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ABSTRACT: The hydrological discharge (HD) model of Max Planck Institute for Meteorology is
forced by a variety of climate model datasets to investigate the future of discharge in the
Euphrates-Tigris Basin. The data include daily time series of surface runoff and sub-surface
runoff outputs of 2 global climate models (GCMs) (the SRES A1B scenario simulation of
ECHAMS/MPIOM and the RCP 4.5 scenario simulation of MPI-ESM-LR) and the dynamically
downscaled outputs of ECHAMS/MPIOM and NCAR-CCSMS3 scenario (SRES A1FI, A2 and B1)
simulations. The suite of simulations enables a comprehensive analysis of the projected river dis-
charge, and allows a comparison between CMIP5 simulations of MPI-ESM-LR and CMIP3 results
from its predecessor ECHAMS/MPIOM on a basin scale. We demonstrate that HD simulations
forced with relatively low-resolution GCM outputs are not good at reproducing the seasonal cycle
of discharge, which is typically characterized by less flow in the peak season and an earlier peak
in annual discharge. Simulations forced with the MPI-ESM-LR yield more robust information on
the annual cycle and timing of the annual peak discharge than ECHAMS-forced simulations. In
contrast to GCM-forced simulations, high-resolution RCM-forced simulations reproduce the
annual cycle of discharge reasonably well; however, overestimation of discharge during the cold
season and bias in the timing of springtime snowmelt peaks persist in the RCM-forced simula-
tions. Different RCM-forced scenario simulations indicate substantial decreases in mean annual
discharge for the Euphrates and Tigris Rivers by the end of the century, ranging from 19-58 %.
Significant temporal shifts to earlier days (3—5 wk by the end of the 21st century) in the center time
of the discharges are also projected for these rivers. As the basin is considered water-stressed
and the region is strongly influenced by water-scarcity events, these unfavorable changes may
potentially increase water disputes among the basin countries.
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1. INTRODUCTION

Water availability, rather than temperature, is the
key climatic determinant for human life in semi-arid
areas across the planet (deMenocal 2001). Water-
stressed areas with rapid population growth and
industrialization, in which the water cycle is domi-
nated by snowmelt hydrology, are expected to be

*Corresponding author: dbozkurt@dgf.uchile.cl

more susceptible to climate change impacts. Being
extremely vulnerable to any reductions in available
surface and ground water, the Euphrates—Tigris
Basin (hereafter ETB), especially Mesopotamia,
which is the fertile land between the Euphrates and
Tigris Rivers, has been sensitive to climate variability
since the beginning of the earliest civilizations. On
the one hand, for instance, under favorable climate
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conditions (between 2300 and 2200 BC), the Akka-
dian Empire dominated over the Mesopotamian
region; this domination was linked to the productive
but remote rain-fed agricultural lands of northern
Mesopotamia and the irrigation of agriculture fields
in southern Mesopotamian cities (deMenocal 2001).
On the other hand, climatic changes are thought to
have punctuated and redirected cultural trajectories
in the late prehistoric—early historic eastern Mediter-
ranean and Mesopotamian regions (Weiss et al. 1993,
deMenocal 2001, Kaniewski et al. 2010). For
instance, a drought hypothesis was developed by
Weiss (1982) to explain the Late Bronze Age period of
collapse of cities and states from Greece through
Mesopotamia to Egypt. Moreover, several studies
based on regional paleoenvironmental proxy data
have indicated that the striking decrease in rainfall,
which is also correlated to minima in the discharge
from the Euphrates and Tigris Rivers between 1150
and 950 BC, is one of the main reasons for the decline
of the Babylonian and Assyrian Empires between
1200 and 900 BC (Brinkman 1968, Kay & Johnson
1981, Neumann & Parpola 1987, Alpert & Neumann
1989, Kaniewski et al. 2010).

In modern civilizations, these rivers have been the
focus of international disputes over water availabil-
ity and use (Daoudy 2004, Gleick 2014). The basin is
considered water-stressed, and the region is
strongly influenced by water-scarcity events, as
ever greater demands are placed on limited water
resources through population growth and economic
development (Chenoweth et al. 2011). Due to rapid
population growth (i.e. the population in this region
quadrupled in 55 yr, increasing from 46 million in
1950 to 180 million in 2005; United States Census
Bureau 2009, International Data Base: www.cen-
sus.gov/ipc/www/idb/region.php) and industrializa-
tion, the renewable water potential per capita per
year has been decreasing. Furthermore, the issue of
water rights became a point of contention between
the major basin countries, Iraq, Syria and Turkey, in
the 1960s, when Turkey implemented the South-
eastern Anatolian Project, a 30-billion-dollar invest-
ment, which aimed to generate energy (GAP-RDA,
Gilineydogu Anadolu Projesi-Regional Development
Administration home page, Ankara, Turkey, http://
www.gap.gov.tr) and irrigate vast semi-arid plains
in southeastern Turkey by constructing 19 hydro-
power plants and 22 dams. Since that time the
amount and quality of the water received by the
downstream countries have been reduced. Lastly,
the 2008 drought in Iraq and Syria sparked new
negotiations between the basin countries over trans-

boundary river flow. However, water is still a major
point of international contention among the coun-
tries in the Middle East, and disputes are expected
to intensify in the future as a result of climate
change impacts on the region. For instance, in a
very recent study, Gleick (2014) assessed the ongo-
ing conflict in Syria and its possible connections
to water scarcity, and investigated future climate-
related risks to water systems. Gleick (2014) con-
cluded that without improvements in water manage-
ment strategies and comprehensive international
agreements, water-related factors are likely to pro-
duce even greater risks to the local and regional
political stability in the basin.

