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Abstract

This study investigates the effects of projected climate change on snow water avail-
ability in the Euphrates-Tigris basin using the Variable Infiltration Capacity (VIC) macro
scale hydrologic model and a set of regional climate-change outputs from 13 global
circulation models (GCMs) forced with two greenhouse gas emission scenarios for two
time periods in the 21st century (2050 and 2090). The hydrologic model produces a
reasonable simulation of seasonal and spatial variation in snow cover and associated
snow water equivalent (SWE) in the mountainous areas of the basin, although its per-
formance is poorer at marginal snow cover sites. While there is great variation across
GCM outputs influencing snow water availability, the majority of models and scenar-
ios suggest a significant decline (between 10 and 60 percent) in available snow water,
particularly under the aggressive A2 climate change scenario and later in the 21st cen-
tury. The changes in SWE are more stable when multi-model ensemble GCM outputs
are used to minimize inter-model variability, suggesting a consistent and significant
decrease in snow-covered areas and associated water availability in the headwaters
of the Euphrates Tigris basin. Detailed analysis of future climatic conditions point to
the combined effects of reduced precipitation and increased temperatures as primary
drivers of reduced snowpack. Results also indicate a more rapid decline in snow cover
in the lower elevation zones than the higher areas in a changing climate. The sim-
ulated changes in snow water availability have important implications for the future
of water resources and associated hydropower generation and land-use management
and planning in a region already ripe for interstate water conflict. While the changes
in the frequency and intensity of snow-bearing circulation systems or the interannual
variability related to climate were not considered, the simulated changes in snow water
availability presented here are likely to be indicative of climate change impacts on the
water resources of the Euphrates-Tigris basin.

3632

HESSD
8, 3631-3666, 2011

Climate change
impacts on snow
water availability

M. Ozdogan
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/3631/2011/hessd-8-3631-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/3631/2011/hessd-8-3631-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

1 Introduction

It is widely accepted that projected changes in our climate associated with increas-
ing concentrations of greenhouse gases in the atmosphere will fundamentally alter the
magnitude and seasonal variations in temperature and precipitation patterns in many
parts of the globe (IPCC, 2007a). What is less known, however, is the impact this
change will have on water resources and freshwater ecosystems, especially in moun-
tainous regions where much of the regional water supply is stored as snowpack and
glaciers that melt into rivers (Hamlet and Lettenmaier, 1999; Beniston et al., 2003;
Mote et al., 2005).

In mountainous ecosystems of the world, seasonal snowpack is a key component of
the hydrologic cycle, storing water in winter and releasing it in spring and early sum-
mer, when hydroelectric, agricultural, ecological, and recreational demands for water
are greatest. In many mountainous river basins, snow is the largest component of
water storage but the availability of snow also makes these basins most vulnerable
to climatic variations and changes that influence winter snowpack. For example, if
the stored snow recedes to higher elevations due to increased warming, less of it be-
comes available as runoff to rivers. In contrast, too much snowmelt-generated runoff
in early spring, when it is least needed, will not help in summer when it is essential
for societal and ecological needs. Less snow also means reduced power output in
downstream generators, as well as negative impacts to ecosystem functions, including
aquatic habitat, fish migration, and wetland replenishment.

The vulnerability from climatic variations and changes that influence winter snowpack
is perhaps best exemplified in the Euphrates-Tigris (E-T) river basin. Aggressive wa-
ter management programs by Turkey, Syria, and Iraq over the course of the last three
decades have resulted in dramatic changes in the land-use patterns and the hydrology
of the basin. Most of these changes take the form of capturing snow-generated runoff
in a series of dams in the upstream countries and releasing it for irrigation and other
economic purposes in the warm season. As a result, these countries now more heavily
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depend on the continuous existence of seasonal mountain snowpack more than any-
time in the history. However, if climate change alters the timing and amount of snow
in the mountainous upstream countries, less will be available for downstream uses. As
a result, climate change could have significant implications for evaporative loss, water
demand, and agricultural output, as well as long-term hydro-energy planning in the
basin (Gleick, 2000). Similarly, continued high population growth in the riparian coun-
tries will require sustained (and perhaps increased) levels of snow-generated runoff to
maintain the cultural and economical benefits of water use in the basin. Hence climate
change, either on its own or when combined with other factors in the long term may
provide conditions for conflict between the riparian countries within the £-T watershed.

