from the US Geological Survey’s Center for Earth Resources Observation and Science (EROS) (available at http://

edc.usgs.gov/products/elevation/gtopo30/hydro/africa.html (accessed in March, 2006)) and MOWR (Dr. Terekegn Deksyos,
pers. comm., April, 2006).



Climate Scenarios

Baseline Climate Scenario

The baseline climate scenario represents current
climate conditions. As in most of the previous
climate change studies in this region, the baseline
scenario is described using monthly precipitation
and temperature for the period from 1961 to 1990.
The conditional generation method (CGM) proposed
by Kim et al. (2008) was used to extend the
current precipitation time series to accommodate
climate change effects while preserving the
corresponding temporal and spatial correlation
structures. The CGM is based on the historical
relationship (conditional probability) between any
two precipitation (or temperature) events. By
conditioning a set of uniform random numbers to
have this conditional probability, the CGM can
generate the conditioned random numbers
containing the historical relationship between two
events. By doing so, the CGM generates the
similar correlation structure to the observed
regardless of the strength of correlation between
the two observed precipitation events. The
procedure using the CGM was used to develop the
baseline temperature profile as well. Readers are
encouraged to refer to Kim et al. (2008) for further
information on the methodology.

For the baseline precipitation and temperature
scenarios, 100-year monthly time series from the
current conditions for the 10 stations (8 for
temperature) have been generated using the CGM
(Kim et al. 2008; Kim and Kaluarachchi 2008b).
The baseline potential evapotranspiration scenario
was then generated using the baseline temperature
scenario by the Thornthwaite method (Palmer and
Havens 1958). Although the Thornthwaite method
has limitations due to its empirical nature, this
study used this method due to the simplicity of
data requirement.

Future Climate Scenarios

Each general circulation model (GCM) has different
temporal and spatial resolutions and assumptions
describing atmospheric processes. High uncertainty
is, therefore, expected in climate change impact

studies if the simulation results of a single GCM
are relied upon (IPCC 1999). Hence, this study
used the outputs of six different GCMs from the
IPCC DDC (Data Distribution Center) to predict the
precipitation patterns for the 2050s (mean of GCM
results for the years 2040-2069). The GCMs used
are CCSR/NIES (Center for Climate System
Research and National Institute for Environmental
Studies), CGCM2 (Canadian Global Coupled Model
2), CSIRO (Commonwealth Scientific and Industrial
Research Organization), ECHAM4 (European
Centre Hamburg Model 4), GFDL-R30 (Geophysical
Fluid Dynamics Laboratory’s Rhomboidal 30
truncation), and HadCM3 (Hadley centre Climate
Model 3). Kim et al. (2008) used these six GCMs
to construct future precipitation scenarios in the
Upper Blue Nile Basin for the 2050s.

The mean monthly changes in precipitation (%)
and temperature (°C) up to the 2050s simulated by
these six GCMs were downloaded form the IPCC
Data  Distribution Center (http://ipcc-
ddc.cru.uea.ac.uk/, accessed in April, 2006). This
study adopted the A2 emission scenario (high
emission scenario) described in the Special IPCC
Report on Emissions Scenarios (see Chapter 5,
IPCC 2000), which is a frequently used scenario
for the mid to high range of emissions (e.g., Hulme
et al. 2001; Conway 2005; Wilby and Harris 2006).
The A2 scenario assumes a high population growth
rate and a significant shift to coal in year 2100.

To properly manage the entire study area, four
to nine grids were selected depending on the
GCM. The mean monthly changes in precipitation
and temperature of these selected grids were then
spatially downscaled to the selected stations using
the triangular cubic interpolation method (Watson
1992). The outputs of the six GCMs were then
weighted based on their accuracy to simulate the
current patterns (1961 to 1990) of precipitation and
temperature for the study area (Table 1). To find the
weights in Table 1, the monthly distributions of the
1961-1990 precipitation and temperature simulated
by the six GCMs were compared with the observed
data. The mean absolute errors of individual GCMs
were then inversely weighted so that a GCM
showing a smaller error can have a larger weight.



The reason for this weighting is that it is normally
difficult to select a specific GCM for the area of
interest. This weighted scenario can, therefore,
suggest an ensemble average projection for
climate change from these six GCMs. The total
number of climate scenarios is now seven (six
scenarios from the outputs of individual GCMs and
one weighted scenario) for both precipitation and
temperature.

Future climate variables, precipitation and
temperature, were constructed for each climate

TABLE 1. Description of the six GCMs used in this study.

scenario by perturbing the corresponding baseline
precipitation or temperature data series with the
predicted changes in precipitation from a given GCM.
This perturbation method has been widely used in
previous climate change studies (e.g., Conway and
Hulme 1996; Yates and Strzepek 1998b; Xu 2000;
Fowler et al. 2003; Kim et al. 2004; Drogue et al.
2004; Wurbs et al. 2005). The major assumption of
this method is that the current temporal and spatial
correlation structures of precipitation and temperature
will be preserved over time.