A new assessment report by the Intergovernmental
Panel on Climate Change (IPCC) states that human
influence on the climate system is clear, and there is
no doubt that enhanced greenhouse forcing has led
to unequivocal changes in most regions of the globe
(IPCC 2013). The Middle East, which lies in the east-
ern area of the Mediterranean Basin, is one of the
most vulnerable regions to global climate change,
and a number of regional climate simulations indi-
cate there will be significant large-scale reductions
in precipitation in addition to a rise in temperature by
the end of the present century (e.g. Onol & Semazzi
2009, Bozkurt & Sen 2013, Onol et al. 2014). More
specifically, several efforts have been made to deter-
mine the climate change impacts on water availa-
bility in the ETB. According to a recent study by Voss
et al. (2013), the ETB experienced substantial water
loss between January 2003 and December 2009,
based on measurements of NASA's Gravity Recovery
and Climate Experiment (GRACE) satellites. They
also demonstrated that most of the water loss was
due to reductions in groundwater caused by in-
creased groundwater extraction during and after the
2007 drought. Chenoweth et al. (2011) investigated
the likely effects of climate change on the water
resources of the eastern Mediterranean and Middle
East regions using a high-resolution climate model
forced by lateral boundary conditions from the
HadCM3, driven by the SRES A1B scenario. They
found that the average annual Euphrates—Tigris river
discharge may decline by 9.5% between 2040 and
2069, with the greatest decline (12%) in Turkey,
while the decline is estimated at only 4% in Iraq.
They also project further decrease in river discharge
by 2070-2099; however, the decrease would be <1 %.
Based on these results, the authors concluded that
climate change impacts, together with rapid popu-
lation growth, is likely to reduce per capita water
resources considerably in much of the Middle East.
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Bozkurt & Sen (2013) used dynamically downscaled
outputs of different global climate models (GCMs)
and emission scenarios to investigate the impacts of
future climate changes in the ETB. In their study, a
striking impact of warming was detected on the snow
water equivalent in the highlands of the basin, which
is projected to decrease by 55% for the B1 scenario,
77-85% for the A2 scenario and 87 % for the A1FI
scenario. Moreover, they found that, within the
basin, the territory of Turkey will likely experience
the most adverse effects of climate change.

Previous studies have focused on climate change
impacts in the ETB mostly by analyzing atmospheric
model outputs. To date, only a limited number of
studies have been conducted to simulate changes in
river discharge in the ETB, with limited datasets
and emission scenarios. For instance, Kitoh et al.
(2008) used a super-high-resolution GCM and a
river flow model to investigate discharge change in
the Euphrates River. They reported that annual dis-
charge from the Euphrates River is expected to
decrease significantly (29-73 %) by the end of the
century. In a comprehensive 1-way coupling study,
we forced the hydrological discharge (HD) model
(Hagemann & Diimenil 1997, Hagemann & Diimenil
Gates 2001) of the Max Planck Institute for Meteoro-
logy with a variety of datasets in order to study
future river discharge in this basin. The data
included the direct output of 2 GCMs—the SRES
A1B scenario output of ECHAMS/MPIOM (Roeck-
ner et al. 2003, Jungclaus et al. 2006) and the RCP
4.5 scenario output of MPI-ESM-LR (Jungclaus et al.
2013, Stevens et al. 2013)—and the dynami-
cally downscaled output of ECHAMS/MPIOM and
NCAR-CCSM3 simulations based on the SRES
A1FI, A2 and B1 scenarios. The subject of the pres-
ent study is, therefore, 2-fold: (1) we present and
evaluate the performance of the HD model in the
basin, and (2) we present the projected river dis-
charge for the basin. Moreover, the GCM-forced
simulation provides a comparison between the Cou-
pled Model Intercomparison Project (CMIP5) (Taylor
et al. 2012) results of MPI-ESM-LR and the World
Climate Research Project Coupled Model Intercom-
parison Project Phase 3 (CMIP3) (Meehl et al. 2007)
results of its predecessor ECHAMS/MPIOM, as well
as comparisons between the 2 relative to the CMIP3
and CMIP5 ensemble means on a basin scale. In
this respect, our study was also able to utilize infor-
mation from the very recent study by Hagemann et
al. (2013), who compared MPI-ESM with its prede-
cessor ECHAMS/MPIOM in terms of land surface
water and energy fluxes.

2. MODEL DESCRIPTION, DATA AND APPROACH
2.1. The HD model

The HD model (Hagemann & Diimenil Gates 2001)
is used to simulate discharge from the output of the
GCMs and RCMs used in this study. It is a state-of-
the-art discharge model that is applied and validated
on a global scale, and it is also part of the coupled
atmosphere-ocean GCMs ECHAMS/MPI-OM and
MPI-ESM. It globally simulates lateral freshwater
fluxes at the land surface. As a general strategy the
HD model computes discharge at a 0.5° resolution
using a daily time step. Daily time series of surface
runoff and sub-surface runoff are the input fields
required to drive the HD model, where lateral water-
flow is separated into the 3 flow processes: overland
flow, baseflow and riverflow. Overland flow uses sur-
face runoff as input and represents the fast-flow com-
ponent within a grid box, baseflow is fed by drainage
from the soil and represents the slow-flow compo-
nent, and the inflow from other grid boxes con-
tributes to riverflow. The sum of the 3 flow processes
equals the total outflow from a grid box. The input
fields of surface runoff and sub-surface runoif are
interpolated from the respective GCM grid to the HD
model grid resolution. Although the HD model was
originally developed for global-scale applications,
input fields provided by RCMs can also be used to
drive the model, as done by Hagemann & Dumenil
(1999) for the Baltic Sea catchment and Hagemann &
Jacob (2007) for Europe. RCM fields are interpolated
to the 0.5° x 0.5° HD model grid, and the model
reproduces discharge for the corresponding regional
domain.