Several studies have investigated the effects of climate change on winter snow dy-
namics and associated changes in runoff (Milly et al., 2005). For example, Hamlet
and Lettenmaier (1999) used four global climate models (GCMs) to evaluate possi-
ble future changes to the Pacific Northwest climate and the surface water response
of the Columbia River basin in the US. Their results showed significant increases in
winter runoff volumes due to increased winter precipitation and warmer winter tem-
peratures. In particular, the reduced snowpack and earlier snow melt, coupled with
higher evapotranspiration in early summer, led to earlier spring peak flows and re-
duced warm-season runoff volumes. In the same location, McCabe and Wolock (1999)
used a conceptual snow accumulation and melt model to estimate future snowpack by
using changes in monthly temperature and precipitation simulated by two GCMs. Their
results indicated that although winter precipitation is estimated to increase in the future,
increases in temperatures will result in large decreases in spring snowpack for the en-
tire western US. Christensen and Lettenmaier (2007) investigated the implications of
21st century climate change on the hydrology and water resources of the Colorado
River Basin using a multi-model ensemble approach with 11 downscaled and bias-
corrected global circulation model outputs and a macroscale hydrological model. Their
results indicated that modeled 1 April snow water equivalent (SWE) declined for all
ensemble members and time periods. In addition, the maximum reduction (ensemble
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mean) of 38% for the A2 aggressive climate change scenario occurred later in the
century. Associated with decreasing snow water availability and the shift in increased
evapotranspiration over the seasonal precipitation, average total basin reservoir stor-
age and average hydropower production generally declined, with a large range across
the ensemble. In their more recent work, McCabe and Wolock (2009) simulated mid-
spring SWE between 1900 and 2008 in the Western US and concluded that periods
of higher-than-average SWE are associated with higher precipitation and lower tem-
perature. While this work focused on past climate conditions, it provides empirical
evidence for climate-induced variations in snow pack dynamics that could be affected
under future climate change scenarios.

A number of studies also investigated the impacts of climate change in the Middle
East and particularly in the E-T basin, although none have concentrated specifically
on the effects to snow water availability. Using super-high-resolution GCM, Kitoh et
al. (2008), concluded that by the end of this century, the Fertile Crescent (the arc area
that covers the headwater region of the E-T basin) will lose its current shape and may
disappear altogether, due in part to significant decreases (29-73%) in the annual dis-
charge of the Euphrates River. Evans (2009) examined the performance and future
predictions of 18 GCMs in the Middle East and found an overall temperature increase
of almost four degrees K and a large decrease in precipitation associated with a de-
crease in storm track activity in parts of Turkey, Syria, and northern Iraq by late 21st
century. Similarly, Onol and Semazzi (2009) assessed the role of global warming in
modulating the future climate over the eastern Mediterranean region using a regional
climate model under Intergovernmental Panel on Climate Change (IPCC) emission
scenarios. Their results suggest a large decrease in precipitation over southeastern
Turkey where the headwaters of the E-T basin originate. With these results in mind,
the research presented here investigates the effect of projected climatic changes on
snow water availability in the E-T basin, using a distributed hydrological model ca-
pable of capturing snow-water dynamics in mountainous watersheds. In particular, it
focuses on changes in SWE as an aggregate measure of climate change impacts on
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snow water availability that forms the major source of flow for the twin rivers. Unlike
previous research, this study also represents a comprehensive assessment that uses
52 climate change scenario realizations (13 models, two emission scenarios, and two
time periods).

2 Methodology
2.1 Study area

The Euphrates and Tigris Rivers originate from the highlands of eastern Turkey, Iran,
and Syria, and discharge south into Syria and Iraq, where they merge to feed the
Mesopotamian marshlands in southern Iraq (Fig. 1). Nearly all of the flow (~90%) of
the Euphrates river originates in the highlands of eastern Turkey, with modest contri-
butions from the Syrian highlands but only minimal additions from Irag (Gruen, 2000).
The mountains in eastern Turkey contribute a smaller amount (~40%) to the Tigris river
flow and the remainder comes from numerous tributaries that originate in the Zagros
Mountains between Iraq and Iran (Gruen, 2000). A typical continental climate prevails
in the basin, with a distinct north to south temperature and precipitation gradient. Most
of the precipitation in the Turkish highlands in the north and in the Zagros mountains in
the east occurs between November and April, mostly in the form of snow over higher
elevations. At the height of the cold season (February—March), snow cover flanks the
northern and eastern edges of the basin, in parallel to the shape of the Fertile Crescent
(Fig. 1). Precipitation remains in the snowpack until the spring melt season (March—
June). Mountain snowpack plays a critical role in the hydrological cycle of the basin,
with spring snow-melt being the dominant source for the flow of the two rivers. Hence,
annual peak flows in both rivers exhibit a unimodal distribution in which the peak flow
coincides with seasonal melting of snow in May independent of in-season precipita-
tion (Fig. 2). Flow steadily decreases throughout the summer and early fall, reaching
its lowest value in September—October before the rainy period commences again in
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November. Given the importance of water for energy production, flood control, agricul-
tural productivity with irrigation, and reservoir operations in the E-T basin, information
on water available in the snowpack and the potential changes in the extent, timing, and
magnitude of snowpack under a changing climate are crucial.