GCM Country Resolution? Sensitivity (°C)*  Grids used® Weight? (%)

P T
CCSR/NIES Japan 5.625, 5.533 3.5 4 19 2
CGCM2 Canada 3.750, 3.709 3.5 9 7 20
CSIRO Australia 3.625, 3.184 4.3 6 25 4
ECHAM4 Germany 2.813, 2.789 2.6 9 10 18
GFDL-R30 USA 3.750, 2.235 4.0 9 6 4
HADCM3 UK 3.750, 2.500 2.5 9 33 52

 Average resolution of each GCM (longitude, latitude).

® Sensitivity is the increase of temperature from the baseline (1961-1990) due to doubling of CO,.

“The number of grids covering the study area.

¢ Weights for precipitation (P) and temperature (T) computed by Kim et al. (2008) and this study, respectively.

Runoff Generation

This study used a simplified monthly water balance
model (Figure 2) due to limited data availability from
the study area. This model transforms precipitation
and potential evapotranspiration through two sail
moisture storage zones into runoff. In Figure 2, KD,
K1, K2, KI, and KL, are the coefficients [T"'] for
direct runoff (QD), surface runoff (Q1), base runoff
(Q2), infiltration (), and percolation (L), respectively.
H1 and H2 are the heights of runoff orifices in the
upper and lower zone, respectively. IM is the
fraction of impervious area. UZSM and LZSM, which
are updated with water balance accounting,
represent upper and lower zone soil moisture,
respectively. Evapotranspiration is updated for each

time step using the relationship between
precipitation and potential evapotranspiration
(Dingman 2002). Infiltration and deep percolation is
also updated for each time step depending on the
availability of soil moisture in each tank.

As described in the previous section,
urbanization is minimal in the study area and,
thus, the fraction of impervious area is negligible
making parameters IM and KD insignificant.
Therefore, a total of six calibration parameters (H1,
H2, K1, K2, KI, and KL) are used. Maximum
heights of two soil moisture storages can be
determined from soil data of the basin (Kim and
Kaluarachchi 2008a).
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FIGURE 2. A schematic of the water balance model used in this study.

The six sub-basins of the study area (Figure 1)
are ungauged and, therefore, traditional model
calibration is not possible. The runoff volume from
an ungauged sub-basin can be estimated using a
regression relationship between total channel
length and runoff. The total channel length of a sub-
basin was computed using a stream network
Geographic Information System (GIS) file. Since
this estimated runoff volume is not very accurate,
it is converted to a fraction of the total runoff
volume at the El Diem outlet of the basin.
Therefore, the sum of volume fractions of the six
sub-basins should be equal to one. Using this
runoff volume fraction, the hydrograph of each sub-
basin is then computed by disaggregating the
hydrograph at the basin outlet E/ Diem (Kim and
Kaluarachchi 2008a). Finally, the model parameters
of each sub-basin can be calibrated to the
estimated hydrograph and are used to generate
runoff of an ungauged sub-basin under different
climate scenarios.

Monthly discharge data at stations 2001 and E/
Diem from 1961 to 1990 were used for model
calibration (1961 to 1980) and verification (1981 to
1990) using the approach discussed in the earlier
paragraph. As shown in Figure 3, the Nash and
Sutcliffe (NS) coefficient values (Nash and Sutcliffe
1970) for the calibration and verification periods were
0.83 and 0.79 for station 2001 and 0.86 and 0.85 for
El Diem, respectively. For the entire period, NS
coefficients were 0.82 and 0.86 for Station 2001 and
EI Diem, respectively. The model calibration work was
similar to the work of others (Conway and Hulme
1996; Yates and Strzepek 1996; Yates and Strzepek
1998a,b) assuming that the model parameters would
not significantly vary with time. The same assumption
was made with potential land use changes as well.

The water balance model was run for each
climate scenario (the baseline scenario, six GCM
scenarios, and the weighted scenario) using the
model parameters calibrated and regionalized for
the six sub-basins.
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FIGURE 3. Monthly runoff hydrographs at (a) Station 2001, and (b) E/ Diem.

Impacts of Climate Change

Hydrology

Runoff was simulated using the climate inputs from
different climate scenarios (baseline, weighted GCM
scenario as a mean, and six GCMs). The results in
Table 2 suggest that the changes in mean annual
precipitation from the six GCMs range from -11% by
CSIRO to 44% by CCSR/NIES with a change of 11%
from the weighted average scenario. On the other
hand, the changes in mean annual temperature range

from 1.4°C by CCSR/NIES to 2.6°C by HadCM with
a change of 2.3°C from the weighted average scenario.
Potential evapotranspiration shows an increasing trend
for all GCMs due to increased temperature. The
changes in potential evapotranspiration are from 9% by
CCSR/NIES to 19% by HadCMS3 with a change of
16% from the weighted average scenario. The reason
is that CCSR/NIES simulates the wettest and coolest
scenarios and HadCMS3 simulates the warmest
scenario (Table 2).