Besides different lateral flows, another crucial part
of the HD model is the drainage network that is
based on the land surface topography (Hagemann &
Diimenil 1997). The drainage network, which is con-
trolled by the surface topography, determines the
direction of water flow on the surface, as well as the
catchment boundaries in the model. In the HD model
drainage network, it is assumed that every grid cell
drains into the neighboring grid cell with the lowest
elevation. A derived drainage network based on the
elevation differences should, therefore, match the
actual surface river system. The ETB drains an area
of approximately 880000 km?, and is characterized
by the 2 snow-fed rivers, the Euphrates and Tigris
(Fig. 1). The basin is surrounded by the eastern Ana-
tolian mountains of Turkey in the north, from which
90 % of the total annual flow of the Euphrates River
stems. The Zagros mountains in the east provide



134 Clim Res 62: 131-147, 2015

Elevation (m)

[ 0-305

[ 306-625
[ 626-945
[ 946-1265 %
[ 1266-1585

[0 1586-1905
[1906-2225 | N

B

7 "

Fig. 1. Euphrates-Tigris Basin (red line) on a digital elevation map derived

from global hydrological data and maps based on shuttle elevation deriva-

tives at multiple scales (HydroSHEDS) (Lehner et al. 2008). The river-flow

network was obtained with Natural Earth, free vector and raster map data at a

1:50 m scale (http://naturalearthdata.com). Meteorological stations in the

upper Euphrates Basin (crosses) and streamflow gauging stations (dots) were
used to validate the hydrological discharge model
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model. These comprise 2 GCM simula-
tions (ECHAMS/MPI-OM following the
SRES A1B scenario, hereafter GCM-
ECHAMS, and MPI-ESM-LR following
the RCP 4.5 scenario) and the dynami-
cally downscaled output of ECHAMYS/
MPIOM (SRES A2 scenario), hereafter
RCM-ECHAMS5, and NCAR-CCSM3
(SRES A1FI, A2 and B1 scenarios),
hereafter RCM-CCSM3. For the down-
scaling, the RCM, RegCM3 (Pal et al.
2007), was used. Furthermore, dynami-
cally downscaled output of the NCEP/
NCAR reanalysis data, hereafter RCM-
NCEP/NCAR, were used to drive the
HD model for the reference period. The
RCM simulations have a 27 km hori-
zontal resolution, resulting in 144 x 100
grid points for the eastern Mediter-
ranean-Black Sea region. The RCM
includes (1) the land surface model
BATS (Bioshphere—-Atmosphere Trans-
fer Scheme; Dickinson et al. 1993); (2)

approximately 50% of the total annual flow of the
Tigris River. More detailed information on the basin,
together with general climate characteristics, can be
found in Bozkurt & Sen (2013).

2.2. Data and approach

As is stated in the model description section, the
actual river direction and its model counterpart must
match each other. Therefore, correction of the model
river network and catchment boundary was one of
our major tasks, as some inconsistencies existed in
the rivers' directions. The general procedure used
globally to correct river networks is described in
Hagemann & Diimenil (1997), but, for the ETB, man-
ual corrections were conducted based on the actual
river flow network obtained with Natural Earth, free
vector and raster map data at a 1:50 m scale, in which
World Data Bank 2-based rivers were digitized to
create single line drainages from double line rivers
(http://naturalearthdata.com). All rivers in this data-
base received manual smoothing and position adjust-
ments to fit shaded relief generated from SRTM Plus
elevation data, which are more recent and (presum-
ably) more accurate. Daily time series of surface
runoff and sub-surface runoff output from various cli-
mate model simulations were used to drive the HD

the non-local boundary layer scheme

of Holtslag et al. (1990); (3) the radia-
tive transfer package of CCM3 (Community Climate
Model Version 3; Kiehl et al. 1996); (4) the ocean sur-
face flux parameterization of Zeng et al. (1998); and
(5) a simplified version of the explicit moisture
scheme of Hsie et al. (1998); (6) a large-scale cloud
and precipitation scheme that accounts for the sub-
grid scale variability of clouds (Pal et al. 2000); and
(7) Grell (1993) with Fritsch & Chappell (1980) clo-
sure for a cumulus convection scheme. Detailed
descriptions of physical parameterizations and the
RegCM3 model can be found in Pal et al. (2007). All
RCM simulations were accomplished in Turkey
under a project of the United Nations Development
Programme (UNDP) entitled 'Enhancing the Capac-
ity of Turkey to Adapt to Climate Change'. Informa-
tion on the models and simulations and evaluation
of the reference period and performance of the
RegCM3 in simulating the general climate character-
istics of the region are given in detail in Bozkurt et
al. (2012). Bozkurt and coworkers report that RCM
simulations forced by GCM output reproduce the
regional climate fairly well. RCM-CCSM3 simula-
tion, however, produces drier and warmer conditions
than the observations, especially during the summer
season for the model domain. For the RCM, they state
that RegCMa3 is capable of reproducing precipitation
and surface temperatures, as well as the upper level
fields. On the other hand, they report that reanalysis
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simulation tends to overestimate precipitation in the
mountainous areas of the eastern Mediterranean-
Black Sea region. The storylines of the SRES emis-
sion scenarios can be found in Nakicenovic et al.
(2000). The properties of all the datasets used to force
the HD model are summarized in Table 1.