2.2 Hydrologic model and meteorological forcing data
The Variable Infiltration Capacity model

The Variable Infiltration Capacity (VIC) model is a macroscale hydrology model that
has been successfully applied to many continental scale river basins in various cli-
mates (Liang et al., 1994; Nijssen et al., 1997; Cherkauer and Lettenmaier, 2003). VIC
solves energy and water balance equations over each model grid cell at each time step
while distinctly parameterizing subgrid variability in soil moisture, precipitation, topog-
raphy and vegetation. More specifically, each grid cell can have multiple soil layers and
be partially covered by a mosaic of vegetation types and elevation bands. Moisture
and energy fluxes are computed separately for each vegetation category and eleva-
tion band within each grid cell and then area-weighted and summed over the grid cell.
Streamflow is handled by a separate routing subsurface and surface runoff scheme
developed by Lohmann et al. (1996).

In VIC cold season processes including snow accumulation and ablation are mod-
eled using a two-layer energy and mass balance model where the thin surface layer
is used to solve the energy balance between the atmosphere and snowpack, while
the lower layer is used as storage for the excess snow mass (Storck et al., 2002;
Cherkauer and Lettenmaier, 2003). Specifically the SWE variable is modeled as part
of a detailed but straightforward snow module that simulates many of the snow accu-
mulation and ablation processes (Storck et al., 2002). The module is especially well
suited for simulating mountain snowpack and includes the effects of forest canopy on
snow interception and the attenuation of wind and solar radiation, which are important
drivers of snow accumulation, sublimation, and melt processes (Storck, 2000; Storck
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et al., 2002). Fundamentally, the partitioning between the snow and rain phases of
precipitation is determined from a simple scheme based on estimated hourly tempera-
tures that are derived from daily minimum and maximum temperatures. Below —-0.5°C,
precipitation is assumed to fall as 100% snow and above 0.5°C as 100% rain. A linear
relationship between snow and rain is assumed between these two limits. In addition
to determining the phase of precipitation, temperature also influences other snow ac-
cumulation and melt processes, including convective heat transfer from the air to the
snowpack (e.g., Storck, 2000), attenuation of solar radiation and variations in long-
wave radiation (determined from the difference between T,,, and 7,;;,), and calculation
of the dewpoint and vapor pressure deficit (from minimum temperature) that influence
snow sublimation (Thornton and Running, 1999). More specifically, the trends in tem-
perature are indirectly related to trends in long- and shortwave radiation, humidity, and
vapor pressure contributing to sublimation and snowmelt in the model. Snow processes
including SWE are modeled separately for a mosaic of elevation bands and vegetation
types in each grid cell. Note that when solving for a subgrid tile of certain vegetation
type and elevation band, VIC assumes that any snow fully covers that tile.

For this study, a grid layout at 1/8° intervals (roughly 12km on a side) were set up
over the E-T basin. For each grid cell, the VIC model was run in energy balance mode,
which solves the complete water balance but also minimizes surface energy balance
errors. The surface energy balance is closed through an iterative process, which at-
tempts to find a surface temperature that adjusts surface energy fluxes so that they
balance the incoming solar and longwave radiation fluxes. Although computationally
more expensive, this mode simulates the surface energy fluxes that are important to
understanding the snow accumulation and ablation processes. Among many hydro-
logic quantities that the VIC model is able to simulate, only the daily SWE predictions
for each grid cell both as individual elevation bands and as their areal averages were
used as the primary output in this study.

To assess the effects of climate change on snow water availability, the VIC model was
forced with gridded fields of minimum and maximum temperature, precipitation, wind
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speed, humidity, and solar radiation at sub-daily time steps. To establish the baseline
snow dynamics in the basin, minimum and maximum temperature, precipitation, so-
lar radiation, wind speed, and humidity on a 6 hour time step were obtained from the
National Centers for Environmental Prediction (NCEP) Global Reanalysis project data
(Kalnay et al., 1996) that were downscaled to 1/8° resolution using a bilinear interpo-
lator. To account for topographic effects on snow dynamics not captured at the coarse
scale nature of the Reanalysis data, correction factors were applied to the temperature
(lapsed by 6.1°C km‘1) and precipitation data following the Precipitation Regression
on Independent Slopes Method (PRISM) algorithm (Daly et al., 1994). Even with these
corrections, the derived forcing data did not exhibit large spatial variation within the
mountainous portions of the basin (its effects are discussed in later sections). Never-
theless, the limitations in the forcing data may not have significant impacts because
the snow accumulation and ablation processes in mountainous regions are controlled
by the accumulated precipitation in snowpacks, and thus a lack of spatial variability in
the input data may not be important (Hamlet et al., 2005). Further evidence that lack of
spatial variability may not contribute to large model errors is shown by the VIC model’s
ability to capture the temporal and spatial patterns of snow covered areas (Fig. 4) and
SWE (Fig. 5). Moreover, a comparison of the Reanalysis-derived climatic variables
to those obtained from the National Climatic Data Center (NCDC) global summary of
day reports for five meteorological stations located in the study area (NCDC, 2010)
revealed a strong correlation for all forcing variables except precipitation. The precip-
itation correlation was less than ideal, but may be attributable to an average 100 mm
positive bias in the NCEP Reanalysis data.