TABLE 2. Changes in climate variables and runoff for the 2050s in the study area.

GCM AP (%) AT (°C) APET? (%) AQ? (%)
Weighted scenario 11 2.3 16 4
CCSR/NIES 44 1.4 9 80
CGCM2 -3 1.7 11 -14
CSIRO -1 2.1 14 -32
ECHAMA4 33 2.4 17 64
GFDL-R30 1 1.7 11 -13
HadCM3 6 2.6 19 -1

* PET and Q represent potential evapotranspiration and runoff, respectively.

Simulated hydrologic response of the basin
under different climatic conditions produced by
each GCM is presented in Figure 4 for the 2050s.
It is observed that the CCSR/NIES and ECHAM4
scenarios produced biased mean monthly runoff
distributions between July and December. This is
coincident with the overpredicted precipitation for
the same period by CCSR/NIES and ECHAM4
compared to other GCMs (Kim et al. 2008). The
simulation results suggest that the changes in
mean annual runoff are from -32% by CSIRO to
80% by CCSR/NIES with an average change of

4%. As indicated by Yates and Strzepek (1998a,b),
the changes in basin runoff are controlled not only
by precipitation but also by temperature and
potential evapotranspiration. For example, in Table
2, the change in mean annual runoff was simulated
as -14% by CGCM2 which is a 3% decrease in
mean annual precipitation and 1.7°C increase in
mean annual temperature. On the other hand, the
-11% change in mean annual runoff was simulated
by HadCMS3 which produced a 6% increase in
mean annual precipitation and a 2.6°C increase in
mean annual temperature.

25F,

—— CCSR
soll + CGCM
~4- CSIRO
ECHAM
—+ GFDL
~+ HADCM
10F| = = weight

151

Runoff volume (km?)

20

Month

FIGURE 4. Comparison of the mean monthly runoff distributions at (a) Station 2001, and (b) E/ Diem under different climate
scenarios for the 2050s. The bars represent the baseline runoff.



When compared to the results of previous
studies for the same area (see Table 3), the
changes simulated by the weighted scenario in
this study (11% in precipitation, 2.3°C in
temperature and 4% in runoff) can be classified as
mild increases. The relationship between the
changes in runoff and the changes in precipitation
and temperature was developed by regression
using the changes of six sub-basins (i.e., 36 (6

sub-basins * 6 GCMs) of AQ scenarios as a

dependent variable and also 36 of AP and AT
scenarios as independent variables), using the six
GCM outputs, and is given as:

AQ =22 XAP-75 XAT (1)

where: AQ is the percentage change in mean
annual runoff; AP is the percentage change in
mean annual precipitation; AT is the °C change in
mean annual temperature; and the coefficient
of determination of this equation is 0.97.

This relationship is useful to predict the mean
changes in runoff of the study area due to climate
change. The validity of equation (1) was evaluated

by applying this equation to previous studies and
the results are presented in Table 3. As presented
in the last column of Table 3, the mean annual
runoff changes (%) predicted by equation (1) show
a good agreement with those by previous studies
(a correlation coefficient of about 0.99). However,
equation (1) may produce unfeasible results, if
applied to small catchments within sub-basins,
because this relationship was derived using
hydrologic responses at sub-basin scale.

The average changes of climate variables and
runoff from the six sub-basins are shown in Figure
5. Compared to the southwest of the study area,
the northeast shows a more pronounced increasing
trend in precipitation and a less pronounced
increasing trend in temperature. These trends
result in a noticeable increase in runoff in the
northeast compared to the southeast. The
northeast includes the Amahara region, one of the
most populated and agricultural regions of Ethiopia.
It is also noted that the sub-basin 1, in which the
Dabus swamps are located, shows a large
decrease in runoff due to increased temperature
and potential evapotranspiration in this region.

Table 3. Changes in climate variables and runoff projected for the Upper Blue Nile River Basin by previous studies.

Result
Study GCM used AP (%) AT (C) AQ (%) Condition AQ (%) by Equation (1)
Conway and GFDL -2 0.7 2025 -9
Hulme (1996) GISs? 7 0.8 15 2025 10
Composite 2 1.0 1 2025 -3
Yates and GFDL -5 3.5 2030s
Strzepek (1996) GISS 47 3.4 2030s
Yates and GFDL 4 2.9 2 2xCO, -13
Strzepek (1998b) GFDLT® -5 2.9 -31 2050s -33
GISS 39 3.4 108 2xCO, 60
UKMO¢ 55 3.7 133 2xCO, 92
MP1d 23 2.2 43 2xCO, 35
CGCM -9 2.4 -35 2xCO, -37
Yates and GFDL -5 3.5 2xCO,
Strzepek (1998a) UKMO 29 4.8 2xCO,
GISS 30 2.2 2050s
NMSA (2001) CGCM -33 2xCO,
GFDL -3 2xCO,
UKMO 10 2xCO,

* GISS: Goddard Institute for Space Studies.