MPI-ESM-LR (Max Planck Institute for Meteoro-
logy—Earth System Model-Low Resolution), here-
after MPI-ESM, is a coupled earth system model.
It employs coupling of the atmosphere, ocean and
land surface through energy, momentum, water and
important exchanges of trace gases. It includes
ECHAMBG in the atmosphere at T63 (about 1.875°)
resolution (Stevens et al. 2013), MPI-OM in the ocean
at approximately 1.6° resolution with 40 vertical layers
(Jungclaus et al. 2013) and JSBACH for land surfaces
(Brovkin et al. 2009, 2013). The RCP 4.5 scenario of
MPI-ESM was used to drive the HD model; this cor-
responds to a stabilization scenario in which total
radiative forcing is stabilized before 2100 via mitiga-
tion methods, such as the employment of a range of
technologies and strategies to reduce greenhouse
gas emissions (Clarke et al. 2007). Detailed informa-
tion on the RCPs can be found in Moss et al. (2010).

Daily surface runoff and sub-surface runoff from
both GCM and RCM outputs are interpolated using
conservative remapping to the standard HD model
grid (0.5° x 0.5°) so that mass balances are kept. For
all cases, 30 yr control climate simulations of the
present climate are validated against observations
(Section 3). Finally, in terms of climate change im-
pacts on river discharge in the ETB, differences
between future and reference periods are presented
in Section 4.

Table 1. Information about the datasets that are used to force the Hydrological

discharge (HD) model

3. EVALUATION OF SIMULATED DISCHARGE

In terms of reference period simulations, 30 yr
daily surface runoff and sub-surface runoff from the
GCMs, GCM-ECHAMS (1961-1990) and MPI-ESM
(1971-2000) and from the dynamically downscaled
outputs of RCM-ECHAMS (1961-1990), RCM-CCSM3
(1961-1990) and RCM-NCEP/NCAR (1961-1990)
were used to drive the HD model. In order to validate
the simulation results against observations, 4 stream-
flow gauging stations were used (see Fig. 1). Fig. 1
also shows meteorological stations in the upper Eu-
phrates Basin, whose data were obtained from the
Turkish State Meteorological Service. Information on
the gauging stations is given in Table 2. Since the
availability of discharge measurements differs among
the stations, validation is based on different periods
of time for the individual gauging stations.

Fig. 2 shows the mean annual discharge cycle of
the Palu, Bagistas, Baghdad and Hindiya streamflow
gauging stations, together with the HD model simula-
tions forced by GCM outputs (GCM-ECHAMS5, MPI-
ESM) and RCM outputs (RCM-NCEP/NCAR, RCM-
ECHAMYS5, RCM-CCSM3). Comparisons were carried
out between the station point and corresponding
HD model grid (0.5° x 0.5°) without any interpolation.
Peak discharge is shown in April for Palu and Bagh-
dad and in May for Bagistas and Hindiya, indicating
typical snow-fed river characteristics in this region. In
general, the characteristics of snow-fed rivers are re-
produced by the HD model in GCM- and RCM-
forced cases. In terms of GCM-forced simulations,
both models reproduce smaller magnitudes than the
observed discharge. GCM-ECHAMS simulations
show less flow in the peak season,
and annual peak discharge takes
place earlier in the year than indi-
cated by observations. Simulations

GCM / GCM Resolution Scenario Period with MPI-ESM yield a better match to
Forcing for Spatial Vertical observations, especially for peak sea-
RegCM3 sonal discharge. In contrast to GCM-
GCM  ECHAMS5/MPIOM T63 (1.875°) L31 Historical ~ 1961-1990 forced simulations, RCM-forced sim-
SRES A1B  2071-2100 ulations reproduce the annual cycle
MPI-ESM-LR T63 (1.875°) L47 Historical  1971-2000 of discharge reasonably well. Over-
RCP 4.5 2071-2100 estimation of the peak discharge and
GCM  NCEP/NCAR 27km  L18 Historical ~ 1961-1990 bias in the timing of the springtime
Forced ECHAMS5/MPIOM  27km  L18 Historical ~ 1961-1990 snowmelt peak of discharge persist
RegCM3 SRES A2 2040-2100 in RCM-NCEP/NCAR and RCM-
SRESB1  2040-2100 ECHAMS5 simulations. In both simu-
NCAR-CCSM3 27 km L18 Historical 1961-1990 lations’ the discharge bias tends to
SRES A2 2040-2100 .
SRES A1F1 20402100 be greater. in the peak season for
SRES B1 2040-2100 smaller drainage areas (e.g. Palu and
Bagistas). RCM-CCSM3 simulations
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Table 2. Information about the 4 streamflow gauging stations
considered in the basin

Station Coordinates Altitude Drainage
name (m) area (km?)
Palu 38.69°N, 39.93°E 852 25515
Bagistas 39.43°N, 38.45°E 865 15562
Baghdad 33.30°N, 44.38°E 30 134000
Hindiya 32.72°N, 44.27°E 28 274100

yield discharge of a smaller magnitude, which better
matches the peak season. However, it should be
noted that the dynamically downscaled RCM-CCSM3
simulation underestimates precipitation in all seasons
other than winter, which is most likely a result of the
dryness in the upper levels of the raw CCSM3
outputs (Bozkurt et al. 2012).