While this study primarily makes use of the detailed energy balance snow model
described above (Cherkauer and Lettenmaier, 2003), the VIC model has been well
validated with streamflow observations, particularly in the mountainous western US
(Christensen et al., 2004; Hamlet and et al., 2005; Maurer et al., 2002). The model has
also been used extensively for streamflow forecasting applications (Hamlet and Letten-
maier, 1999; Wood et al., 2002) and for climate change assessments (Lettenmaier et
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al., 1999; Christensen et al., 2004; Hamlet and Lettenmaier, 1999; Payne et al., 2004;
Snover et al., 2003).

2.3 Climate change scenarios

The climatic conditions used to represent a changing climate were constructed from
the output of 13 Global Circulation Models (GCMs) obtained from the Coupled Model
Intercomparison Project phase 3 (CMIP3) of the World Climate Research Program
(WCRP) (Meehl et al., 2007) (Table 1). Variables for the VIC model were extracted
from each model by selecting the grid boxes most closely aligned with the study area.
Note that the selected grid boxes occupy slightly different areas and locations between
models due to different projection characteristics of each model’s grid layout. Monthly
data from the control and the perturbed (i.e. climate change) integrations of each model
run were used to calculate the anomalies that were then applied to the observed sub-
daily baseline. The anomalies included monthly changes in precipitation intensity (in
relative units), changes in the duration of wet and dry spells, changes in monthly tem-
perature means (in absolute terms), and changes in monthly mean radiation (in ab-
solute terms). Using these various datasets, the observed (i.e. baseline) data were
adjusted to reflect each model’'s climate change predictions at monthly integrations.
Using monthly deviations from baseline observations, five years of synthetic sub-daily
weather data were generated under a series of future climate scenarios. For the cli-
mate change impact assessment only two time periods were considered: 2045-2055
(2050s) and 2085—2095 (2090s) while the period between 1961-1990 represented the
baseline conditions. For emission scenarios, two storylines were selected from the
Special Report on Emission Scenarios (SRES) (IPCC, 2000): (1) the low-impact (B1)
and (2) high-impact (A2) development scenario. Each storyline describes a different
world evolving through the 21st century and leads to different greenhouse gas emis-
sion trajectories driven by demographic, economic, technological, and land-use forces.
The B1 scenario describes a convergent world (where developing and developed na-
tions converge) with rapid changes in economic structures, reductions in the intensity
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resource use and the introduction of clean technologies. The emphasis is on global
solutions to bring about economic, social, and environmental sustainability, including
improving equity, but without additional climate change policies. The A2 storyline, in
contrast, describes a differentiated world. Economic development is primarily regional,
and technological changes are more fragmented in a world of self-reliance and contin-
uously increasing population.

2.3.1 Model calibration and validation

The VIC model was validated for snow accumulation and ablation in the northern moun-
tainous part of the E-T basin using multi-year satellite observations. The VIC model
was run over the entire basin at 1/8 degree spatial resolution and the results were com-
pared to MODerate Resolution Imaging Spectroradiometer (MODIS) snow cover area
data (Hall et al., 2002) for the entire basin. This comparison was made for four time
periods in January 2001.

To validate the SWE output from the VIC model, the ideal approach would be to use
observed snow-related variables (including SWE) from measurement stations such as
those provided by the SNOTEL system in the USA. However, this approach requires
hard-to-obtain local data. While some local observations do exist (as reported in Tekeli
et al., 2005), these data were not available at the time of this research. Instead, re-
motely sensed observations were used.

To validate the SWE predictions, VIC output from an additional single run at a site
located in the headwaters of the Euphrates river.in southeastern Turkey (centered at
40.5° E longitude, 38.5° N latitude) were compared to SWE data from the 8-day blended
Special Sensor Microwave Imager (SSM/I) and the MODIS snow cover remote sensing
product (Brodzik et al., 2007). The SWE dataset was derived from the SSM/I Pathfinder
daily brightness temperatures. This dataset was enhanced by the MODIS snow cover
area product derived from the MODIS/Terra Snow Cover 8-Day L3 Global 0.05Deg
CMG (MOD10C2) data, regridded to the EASE-Grid. While spatially coarse, these
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remote sensing-based SWE datasets provide a first-order approximation of seasonal
and interannual changes in SWE.