® GFDL Transient scenario for the 2050s.

° UKMO: United Kingdom Meteorological Office.
¢ MPI: Max Plank Institute for Meteorology.
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Figure 5. Spatial distribution of the average annual changes in climate variables and runoff under the weighted scenario for
the 2050s: (a) precipitation, (b) temperature, (c) potential evapotranspiration, and (d) runoff.

Flow regimes in a basin can be effectively
quantified using flow statistics based on flow
duration curves. Since flow duration curves at a
specific location represents the relationship
between the magnitude and frequency of daily,
weekly, or monthly (or other timescales)
streamflow, they can provide a simple, yet
comprehensive, view of the overall flow variability in
a basin (Vogel and Fennessey 1994; Smakhtin
2001). Vogel and Fennessey (1994) showed that
flow duration curves are sensitive to the hydrologic
extremes associated with the particular period of
records chosen. To overcome this problem, this
study adopted the medians of 30-year flow duration
curves derived from the simulated 100-year monthly
hydrographs corresponding to the baseline and
future runoff scenarios from the six GCMs.
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To assess the changes in flow regimes, the flow
statistics that represent high, median, and low flows
were extracted from the flow duration curves of the
six sub-basins and the basin outlet. These flow
statistics are termed Q,, Q,,, and Q,, and define
the flows exceeding 10, 50, and 90% of the time,
respectively. The mean flow, Q_, was also computed
because the hydropower generation capacity is a
function of the mean flow at a given hydraulic head.
In addition, the periods (the number of months)
above Q,, and below Q,;, Q,,, and Q,_, which are
termed here as D, , D, , D,,, and D_, respectively,
were computed to investigate how frequently these
events occur. The changes in outflow patterns from
the potential future dams, Karadobi and Border, were
also evaluated using the hypothetical dam operation

policies that will be described next.



Figure 6 presents the percentage changes
in flow statistics (Q,,, Q,,, and Q) of the six
sub-basins under the weighted runoff scenario
for the 2050s. While Q,, and Q,, show a similar
range of percentage changes (-15% to 20%),
the range of changes in Q, is much wider (-
25% to 60%). This result can be explained by
runoff in low-flow seasons, which is usually
more sensitive to changes in potential
evapotranspiration than runoff during high-flow
seasons. It is also partially because a relative
percentage change value is magnitude-sensitive,
e.g., the same increment or decrement gives a
higher percentage change for low flows than for
high flows. An increasing trend of these three
flow statistics towards the northeast is
generally a coincident with that of the mean
annual runoff (Figure 5d). The increased low
flows in this region suggest the increased
baseflow during the mild Belg season (February
through May).

The increased flows during the Belg season
need to be analyzed further. Low flows dominate
the period from February to May (Figure 4).
Analysis of the 70-year monthly discharge data
available at E/ Diem suggests that minimum
annual flow occurs mostly in April (59%) and March
(25%). In addition, Kim and Kaluarachchi (2008a)
described the half-time of flow depletion, which
defines the time for flow to halve in a receding limb
of a hydrograph (Martin 1973), in the study area to
be about 4 months. These two observations
suggest that runoff in March through April can be
strongly controlled by the quantity and timing of
precipitation from November to February (Bega
season) of the previous year. Combining these
observations with the results that the percentage
change in Bega precipitation is higher than in
Kiremts or Belg's (Kim et al. 2008), a higher
percentage increase in the low flow (Q,,) than in
the high flow (Q,,) is feasible (Figure 6¢ and the
K0+BO0 case of Table 5 to be discussed next).
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FIGURE 6. Spatial distribution of the percentage changes in flow statistics under the weighted runoff scenario for the 2050s.
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Drought Analysis

Ethiopian agriculture depends completely on
precipitation. Therefore, precipitation variability and
droughts in particular affect food security in the
study area (Conway 2005). A meteorological
drought is characterized using various drought
indices, of which the Standardized Precipitation
Index (SPI, McKee et al. 1993) is most widely
used. SPI quantifies precipitation deficits at various
timescales based on the probability of recording a
given amount of precipitation, and the probabilities
are standardized so that an index of zero indicates
the median precipitation amount. The index is
negative for drought, and positive for wet conditions.
Guttman (1998) and Hayes et al. (1999) found that
the SPI has advantages of statistical consistency
and the ability to describe both short- and long-
term drought impacts through different timescales
of precipitation anomalies. SPI values with various
timescales can, thus, reflect the impacts of drought
on different components of water resources such
as soil moisture, groundwater, or river flow.