A general bias in the representation of the annual
cycle and timing of the annual peak discharge in the
GCM-forced simulations is most likely caused by
shortcomings in the GCM fields. Since the surface
orography is a critical factor for the precipitation
distribution in the highlands of the ETB, the coarse
resolution of GCMs may not allow adequate repre-
sentation of the spatial distribution of precipitation,
especially in the upper parts of the basin. Indeed, a

comparison of 30 yr average annual precipitation
distributions from the Climatic Research Unit (CRU)
observational dataset, the MPI-ESM and the GCM-
ECHAMS indicates drier conditions in the GCM-
ECHAMS over the upper parts of the basin, which is
characterized by mountains (Fig. 3). In contrast, the
RCM-forced simulations capture the spatial pattern
of precipitation well; however, overestimation seems
to occur for the mountainous areas. This overestima-
tion could be related to problems with the RCM itself
(i.e. RegCM3), but may also be caused by the number
of stations being insufficient, especially in moun-
tainous areas, potentially yielding lower precipitation
quantities in the CRU data than true values (Bozkurt
et al. 2012).

In order to show how the selected GCM-ECHAMS
and MPI-ESM spread among the CMIP3 and CMIP5
simulations, we compared the monthly mean precip-
itation cycle of GCM-ECHAMS and MPI-ESM in the
ETB to those based on the CMIP3 and CMIP5 simu-
lations for the period 1961-1990, along with observed
values (Fig. 4). The mean annual cycle of precipitation
is well represented in the CMIP3 ensemble; how-
ever, there is a discernible dry bias in the cold season
(November—-May). Compared to the CMIP3 ensem-
ble, the GCM-ECHAMS5 simulation shows even
greater dryness, which is more pronounced in spring

Discharge (m3 s™")

2800 1400
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;N\ ——— HD Model (Downscaled NCEP/NCAR)
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Fig. 2. Mean monthly discharge for the (a) Palu, (b) Bagistas, (c) Hindiya and (b) Baghdad streamflow gauging stations (black
continuous line) and the HD model simulation results (dashed lines) forced by GCM-ECHAMS5 (blue), MPI-ESM (red),
RCM-NCEP/NCAR (orange), RCM-ECHAMS (green) and RCM-CCSM3 (dark blue). Note differences in y-axis scales
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during the cold season in the
RCM-forced simulations is mainly
related to the annual precipita-
tion cycle of the RCM simulations.
Indeed, compared to the average
annual cycle of precipitation at
the meteorological stations, the
average precipitation in the up-

Precipitation
(mm)

1400

T T
35°E  40° 45°

per Euphrates Basin from the
simulated RCM grid produces an
overestimation in the cold season,
which is more pronounced for
RCM-NCEP/NCAR and RCM-
ECHAMS (Fig. 5a). One of the re-
markable points illustrated in Fig.
2 is that the greatest differences

800

500

— 300

in discharge take place in March
and April, when the snowmelt

process dominates. In addition to
the precipitation overestimation
in these months, compared to the
CRU-averaged annual cycle of
temperature, the simulated RCM
grid averaged temperature in the
upper Euphrates Basin presents
an overestimation during the win-

) T T T
30°E 40° 50° 35°E 40°

months (March-May). Clear differences between
CMIP5 and CMIP3 simulations have been illustrated
in both the mean annual cycle and the amount of
precipitation. Although the dryness in cold season
months has been improved in the CMIPS5 ensemble,
with values closer to those observed, a striking over-
estimation occurs in the spring months (March-May),
which is in contrast to CMIP3 simulations. The simu-
lated precipitation by MPI-ESM is more or less con-
sistent with that of the CMIP5 ensemble.

A comparison of the grid-averaged annual precipi-
tation cycle of MPI-ESM and GCM-ECHAMS to that
of the meteorological stations averaged in the upper
Euphrates Basin, which is the main headwater for the
basin (see Fig. 1), yields a poor match in the spring
season for the GCM-ECHAMS (Fig. 5a). This poor
matching may account for the low peak season dis-
charge in the HD model simulations forced by GCM-
ECHAMS output (see Figs. 2 & 4a). It should also be
noted that high and rough topography may be the pri-
mary reason for the poor match between the coarse
grid box precipitation and the meteorological stations.
On the other hand, the overestimation of discharge

45 50°
Fig. 3. Thirty-year mean annual precipitation distribution for (a) CRU, (b) GCM-
ECHAMS, (c) MPI-ESV, (d) RCM-NCEP/NCAR, (e) RCM-ECHAMS and (f) RCM-CCSM3

ter months and early spring (Fig.
5b). Therefore, warmer tempera-
ture values in transition months
may account for high discharge
values in RCM-forced simulations. In summary, the
HD model seems to simulate the discharge in the ETB
reasonably well, as deviations in simulated discharge
from observations can be attributed primarily to
biases and deficiencies in the input from the respec-
tive climate models.

4. PROJECTED RIVER DISCHARGE
4.1. GCM-forced simulations

Fig. 6 shows the spatially distributed discharge of
the GCM-driven simulations on the HD model river
network for the reference and future periods. In gen-
eral, both GCM-forced simulations indicate a striking
decrease in discharge from the Euphrates and Tigris
Rivers. The MPI-ESM-forced simulations yield more
decrease in discharge. Mean annual discharge is pro-
jected to decrease by 15-20% in the upper parts of
the basin and the main routing paths of the Euphrates
and Tigris Rivers for the GCM-ECHAMS-forced sim-
ulations, while it is projected to decrease by 20-25 %
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for the MPI-ESM-forced simulations. It should also be
noted that the GCM-ECHAMS5-forced simulations in-
dicate a slight increase in discharge over the south-
eastern parts of the basin by the end of the century
under the A1B emission scenario. Differences in the
input fields of the GCM-ECHAMYS and MPI-ESM
may be accounted for by differences in the behavior
of the projected discharge. Indeed, future and refer-
ence period differences in raw total runoff outputs of
the GCM-ECHAMS and MPI-ESM indicate substan-
tial differences in the southeastern parts of the basin
(not shown here). Raw GCM-ECHAMS differences
indicate an increase in total runoff for this region.