3 Results
3.1 Expected changes in temperature and precipitation

The deviations from baseline climatic conditions of the 20th century (1961-1990) pre-
dicted by 13 climate models under two climate change scenarios (A2, B1) for two time
periods are provided as a temperature-precipitation cross-plot in Fig. 3. The temper-
ature change was computed as the absolute difference (in °C) between the baseline
conditions and the climate change scenarios for the cold season (December—April),
thus positive values indicate increases in air temperature. The precipitation change
was computed as the relative change from baseline conditions; negative numbers in-
dicate a reduction in precipitation from the baseline.

In the future climate, the mean cold season air temperatures show a consistent pat-
tern of increase under all model/scenario/year combinations. The amount of increase
ranges from 0.7 °C under the SRES B1 scenario in 2050 to greater than 5°C under the
SRES A2 scenario at the end of the 21st century. All models also suggest consistent
increases from 2050 to 2090, regardless of the emission scenario.

With respect to precipitation, most models suggest various levels of reduction — from
5 to 45 percent — under all scenarios and all time periods. A few models suggest
slight increases in precipitation (up to 20 percent by one model), especially under the
B1 scenario in the mid 21st century. With the exception of one model (NCAR) no
precipitation increase is suggested under the A2 scenario in either the middle or at
the end of the 21st century. In general, precipitation change is greater under A2,
as much as 25 percent lower than average baseline conditions, within each model’s
outcome. In contrast to other models, the NCAR model predicts no net change nor
cooler temperatures (by as much as 0.5 °C) under the B1 scenario, but instead predicts
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a shift to warming under the A2 scenario. These results suggest that, in general, the
climate in the E-T basin will be warmer and dryer, with subsequent implications for the
snow processes and available melt water.

3.2 Performance of the VIC model

The first set of results illustrates the ability of the VIC model to accurately simulate
SWE in the E-T basin. Figure 4 displays the comparison between SSM/I-observed and
VIC-modeled SWE (in mm) in the form of a time-series plot between 2001 and 2006
averaged over 8-day intervals. In general, there is very good agreement between the
two estimates (r = 0.83). With a few exceptions, the VIC model accurately simulates the
seasonal and interannual variation of SWE in this part of the basin. There is remarkable
correspondence between the VIC model and the SSM/I observations for the timing of
accumulation, maximum, and ablation of snow. The figure also points to interesting
dynamics of SWE in the basin. First, snow accumulation begins in November of each
year, gradually increases to a maximum in late March — early April, with a subsequent
sharp decline into the summer season. Another important observation from Fig. 4
is the interannual variability of SWE. Both the modeled and remote sensing results
had larger maximum SWE values (around 200 mm) in years 2001, 2002, and 2006
had than 2004 and 2005. Thus, while 2002 and 2003 are large snow accumulation
years (and therefore larger SWE), 2004 and 2005 appear to be drier years with much
less accumulation. It is interesting to note that both the VIC model and the satellite
observations capture this variability quite well.

Further assessment of the VIC model performance was made by visually comparing
modeled snow covered areas to satellite observations of snow cover from the MODIS
sensor (Fig. 5). The map comparison between satellite-observed and modeled snow
area data for four dates in January 2001 indicate a noticeable agreement. Even though
VIC predicted a larger area covered by snow on each date, especially in the eastern
mountainous zone of the basin, the general pattern of snow cover accumulating in the
arc-shaped northern and eastern portions of the basin is remarkably similar between
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the two data sets. One reason for the larger area snow accumulation in VIC simula-
tions is the coarse nature of the gridded weather data that smooth over the fine scale
topographic variation present in the MODIS data.

3.3 Changes in SWE for each GCM model outputs

The changes in SWE across 12 of the 13 models are given in Fig. 6 where in each
panel, deviations from the baseline conditions are depicted as a relative change
months defining the cold season. Note that even though the month of April is not
generally considered part of the cold season in many Northern Hemisphere studies, it
was included in the current study due to its importance for snow ablation and melting.