In this study, SPI values for 1-, 3-, 6-, 9-, and
12-month timescales were computed using
observed monthly precipitation at 10 stations from
1961 to 1990 to determine which timescale better
represents the historical drought events of the
study area. Although SPI1, SPI3, and SPI6 all
captured historical drought events, the analysis
showed that SPI1 and SPI3 values were found to
be too sensitive to variations in short-term
precipitation deficit while the SPI6 was determined
to be more suitable to assess mid- to long-term
droughts. Therefore, the 100-year SPI6 series of the

six sub-basins were computed for each future
precipitation scenario and compared with those
from the baseline precipitation scenario.

Frequency, duration, and severity are the
important characteristics of a drought. To consider
these factors, this study counted the number of
severe drought events based on six-month duration
of precipitation, i.e., SPI6 values less than -1.5
defined by McKee et al. (1993). The percentage
changes of frequencies in SPI6 values of less than
-1.5 were computed for future precipitation
scenarios, relative to those derived from the
baseline precipitation scenario. As shown in Table
4, the percentage changes in severe drought
events vary significantly depending on the GCM. In
the weighted precipitation scenario, which provides
the ensemble average of all GCM scenarios, the
percentage changes in severe drought frequencies
are about -90% for sub-basins 5 and 6, about -70%
for sub-basins 2 and 4, and -30 to -50% for sub-
basins 1 and 3.

Water Resources Reliability

A quantitative measure of performance of water
resource systems is useful in assessing the
operational strategies of the potential future dam
projects. Hashimoto et al. (1982) suggested the
use of indices of reliability, resiliency, and
vulnerability, for classifying and assessing the
performance of water resource systems. Reliability
is a measure of frequency or probability that a
system is in a satisfactory state meeting a given
criterion. Resiliency generally indicates a measure

TABLE 4. Percentage changes of frequencies in SPI6 values of severe drought events for the 2050s.

GCM Sub-basin

1 2 3 4 5 6
Weighted scenario -50 -74 -31 -73 -86 -92
CCSR/NIES -76 -84 -33 -88 -90 -88
CGCM2 81 46 162 114 83 -31
CSIRO 85 202 117 238 321 421
ECHAM4 -19 -45 -49 -82 -92 -85
GFDL-R30 73 52 25 23 6 -21
HadCM3 -39 -47 -37 -34 -47 -63
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of how quickly a system recovers from failure once
failure has occurred. Vulnerability can be defined
as (1) the maximum duration of system failure;
and (2) the cumulative maximum magnitude of
water shortage during a system failure. The
computational scheme for these indices in this
study is almost similar to that of Hashimoto et al.
(1982), Maier et al. (2001), and Fowler et al.
(2003), except for the use of a monthly time step
and a different criterion.

Defining a criterion (C) as the minimum
required runoff from a water resource system (river
or dam outflow), the monthly runoff (X)) at time t
can be classified as a satisfactory state (S) or a
failure state (F), i.e.,

If X, 2C then X, e S
else X, eF

and Z, =1
and Z, =0 @
where: Z is a generic indicator variable. The
mean monthly runoff distribution of the baseline
runoff scenario was used as a criterion and, thus,
system failure occurs when runoff or outflow is
below the criterion at any given month. Another
indicator, W, which represents a transition from F
to S, is defined as:

S
t+1 € (3)

L if X, eF and X
r {0, otherwise
If the periods of X in F are defined as U,, U,
..., U, where Nis the number of F periods, then
reliability, resilience, and vulnerability indices during
the total time period (T) can be defined as:

T
Reliability _ Lz:l z @
T

W
Resiliency =—==_— ©)
T - Z

=1"1

Vulnerability,, . = max{y,,U,,...,U, } ©)

VU|nerabi|ityVolume= max{z - (C—X) i=12,..,N, (7)
U, t)° 94y >

These indices were previously used to evaluate
reservoir operations (Hashimoto et al. 1982; Moy et
al. 1986) and water distribution systems (Zongxue
et al. 1998); manage water quality of a river (Maier
et al. 2001) as well as assessing climate change
impacts on water resource systems (Fowler et al.
2003). This study examined the percentage
changes in these indices computed for future runoff
scenarios associated with potential future dam
operation policies, relative to those computed for
the baseline runoff scenario. Therefore, these
percentage changes can suggest the impacts of
both climate change and dam operation on the
robustness of water supply.

First, this section evaluates the impacts of
climate change on reliability, resiliency, and
vulnerability of streamflows in sub-basins under the
unregulated (natural) condition. The reliability and
resiliency under the weighted runoff scenario for the
2050s suggest that there is an increasing trend
towards the northeast (Figures 7a and 7b). This
improved water supply capability in this region,
therefore, results in the decreased frequency of
system failure measured by reliability and increase
of system flexibility measured by resiliency.