Fig. 7 depicts the mean annual discharge cycle of
the reference and future periods at the Palu, Bagistas
and Hindiya stations from GCM-ECHAMS- and MPI-
ESM-forced simulations. In ECHAMS5-forced simula-

tions, the discharge is projected to increase slightly
between the months of November and January; how-
ever, it is expected to decrease during the rest of the
year. Overall, total discharge is projected to decrease
for these stations by the end of the century. As the
increase in temperature is more pronounced at the
end of the century, which means earlier melting of
snow, the slight increase in discharge between
November and January is related primarily to the
temporal shifts in snowmelt runoff. As for the GCM-
ECHAMS-forced simulations, total discharge is pro-
jected to decrease in MPI-ESM-forced simulations
by the end of the century. Here, this decrease is
expected to occur throughout the whole year, and
to be most pronounced in the spring months.
In addition to changes in the projected annual cycle,
it is important to consider changes in the timing of
peak discharge during the

water year (October 1 to Sep-
tember 30). Fig. 8 shows the
reference term and projected
fractions of accumulated dis-
charge for the Palu, Bagistas
and Hindiya stations. Vertical
arrows correspond to the days
when 50 % of annual discharge
is reached, which is analogous
to the ‘center time' (CT) con-
cept, which defines the date

|
50°
Discharge (m3 s™)

that marks the timing of the
center of mass of annual flow
(Stewart et al. 2005). The CT of
the reference period is noted
as the second half of March

for the GCM-ECHAMS-forced
simulations, and as the begin-
ning of April for the MPI-ESM-
forced simulations. Projected
daily discharge indicates a shift
in the CT towards earlier days
in the year at each station; this
is more pronounced for the
GCM-ECHAMS-forced simu-
lations.

4.2. RCM-forced simulations

20 100 400 1600 6400
m 40° ’
] 'y
. 35X .
] e
_ 300_%\
40° 50°
ADischarge (%)
[ | | |
30 25 20 -15 -10 -5 0 5

Fig. 6. (a,b) Thirty-year reference period HD model simulations of mean annual dis-
charge for (a) GCM-ECHAMS (1961-1990) and (b) MPI-ESM (1971-2000). (c,d) Thirty-
year mean annual discharge differences from the reference period: future projec-
tions (2071-2100) of (c) GCM-ECHAMS and (d) MPI-ESM are based on SRES A1B and

RCP 4.5 scenarios, respectively

Fig. 9 shows the HD model
results of mean annual dis-
charge and CT changes forced
with the RCM-ECHAMS A2
scenario simulation. As the dy-
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The decrease in projected river

discharge and considerable shifts
in CT to earlier dates are consistent
with snow water equivalent (SWE)
changes. As most of the water re-

sources of the basin are fed by
snowmelt runoff from the snow-
capped eastern Taurus and Zagros

mountains, snowmelt plays a key
role in the regional hydrological
cycle. Fig. 13 demonstrates the
projected relative changes (%) in

the winter SWE of RCM-ECHAMS
and RCM-CCSM3 simulations. By

the end of the century, according
to the A2 scenario simulations, rel-
ative decreases in SWE in the
highlands of the ETB will range, in
general, from 70 to 90%. The
\ CCSM3 simulation following the
B1 scenario indicates 30-50% de-

OctNov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Fig. 7. Mean monthly discharge (m® s7!) simulated by the HD model for (a,b) Palu,
(c,d) Bagistas and (e f) Hindiya for the reference (black solid line) and future (blue
dashed line) periods. Forcing— (a,c,e) GCM-ECHAMS; (b,d,f) MPI-ESM

namically downscaled simulations cover the mid-cen-
tury as well, 2 periods are considered: 2040-2069 and
2070-2099. In the mid-century, it is projected that
there will be a slight decrease in discharge for the 3
stations. However, there is no striking change in the
CT date of the discharges. By the end of the century,
however, all stations are expected to have less dis-
charge and considerable shifts to earlier dates.

Figs. 10-12 show the HD model results forced with
the RCM-CCSM3 A1FI, A2 and B1 scenarios, respec-
tively. It is clear that discharge is projected to de-
crease dramatically by mid-century and the end of
the century under both the A1FI and A2 scenarios.
Moreover, noticeable shifts in discharge to earlier
dates are projected under the A1FI and A2 scenarios.
On the other hand, relatively small reductions in dis-
charge and shifts are projected under the B1 sce-
nario, which has lower emissions. Table 3 provides
the CT dates for both reference and future periods, as
well as changes in mean annual discharge from the
RCM-forced simulations. The discharge CT occurs in
early April for the reference period, and is projected
to shift to 3-5 wk earlier (to early and mid-March) for
future periods. All simulations indicate significant
decreases in discharge by the end of century, rang-
ing from 19-58 % depending on the model and emis-
sion scenario.

OctNov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

creases in SWE in mountainous re-
gions. The relative changes at
higher elevations are generally
more restricted than those at lower
elevations, and the altitudinal gra-
dient of the SWE response to climate change will
likely result in the disappearance of snow cover at
lower elevations (<1000 m). Similar results have been
highlighted in previous studies as well (e.g. Ozdogan
2011, Bozkurt & Sen 2013, Onol et al. 2014).