Overall, the following patterns emerge from Fig. 6. First, almost all models predict a
decline in SWE in the December—January period, but there are fewer models predicting
a decline in SWE in the March-April period, thus there is decreasing precision in de-
cline in SWE from December—January to March—April. Second, there is considerable
variability across the models. For example, the GFDL model predicts a strong negative
change in SWE across all months, years, and emission scenarios, while the CNNM
model predicts a weak negative response in SWE under a changing climate (less than
40 percent). In some cases, the models even predict a positive response. Across all
models, the predicted increase, although rare, occurs in the spring during the normal
thawing period in 10 out of 13 models. This represents a shift in the timing of snow
accumulation, moving from the December-February period to the March-April period.
Another interesting observation concerning the increase in SWE with climate change
is that it occurs more often under the B1 than the A2 scenario, and more frequently in
the middle of the 21st century (2050s) than in the later period (2090s).

There are notable exceptions to these general trends. For instance, the NCAR model
does not fit this description; results from the this model suggest a steady increase
in SWE availability under the aggressive A2 scenario at the end of the 21st century
(although this increase occurs more in April than in January). Several other models,
including the IPSL and the MIROC models, also show similar trends, but to a lesser
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extent. However, all of these exceptions tend to occur in the spring rather than during
the cold season under changing climatic conditions.

Given the model-derived variability in predicting climate variables that are important
for snow accumulation, the question arises as to which models or strategies should be
used to distill information of use to stake-holders. One common approach is simply to
average all models. This approach, commonly referred to as a multi-model ensemble,
dilutes models that provide poor outcomes with those that do a good job in simulating a
region (Lambert and Boer, 2001; Pierce et al., 2009). Using this approach, a new multi-
model ensemble climate forcing dataset was generated for input to the VIC model. By
averaging the outcomes of all climate models, the ensemble results suggest that SWE
could decline as much as 40 percent under all emission scenarios, all time periods
and all months considered in this study (Fig. 7). Of greater interest, however, is the
gradual decline in the gradual decline in the decrease in SWE from December (largest
decrease) to April (smallest decrease). These findings suggest that snow accumulation
that helps build SWE during the cold season could gradually lessen, leaving little or no
SWE and therefore no snowmelt generated flow in the spring.

Rather than average the negative or positive changes as in the ensemble approach,
it is possible to explore the frequency with which the models predict positive or nega-
tive changes by month. In Fig. 8, the number of times an increase or decrease was
predicted by a model is plotted, where the length of each bar is equal to 13, represent-
ing the number of models used. It is clear from Fig. 8 that all models indicate a clear
decline in December under changing climate conditions. Many of the models predict a
decline in SWE January through March. Another interesting feature is that roughly half
the models predict an increase while the other half predict a decrease in April, and this
result is consistent across all emission scenarios and time periods. Overall, it is clear
that more models predict a decrease in SWE, in the critical December—March period
when snow accumulation is greatest.

Finally, Fig. 9 shows the changes in modeled SWE across elevation zones (or
bands) for four scenario/time combinations. The elevation bands are given at 250 m
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increments on the y-axis while the x-axis depicts the departure of SWE from the base-
line conditions in relative terms. The results reveal that the largest changes (greater
than 50 percent) occur in the lower elevation bands (under 500 m) and as altitude in-
creases, the reduction in SWE diminishes exponentially to a minimum value of about
10 percent. Above 2000 m, the predicted decline in SWE is constant with a mean value
of 10 percent. These findings suggest that as the climate warms and precipitation de-
clines, lower elevation zones will experience a more rapid reduction in snow accumu-
lation than the higher elevation zones of the basin. Note that this finding is somewhat
intuitive; lower elevation zones typically hold less snow, so it is to be expected that
these areas will be the hardest hit under a changing climate.

4 Discussion

In this research, the effects of climate change on the amount of water stored in snow-
pack in the mountains of the Euphrates-Tigris river basin were assessed using the
VIC macroscale hydrological model linked to climate model results. Inevitably, the ap-
proach adopted in this study has several limitations. With respect to the climate change
predictions, this study only considered the averages of the regional climate system,
but did not assess changes in its variability. While the approach taken here involving
the perturbation of observed climate allows for some random variation in day-to-day
weather events, the true variability, including climatic extremes, is not captured. Work
on the sensitivity of snowpack to changes in the frequency and magnitude of extreme
weather events suggests long term droughts and cold spells could have important con-
sequences for winter water storage (see, e.g. Mote, 2006). Thus, the “average” pre-
dicted changes in future snowpack presented in this study may under- or over-estimate
future water yields from snow melt in the basin. In addition, studies such as this could
further benefit from probabilistic modeling of uncertainty associated with climate.
Another climate model-related limitation of this study is the application of GCM-
predicted anomalies to observed temperature and precipitation. While it is possible
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to downscale large GCM grids statistically or dynamically so that the spatial variability
across a study area can be examined, this was not done in this study. There is evidence
to suggest that it is preferable to apply the native GCM-predicted climate anomalies to
observed data in order to construct climate scenarios rather than derive them directly
from the regional climate model simulations or by statistical downscaling (e.g. Arnell et
al., 2003; Salathé et al., 2007)