Although the increased runoff generally
improves water supply reliability, the vulnerability of
streamflows can be dominated by the timing and
duration of runoff. In the case of sub-basin 5, the
vulnerability in maximum failure time is not
decreased in spite of its increased runoff. Increased
vulnerability (Figures 7c and 7d) as well as
decreased reliability and resiliency (Figures 7a and
7b) is expected in the southwest region, sub-
basins 1 and 3, due to the reduced runoff (Figures
5d and 6b). Particularly, more than a 50% increase
in maximum water shortage in a failure period
(Figure 7d) can cause a severe water supply
problem in those sub-basins.

However, runoff from the entire basin measured
at Border shows an improved capability of water
supply to downstream countries. Although changes
are dependent on a specific GCM, the weighted
runoff scenario for the 2050s suggests that the
assessment indices of natural runoff at Border are
improved and will be discussed in the next
section, Hypothetical Dam Operations for
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FIGURE 7. Spatial distribution of the percentage changes in water resources assessment indices reliability, resilience, and
vulnerability for volume and time of streamflows under the weighted runoff scenario for the 2050s.

Hydropower. The increased reliability and resiliency
of flows are beneficial to both the study area and
downstream countries because hydropower
generation in the study area could be stable and
the likelihood of water supply failure to downstream
countries could be reduced.

Hypothetical Dam Operations for
Hydropower

This section mainly analyzes the impacts of
hydropower generation under the climate change
scenarios on streamflow variability at the basin
outlet. The 100-year monthly hydrographs from
sub-basins 5 and 6 were aggregated as inflow to
the Karadobi Dam and those from all six sub-
basins were aggregated as inflow to the Border
Dam. Block (2007) discussed potential future dam
sites in the region for hydropower generation.
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Although these sites are not officially proposed or
under discussion by the Ethiopian or other riparian
countries, two dam sites were selected from the
construction as priority and discussed by Block
(2007). Therefore, these hydropower dam sites
should be considered hypothetical at the present
time. Based on the information presented in
MOWR (1998) and Block (2007), the maximum
capacity of each dam was assumed to be 1.6 and
0.3 times of the mean annual runoff volume of the
baseline runoff scenario for Station 2001 and E/
Diem, respectively. With mean annual runoff
volumes of 14 and 43 km® the maximum
capacities of each dam are 22.4 and 12.9 km® at
Station 2001 and EI Diem, respectively.

The operational performance of a water
resources system greatly depends on the timing
and quantity of streamflow at the site of interest.
The constraint functions not only prescribe how the
proposed dams may be filled and the optimal



allotment to irrigation, but also allow for the
assessment of potential impacts on downstream
countries (Block 2007). In this study, however, the
allotment of streamflow to irrigation was not
considered due to the lack of reliable information.
This diversion for irrigation can be easily performed
in a future study as long as necessary information
is available. The initial storage of each dam for the
2050s was assumed to be 70% of its maximum
capacity. The assumed capacity of each dam is
slightly less than that proposed by MOWR (1998)
because the discharge data used in this study are
different from those of previous studies. This
underestimated capacity is conservative for the
operation of the dams under future irrigation
consumption and climate variability. This analysis
did not consider the potential impacts of sediment
generation and transport through different dam
operation policies.

The dams at Karadobi and Border were
originally proposed for hydropower generation.
Therefore, the hypothetical dam operation policies
described in this study only assume hydropower
generation without any consumptive water uses
such as irrigation or water transfer. The first dam
operation policy, denoted as K1 and B1 for
Karadobi and Border sites, respectively, allows
5% of annual runoff volume at Border to be
impounded within the basin (at one or both dams
based on single or joint operation) using the mean
monthly flow of the baseline runoff scenario. The
second operation policy denoted as K2 and B2 for
Karadobi and Border sites, respectively, allows
only an excess of monthly runoff above a
threshold (mean monthly flow of the baseline
runoff scenario) to be impounded in each dam.
The third policy denoted as K3 and B3 for the
respective sites, allows supplemental releases to
be made, when the monthly outflow is below the
threshold of that month while satisfying the
second policy as well.

The concepts of the first and second policies
were originally proposed by Block (2007) on an
annual basis. In this study, all policies were
programmed on a monthly basis to reasonably
account for the monthly variation of runoff in a year.
In addition to Block (2007), this study proposes the

third policy to effectively mitigate the intra-annual
natural runoff fluctuations (i.e., below the historical
mean monthly flow) which can frequently occur in
the second policy without supplemental releases.
For flood control and dam safety, the inflow
exceeding the maximum capacity of each dam is
released during simulations.

Both single and joint dam operations were
assessed to find the best combination of policies
that can maximize the hydropower generation and
available water resources for both the study area
and downstream countries. All operational polices
proposed earlier can be combined to define various
dam operation combinations for each dam.
Therefore, combinations can be one case of no
dam operation (KO+B0), six cases of single dam
operation (K1+B0, K2+B0, K3+B0, KO+B1, KO+B2
and K0+B3), and nine cases of joint dam operation
(K1+B1, K2+B1, K3+B1, K1+B2, K2+B2, K3+B2,
K1+B3, K2+B3 and K3+B3). As discussed in
Block (2007), none of these policies are, presently,
legally acceptable under the 1959 Agreement
between Ethiopia and Sudan or Egypt.