5. SUMMARY AND CONCLUDING REMARKS

In a comprehensive 1-way coupling study of the
(ETB), we forced the Max Planck Institute for Meteo-
rology's hydrological discharge model with a variety
of modeled datasets to investigate the future of dis-
charge in the basin. The data include daily time
series of surface runoff and sub-surface runoff out-
puts of 2 GCMs, the SRES A1B scenario output of
ECHAMS/MPIOM and the RCP 4.5 scenario output
of MPI-ESM-LR, and the dynamically downscaled
output of ECHAMS/MPIOM and NCAR-CCSM3
based on the SRES A1FI, A2 and Bl scenarios ob-
tained by ICTP-RegCM3. The objective of the pres-
ent study was, therefore, 2-fold: (1) to present and
evaluate the performance of the HD model in the
basin, and (2) to demonstrate the projected river dis-
charge for the basin, which is considered water-
stressed in a region that is strongly influenced by
water-scarcity events. Furthermore, the GCM-forced
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Fig. 8. Fraction of accumulated discharge for the reference

period (continuous line) and future period (dashed lines)

from the GCM-ECHAMS5-forced (blue) and MPI-ESM-

forced (red) simulations for the (a) Palu, (b) Bagistas and (c)

Hindiya stations. Vertical arrows: days when 50 % of annual
discharge is reached

simulation results provide a comparison of the
CMIPS simulations with MPI-ESM and the CMIP3
results with its predecessor the GCM-ECHAMS over
the ETB. In this respect, the present study was also
able to capitalize on information from another,
very recent study by Hagemann et al. (2013a), who
compared MPI-ESM with its predecessor GCM-
ECHAMS in terms of land surface water and energy
fluxes. Detailed information on the dynamically
downscaled reference period simulations and their
evaluation with respect to the observations can be
found in Bozkurt et al. (2012). HD simulations have
been carried out by using surface runoff and sub-
surface runoff from the GCM and RCM outputs.

In terms of evaluation of the HD model, it has been
demonstrated that the simulations forced with low-
resolution GCM outputs cannot reproduce the sea-
sonal cycle of discharge very well. Moreover, the sim-
ulations do not capture the timing of the annual peak
discharge. These failures are mostly related to the
shortcomings of the GCM fields. Since surface oro-
graphy is a major factor in the precipitation distribution
over the basin highlands, the coarse resolution of the
GCMs does not seem to be adequate to represent the
spatial distribution of precipitation. It should also be
noted that the simulations forced with the MPI-ESM
yield better results than the GCM-ECHAMbS5-forced
simulations. In this regard, a very recent study by
Hagemann et al. (2013a) has provided some insight
by comparing the MPI-ESM with its predecessor
GCM-ECHAMS in terms of land surface water and
energy fluxes. Hagemann and coworkers noted that
the MPI-ESM simulation of precipitation is improved
over central and southern Europe, as well as over the
Middle East, during the boreal summer. During the
boreal winter, MPI-ESM tends to overestimate the
precipitation of the ETB, while GCM-ECHAMS un-
derestimates precipitation. A comparison of GCM-
ECHAMS and MPI-ESM relative to the CMIP3 and
CMIPS5 ensemble means in the basin indicates that
GCM-ECHAMS simulation produces drier conditions
compared to the CMIP3 ensemble, which is more
pronounced in spring months (March-May). On the
other hand, the simulated precipitation by MPI-ESM
is more or less consistent with that of the CMIP5
ensemble.

In contrast to GCM-forced simulations, high-reso-
lution RCM-forced simulations reproduce the annual
cycle of discharge reasonably well. However, overes-
timation of the discharge during the cold season and
a bias in the timing of the springtime snowmelt peak
of discharge persist in the RCM-NCEP/NCAR- and
RCM-ECHAMSbS5-forced simulations. Overestimation
of discharge may be attributed to some shortcomings
in the simulated RCM precipitation, especially in
connection with the annual cycle of precipitation.
Indeed, a comparison of the RCM-simulated and
observed annual cycle of precipitation indicates an
overestimation of precipitation in the cold season over
the upper Euphrates Basin. Furthermore, warmer
temperature values in the transition month (March)
may account for the peak discharge values being too
high in the RCM-driven simulations.

Future river discharge simulations indicate a strik-
ing decrease in mean annual discharge from the
Euphrates and Tigris Rivers by the end of the cen-
tury, ranging from 19 to 58 % based on RCM-forced
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Fig. 9. HD model simulations
of discharge for the reference
(black) and future periods (blue
for mid-century, red for end of
the century) forced with the RCM-
ECHAMS A2 scenario. (a,b) Palu;
(c,d) Bagistas, (ef) Hindiya. Left
column: mean monthly discharge
(m® s71); right column: the frac-
tion of accumulated discharge.
Vertical arrows: days when 50 %
of annual discharge is reached

Fig. 10. Same as for Fig. 9, but for
the RCM-CCSM3 A1FI scenario
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Fig. 11. Same as for Fig. 9,
but for the RCM-CCSM3
A2 scenario