The comparison of future climatic conditions from 13 GCMs provides several impor-
tant observations. First, there is significant variation in future conditions across the dif-
ferent models, even though all models were forced with the same emissions scenarios.
Second, the models respond differently to emission scenarios in different time peri-
ods. Third, the model results suggest that variability in precipitation estimates is much
greater than the variability of estimates for temperature. For example, the NCAR model
predicts a 20 percent increase in 2050, while the CSIRO model suggests a greater than
40 percent decrease in rainfall in 2050 under the same emissions scenario. Tempera-
ture, on the other hand, has an expected pattern of change across models, generally
increasing into the 21st century across successive periods but with variability in the
amount of increase. For example, the variation in temperature increase from less than
1°C with the MIROC3 model to around 3 °C with the IPSL model. This variation across
models is one reason for using the multi-model ensemble approach adopted here. This
type of multi-model ensemble approach is already in use in global studies that exam-
ine the mean state of a given climate and has also been found to be superior to any
individual model output in studies at a regional scale (Pierce et al., 2009). Research
suggests that this occurs as a result of errors in individual models cancelling out one
another. In the fourth assessment report, IPCC points out discrepancies among mod-
els and suggests the use of multiple models for any impact assessment (IPCC, 2007b).
In the present study, both the individual model and the multi-model ensemble average
approach were utilized, unlike previous studies that investigated the effects of climate
change on water yield in the E-T basin.
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Another limitation of this study is concerned with lack of subgrid variability in snow
processes in the VIC model. There is evidence to suggest that, from a hydrological per-
spective, the subgrid snow-depth distribution is an important quantity to include within
macro scale models (e.g. Leung and Qian, 2003; Liston, 2004). This is because sub-
grid snow distribution is the critical first-order influence on snow-cover depletion during
snowmelt, since the spatially-variable subgrid SWE distribution is largely responsible
for the patchy mosaic of snow covered areas. In the current research, the within-
grid variability of snow covered area and associated SWE is represented as elevation
bands only and may be under- or over-estimated. In addition to elevation, the true sub-
grid snow distribution is also strongly influenced by spatial variations in snow-canopy
interactions, snow redistribution by wind, and orographic precipitation (Liston, 2004).

The results presented in this research have important implications for the future of
water availability in the region; they may perhaps pave the way for adaptation options.
A significant decline in water stored in snowpack is likely to depress overall production
volumes and the timing of peak flow, thus affecting reservoir storage for power genera-
tion and warm season irrigation. Currently, there are more than 20 dams and reservoirs
with modest to large storage capacities in the basin. The expected snowpack reduction
along with the shift of runoff peak from spring to winter due to climate warming is likely
to have important effects on power generation and revenues in Turkey and Iraq. Since
all of the existing capacity was designed under contemporary climate conditions to take
advantage of snowpack as a natural reservoir, the adaptability of the storage structures
is in question when climate warming is considered. Expansion of storage capacity, and
to a lesser extent generation capacity, may increase water availability, although such
expansions might be hugely cost prohibitive. As a result, countermeasures for water
shortages could become much more difficult.

In addition to its impacts on water management for power generation, climate change
introduces another element of uncertainty uncertainty in other sectors such as irriga-
tion and domestic water use that depend on snowmelt generated runoff. Already, the
water resources of the basin are heavily managed and all aspects of water usage are
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politically charged. In the past four decades, the allocation of water between the three
countries of the E-T basin has led to at least fifteen conflicts (Gleick, 2009). While
another conflict may not be likely in the short-term (Beaumont, 1998), the future reduc-
tion of snow and its associated runoff may be enough for countries in the basin to risk
conflict (Beaumont, 1998). Therefore, implementation of adaptation measures, such
as water conservation, use of markets to allocate water, and the application of appro-
priate management practices will play an important role in determining the impacts of
climate change on water resources.

5 Conclusions

Water stored in seasonal snowpack in the crescent-shaped mountains of the
Euphrates-Tigris basin is an extremely important resource for the countries of the re-
gion. Using a comprehensive assessment involving 13 general circulation models, two
greenhouse gas emission scenarios, and two time periods, the results of this research
suggest that climate change has the potential to severely reduce (between 10 to 60
percent) the amount of this water source and place increased stress on the water-
dependant societies of the region. These findings are verified not only by individual
GCM outcomes but also by the outputs of a multi-model ensemble developed to re-
duce inter-model variation. The results also reveal that the largest changes (greater
than 50 percent) in SWE occur in the lower elevation bands (under 500 m) and as al-
titude increases, the reduction in SWE will diminish exponentially suggesting a more
rapid reduction in snow accumulation in the lower zones of the basin. While there are
uncertainties associated with both the climate model outputs and outputs provided by
the VIC model, the results of this investigation could have important implications in the
development of strategies to address the climate change problem in a region already
fraught with water-related conflicts.
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Table 1. List of GCMs and relevant references used in this study.