For the ‘no dam condition’ based on the
weighted runoff scenario for the 2050s in Table 5,
the low-flow statistic (Q,,) shows a large increase,
thus implying a wetter dry season for the study
area. On the other hand, the slightly increased
high-flow statistic (Q,,) indicates that the flood risk
to downstream countries may become higher than
current climate conditions. The mean flow (Q,)
shows a 5% increase for the 2050s while the
median (Q,,) was simulated to be rarely changed.
A slight increase in hydropower generation could
be possible with the increased mean flow. The low-
flow period (D, ) is reduced by 27%, while the high-
flow period (D,,) is increased by 22%. On the other
hand, D, and D _ are rarely changed.

The weighted runoff scenario was used as the
representative runoff for the 2050s. Although not
shown here for all cases, the K1+B0 and K0O+B3
cases performed best amongst the six cases of
single dam operation for each dam, and the K1+B3
case performed best amongst the nine cases of
joint dam operation. Table 5 presents the
percentage changes in assessment indices and flow
regimes at the Border Dam location for the 2050s.
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TABLE 5. Percentage changes in water resources assessment indices and flow regimes at the Border site for the 2050s.

Assessment index® (%) Flow (%) Period (%)
Case GCM REL RES VUL, VU, Q, Q, Q, Q, b, D, D, D,
K0+B0 Weighted 25 31 -12 -14 4 -1 14 5 22 1 -27 -2
Max® 102 385 424 1,062 67 165 142 80 258 22 114 8
Mine -91 -84 -84 -91 -29 -28 -35 -32 -91 -44 -97  -25
K1+B0 Weighted 4 18 -28 -6 1 -5 6 2 4 4 -13 -2
Max 101 374 568 1,451 64 153 127 75 237 23 123 9
Min -93 -86 -80 -91 -31 -31 -38 -34 -88 -42 -97  -25
K0+B3 Weighted 75 31 -68 -77 -4 0 3 3 -7 5 -64 0
Max 112 421 76 237 44 57 53 40 140 16 94 6
Min -55 -42  -100 -100 -10 -22 -35 -18 -37 -7 -100 -1
K1+B3 Weighted 70 37 -64 -74 -4 0 3 3 -9 5 -56 0
Max 112 421 76 247 44 55 55 40 134 17 97 6
Min -56 -44  -100 -100 -12 -23 -36 -18 -39 -15 -100 -1

* REL, RES, VUL,, and VUL, represent reliability, resiliency, vulnerability of time duration, and volume in system failure,

respectively.

® ¢ Maximum and minimum values from simulated results under the six GCM scenarios.

In general, the results in Table 5 suggest that
Border Dam operation (the KO+B3 case) performs
better than Karadobi Dam operation (the K1+B0
case) although the K1+BO0 case also shows an
improvement to the baseline runoff scenario. First,
the reliability and resiliency of water supply to
downstream are noticeably increased by 75% and
31% (4% and 18% in the K1+B0O case),
respectively. Second, the maximum water shortage
and failure duration (i.e., vulnerability) are
noticeably reduced by -68% and -77% (-28% and
-6% in the K1+B0 case), respectively. Third, overall
flow characteristics are improved. Q,; and D, are
decreased by -4% and -7% (1% and 4% increases
in the K1+BO0 case), respectively, and therefore the
likelihood of flood risk is lower than the baseline
runoff scenario and the KO+BO0 case. Although the
increases of Q,, and Q_ in the KO+B3 case are
smaller than the KO+BO0 case (no dam), the low-
flow period (D) is significantly decreased due to
the controlled releases from the Border Dam during
low-flow seasons. A major reason for these superior
improvements of the KO+B3 case rather than the
K1+BO0 case is that the K1+B0 case is less
efficient in providing stable flows to downstream
countries than the KO+B3 case. Recalling the
operation policies, the K1+B0 case allows a 5%
share of annual runoff at Border to be impounded
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in Karadobi regardless of intra-annual fluctuations
(e.g., below the mean monthly runoff) while the
K0+B3 case can mitigate those fluctuations by
releasing supplemental outflows.

Although the best-performed joint dam
operation (the K1+B3 case) displays an almost
similar performance with the KO+B3 case, the
K1+B3 case provides more beneficial aspects than
the previous two cases based on the indices
presented in Table 3. While depending on the
GCMs (Table 5), the weighted runoff scenario for
the 2050s suggests that, most of all, the
hydropower potential will be significantly increased
due to the two simultaneously operating dams.