Fig. 12. Same as for Fig. 9,
but for the RCM-CCSM3 B1
scenario
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Table 3. Central time (CT) dates for both reference and future periods, and
changes in mean annual discharges from the RCM-forced simulations

simulations and emission scenarios.
In addition, significant temporal

shifts in the discharge center time of
1961-1990 2040-2069 2070-2099 3-5 wk earlier are projected to occur
cT cT AD15-0 cT ADis- by the end of the century. Different
charge (%) charge (%) . : .
model and scenario combinations are
Palu in agreement with these 2 main
RCM-ECHAMS5 A2 6 Apr 19Mar  -10 3Mar  -26 results, which are related primarily to
Egﬁgggﬁg ifFI i ipr ﬁ ﬁar _j(l) 11113:14“ _gg a substantial decrease in the SWE in
- pr ar — ar - K K .
RCM-CCSM3 B1 4 Apr 28 Mar _15 18 Mar  -36 the basin highlands. A study by Onol
Bag et al. (2014), which also analyzed cli-
agistas . .
RCM-ECHAM5 A2 3 Apr 16 Mar ~ -12 2Mar  -27 mate change projections for the Ana-
RCM-CCSM3 A2 1 Apr 9 Mar -31 9 Mar -46 tolian highlands, reports that SWE in
RCM-CCSM3 ATFI 1 Apr 8 Mar  -42 26 Feb ~ -58 winter will decrease dramatically at
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scenarios, the RCMs, etc. If we put the scenario
uncertainty aside, it could be said that the major
source of uncertainty is the GCM itself. In downscal-
ing studies, the RCMs propagate these uncertainties
to the high-resolution outputs. The RCMs themselves
may introduce further uncertainty to the outputs.
Thus, this chain of uncertainty may affect climate
change impact studies, especially those that are done
using RCM output. Hemming et al. (2010) found
larger ranges in the uncertainty of projected precipi-
tation from RCM compared to GCM ensemble mem-
bers over the Middle Eastern region, which indicates
that increasing the model resolution might lead to
increases in the sensitivity of the simulated precipi-
tation. Another source of uncertainty comes from ter-
restrial processes related to land cover, as land cover
change is not considered in most of the GCM- and
RCM-based climate change projections. In this study,
land cover change was not considered in either the
GCM-ECHAMS or the RCM, but MPI-ESM does
take land cover change into account as described in
Reick et al. (2013). Moreover, some other general
model uncertainties with regard to parameterizations
and missing processes (e.g. convective scheme, dust
and aerosol module, soil moisture) may also contri-
bute to the RCM-propagated uncertainties. Different
approaches are adopted to eliminate, at least par-
tially, the uncertainties caused by the models them-
selves. The most common approach is to work with
the changes instead of with absolute values, which is
the method we adopted in our study, and we, there-
fore, emphasize the changes rather than the absolute
values. In studies that involve the forcing or coupling
of full hydrology models, i.e. where the land surface
water fluxes are completely calculated by the hydrol-
ogy model forced by atmospheric states and fluxes of
a climate model, bias correction methods are com-
monly used. But, there are some recent studies that
indicate there are problems in using such methods
for climate change impact studies. Hagemann et al.
(2011) pointed out that the usage of bias-corrected
GCM data leads to an improved simulation of river
runoff for most catchments in the world. However,
they also found that bias correction has an impact on
the climate change signal for specific locations and
months. Moreover, they concluded that ‘it is rather
difficult to judge whether the impact of the bias cor-
rection on the climate change signal leads to a more
realistic signal or not' (p. 576). Muerth et al. (2012)
investigated the need for bias correction in regional
climate scenarios in order to assess the climate
change impacts on river runoff. They tried to address
the question 'Is it really necessary to correct biases to

assess climate change impacts, if uncorrected RCM
data does not reproduce observed conditions very
well?’ in their study. They noted that bias correction
of climate model outputs is important in terms of the
reproduction of runoff. However, the impact of bias
correction on the relative change of flow indicators
between reference and future periods is mostly weak
in this study. Finally, Ehret et al. (2012) presented a
brief overview of state-of-the-art bias correction
methods used in climate change impact studies. They
concluded that the current bias correction method
used for correction of GCM/RCM model output in cli-
mate change impact studies is not a valid procedure,
since it impairs the physical coherence between
atmospheric and land-surface variables in circulation
models. In order to ensure consistency between the
climate model data and the simulated discharge for
both present and future climates, we restrained from
using bias correction. In addition, a bias correction
for precipitation (which is mainly responsible for
overestimated discharge) would require use of a full
hydrology model that calculates all surface-water
fluxes (evapotranspiration, runoff) newly without any
feedback to the atmosphere, so that these fluxes will
also not be consistent to the atmospheric climate
model fields. While this is justified for dedicated
applications, we have chosen in our study to place a
higher value on the consistency of variables than on
the correction of model bias. A comparative study of
the ETB testing these 2 approaches is desirable for
the future.

The results of this study together with those of sev-
eral recent publications (e.g. Ozdogan 2011, Bozkurt
& Sen 2013, Onol et al. 2014) have important implica-
tions for the future of the ETB, a multi-national basin
in the Middle East. It is becoming clearer that climate
change will not only decrease the water supply, but
also change river flow regimes in the basin. There is
no doubt that these changes will affect human activ-
ities in the area, including hydropower energy pro-
duction and agricultural irrigation, as well as the
unique ecosystems along the rivers and the vast
marshes of Iraq. Many dams with hydropower plants
are located in the basin, especially in the upstream
part. The projected reductions in river discharge will
decrease the hydropower potential of the basin and,
hence, adversely affect the production of electricity.
The aggressive irrigation projects that have been
pursued in recent years, with the transfer of water
from the reservoirs behind these dams to the vast
plains of Mesopotamia, have resulted in a significant
extension of the agricultural fields in the basin. How-
ever, the cost of this development is enhanced water
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loss through evapotranspiration. As regional devel-
opment projects foresee further expansion of irri-
gated agricultural fields, it is to be expected that
water loss through evapotranspiration will continue
to increase in the future. This means that climate
change will not only exacerbate the reduction in dis-
charge but also water loss area due to additional
evaporative surface area. Thus, increased pressure
on the shrinking water resources may lead to further
disputes in the region. These prospects should be
taken into account in the development of future cli-
mate change mitigation and water management
strategies for the ETB.
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