Model Origin Reference

BCCR-BCM2.0 Norway Déqué et al. (1994)
CCMA_CGCM3.1 (T63) Canada  Scinocca et al. (2008)
CNRM_CM3 France Salas-Mélia et al. (2005)
CSIRO_Mk3.5 Australia  Gordon, et al. (2002)
GFDL_CM2.1 USA Delworth et al. (2006)
GISS_ER USA Russell et al. (2000)
INM_CM3.0 Russia Diansky and Volodin (2002)
IPSL_CM4 France IPSL (2005)
MIROC3.2(med res) Japan K-1 model developers (2004)
MPI_ECHAM5 Germany Jungclaus et al. (2006)
MRI_CDCM2.3.2 Japan Yukimoto et al. (2001)
NCAR_CCSM3 USA Collins et al. (2006)
UKMO_HadCM3 UK Gordon et al. (2000)

3656

Jadedq uoissnosiq | Jaded uoissnosiq

I b i

Jadeq uoissnasiq | Jaded uoissnosiq

HESSD
8, 36313666, 2011

Climate change
impacts on snow
water availability

M. Ozdogan

(8
S

o
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/3631/2011/hessd-8-3631-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/3631/2011/hessd-8-3631-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

o

elevation [m]

Fig. 1. Location and physiography of the Euphrates-Tigris basin. The location of each river
course is also shown. The high elevation zones flanking the north and east of the basin forms

the shape of the Fertile Crescent.
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Fig. 2. Distribution of long-term averaged Euphrates flow (black) and precipitation (gray) for
a location in SE Turkey (centered at 40.16° E and 39.6° N). The flow data was obtained from
the agency responsible for collecting and disseminating flow data in Turkey (EIEI, 2008). The
precipitation data was extracted from the Climatic Research Center (CRU) long-term precip-
itation climatology dataset (New et al., 2002). Note the start month is October for the water
year. The mismatch between precipitation and runoff in the spring is an indication of snow
melt-dominated flow in those months.
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Fig. 3. Cold season (DJFMA) averaged changes in near surface air temperature and pre-
cipitation from baseline conditions (1961-1990) predicted by 13 models for four scenario/time
combinations. Different colors correspond to different models, while marker shapes indicates
the scenario/time pair. Positive values in the temperature field indicate increases in tempera-
ture, while negative values in the precipitation field indicate relative decreases in precipitation
amounts as a result of climate change.
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Fig. 4. A comparison of modeled (red) and observed (black) SWE at a location in southeastern
Turkey (40.5° E longitude, 38.5° N latitude) within the Euphrates-Tigris basin for 2001-20086.
The observed data are extracted from the 8-day blended Special Sensor Microwave Imager

(SSM/I) data (Brodzik et al., 2007).
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January 9, 2001 January 17, 2001 January 25,2001 February 2, 2001

Fig. 5. Comparison of observed (top) and simulated (bottom) snow covered areas in the
Euphrates-Tigris basin across different dates in winter 2001. Snow cover is indicated in white
against the color-coded topography of the basin. Observations in the top row were extracted
from Terra MODIS monthly snow cover product (MOD10CM) at 0.05 degree spatial resolution,
while the simulated results of the bottom row were produced in this research using the VIC
model. More details on the MODIS snow cover product can be found in Hall et al. (2002).
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Fig. 6a. Changes in basin-averaged SWE relative to baseline conditions (1961-1990) predicted
by 12 GCMs for the cold season (DJFMA). Negative values indicate a reduction and positive
values indicate an increase in SWE relative to baseline conditions. Note that only 12 out of 13
models used in the study are shown.
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Fig. 6b. Continued.
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Fig. 7. Changes in basin-averaged SWE relative to baseline conditions (1961-1990) predicted
by multi-model ensemble outputs for the cold season (DJFMA). Negative values indicate a
reduction and positive values indicates an increase in SWE relative to baseline conditions.
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Fig. 8. Number of models that predicted an increase (the upper half) and a decrease (the
lower half) in SWE relative to baseline conditions for each month/scenario/period combination.
In general, more models predict a decrease in SWE, especially in the December—March period

when snow accumulation is greatest.
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Fig. 9. Changes in modeled SWE across elevation zones for four scenario/time combinations.
Each marker plot represents the average VIC SWE outcome from the 13 GCM climate forcing

data.
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