Furthermore, the results of the K1+B3 case in
Table 6 show that the mean annual water storage
is larger than the other two cases while the outflow
ratio (total outflow/total inflow) is not affected but
increased from the baseline runoff scenario. The
mean annual storage simulated by the K1+BO,
KO0+B3 and K1+B3 cases shows 55, 13, and 65%
to the total capacity of the two dams, respectively.
The KO+B3 case shows the lowest mean annual
storage because of (1) supplementary releases of
water during low-flow seasons, and (2) the Border
Dam is smaller in capacity than the Karadobi Dam.
The K1+B3 case obviously shows the largest mean
annual storage by jointly operating two dams.



TABLE 6. Percentage of changes in mean annual water storages and outflow ratios simulated under the proposed operation

policies for the 2050s.

Case GCM Storage (%)? Outflow ratio (%)°
K0+BO Weighted scenario 105
Max 180
Min 68
K1+B0 Weighted scenario 55 102
Max 58 175
Min 53 66
K0+B3 Weighted scenario 13 103
Max 34 140
Min 3 82
K1+B3 Weighted scenario 65 103
Max 89 140
Min 59 82

* Relative to the total capacity of two dams.
® Relative to the baseline runoff volume.

Another important issue that must be
considered in any water management project
proposed for the Nile Basin system is to assess
the variability of total runoff volume from upstream
countries. Under the weighted runoff scenario for
the 2050s, the outflow ratios for the KO+BO case
(no dam) and the three cases, K1+B0, KO+B3 and
K1+B3, are 105, 102, 103 and 103%, respectively,
when using the baseline runoff scenario as the
total inflow (Table 6). The three operation policies
do not affect (increase or decrease) the runoff
volume of the study area.

Current and future water abstractions from the
two reservoirs or the main stem by Ethiopia could not

be considered here because (1) these two potential
future dams were proposed for hydropower generation
(MOWR 1998), and (2) it is difficult to predict the
exact amount of irrigation consumption of the study
area for the 2050s due to the lack of reliable
information. Based on the historical irrigation data of
the Blue Nile Basin in Ethiopia, surveyed by the Food
and Agriculture Organization of the United Nations
(FAO 1997, Table 23), Kim and Kaluarachchi (2008b)
has concluded that the proposed operation policies
without water abstractions are acceptable for the two
potential future dams by assuming that cultivated area
of 21,000 ha in 1989 will increase five times by the
2050s.
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Conclusions

This study is a step towards integrating climate
change and hydrology of the Upper Blue Nile River
Basin to assess the changes to water resources
and the impacts due to potential dam operation
policies in the 2050s. The study was conducted
with limited hydrologic data and hence used
simple, yet reliable, modeling approaches to
simulate various impacts of climate change
scenarios on hydrology and water resources of the
basin. The major findings of the study include:

A generally increasing trend in both
precipitation and runoff in the northern part of the
study area, Amhara, is identified under the
weighted scenario (combination of GCM outputs)
for the 2050s. It is, therefore, possible to suggest
that water availability will most likely improve in this
area.

The standardized precipitation index (SPI), a
commonly used measure of dryness/wetness over
various time intervals, points to a reduction of
severe drought events by 2050s in the study area
due to increased precipitation. This observation
indicates improved availability of water for
agriculture. The identified augmented low-flows or
reduced low-flow periods are also encouraging
signs of improvement of the long-term food security
during a dry season. Although a slight increase in
flood risk is noted, it could most likely be handled
in a timely manner. Joint dam operations (at both
Karadobi and Border) under future climate
scenarios will most likely provide more hydropower
generation, enhance the duration of flows, and
impound more water without affecting water
availability to downstream countries. The dam
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capacity values used in this work were conservative
and, therefore, the increased mean annual storage
due to joint dam operation may be beneficial to
agriculture and other users.

Climate change scenarios based on the GCMs
are not the forecasts of future climate. However,
simulated results for the 2050s can provide good
insights to water resource planners for understanding
the possible ranges and trends of climate change and
their impacts. The results of hypothetical dam
operations can inform decision-makers about possible
ways of modifying the proposed dam operation
policies in the future. Overall, the results suggest that
the water resources of the Upper Blue Nile River
Basin may not be adversely affected by climate
change unlike many other regions in the world and
that increases in precipitation and associated water
resources may help to meet future water needs in the
region. This work addressed hydrology and water
resources of the Upper Blue Nile River Basin under
limited data using simple yet a reliable hydrologic
model. Although not discussed here, the results of
the two-tank hydrologic model discussed by Kim and
Kaluarachchi (2008a) showed that the lumped
regionalization method can successfully predict the
parameter space of the basin. Additional monitoring
and data collection can further improve the calibration
results by reducing the uncertainty of this hydrologic
model making it more accurate and reliable across
all sub-basins. However, the impacts of climate
change in the basin on issues such as the
environment, water quality, and various
socioeconomic attributes need to be investigated to
obtain a comprehensive assessment.
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