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Uncertainty in Future Projections of Precipitation Decline over Mesopotamia?
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ABSTRACT: For millennia, Mesopotamia was blessed by enough water supplied by the Tigris and Euphrates Rivers.
However, the dwindling freshwater resource is no longer enough. In the future, climate change coupled with a growing
population could considerably exacerbate the current water deficit. Based on simulations by carefully selected global and
regional climate models, we conclude that these river basins may possibly face further water shortages (mainly due to a re-
duction in spring-season precipitation) in the next few decades (2021-50) under a scenario of high emissions of greenhouse
gases. However, there is no consensus among models regarding these near-term (2021-50) projections of change in precipi-
tation, and society is likely to face the challenge of how to prepare for this uncertain future. The story is different for the
late decades of this century: we project, with significantly more confidence, a robust decrease in wet-season (winter to
spring) precipitation over the headwaters of these river basins, worsening future water deficits and implying a century-long
drying trend over Mesopotamia. Possible physical mechanisms are proposed and discussed. As global warming progresses,
higher sea level pressure, centered on the Mediterranean Sea, will likely make upstream storms less frequent and weaker,
leading to drying over Mesopotamia. Further, projections show a poleward migration of the fewer Mediterranean storm
tracks, decreasing the frequency of storms that penetrate into Mesopotamia. Implementing a global net-zero carbon emis-
sions policy by midcentury could mitigate the severity of the projected droughts in this region.
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1. Introduction Hochman et al. 2022; Fig. 2). One may argue that this drying
from the late 1970s appears to be related to the positive phase
of the North Atlantic Oscillation (NAO), the natural mode of
climate variability (Cullen and deMenocal 2000; Fig. S2). How-
ever, some previous studies suggested that this decline in fresh-
water resources is more likely to be driven by anthropogenic
climate change than natural variability (Kelley et al. 2012,
2015).

An increasing body of literature suggests, using models
from phases 3 and 5 of the Coupled Model Intercomparison
Project (CMIP3 and CMIP5), that the region is likely to expe-
rience increased aridity by 2100 (Giorgi 2006; Kitoh et al.
2008; Diffenbaugh and Giorgi 2012; Wu et al. 2020). Further-
more, regional modeling studies, providing additional details,
also demonstrate the critical water scarcity situation projected
for the same period of the late twenty-first century (Bozkurt
and Sen 2013; Onol et al. 2014). A key question here is
whether this trend will be detectable in the near-term future
when the external anthropogenic forcing is relatively small.
Less attention has been paid to near-term future changes in
precipitation, which presents significant challenges for policy-
makers seeking to develop sound adaptation strategies for the
near future.

Furthermore, a relevant question is how climate change
may lead to dry signals in the Mesopotamian basins. Accord-
ing to previous studies, dry conditions around this region can
be shaped by 1) an enhanced anticyclonic circulation over the
Mediterranean related to climate change (Tuel and Eltahir

P Supplemental information related to this paper is available at 2020, 2021) and 2) a weaker midlatitude storm activity cross-
the Journals Online website: https://doi.org/10.1175/JCLI-D-22- ing the region (Evans 2009; Zappa et al. 2015a; Matsumura

The Tigris and Euphrates Rivers, originating from mountain-
ous regions of eastern Turkey, historically played an important
role in sustaining the modern civilizations in Mesopotamia,
known as the cradle of civilization (Fig. 1; see also Fig. S1 in the
online supplemental material). The two rivers have helped peo-
ple to secure sufficient freshwater for irrigation and domestic
uses for a long time. However, droughts, ever-growing popula-
tion, and anthropogenic activities (including upstream dam con-
struction, expansion of irrigation, and groundwater pumping)
led to severe water shortages that impact downstream commu-
nities (Voss et al. 2013; United Nations 2019; Yilmaz et al. 2019;
Wau et al. 2020). In particular, a prolonged drought contributed
to the unstable conditions in the region, causing tremendous
economic costs and significant loss of human lives (Trigo et al.
2010; Kelley et al. 2015; Hochman et al. 2022). Without effective
population control policy and transboundary cooperation on
water management, the situation is expected to worsen in the
coming years.

Climate change may have further exacerbated existing water
scarcity in the eastern Mediterranean, with the most significant
decline in the winter (Kelley et al. 2012, 2015; Wu et al. 2020;
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0268.s1. et al. 2019; Reale et al. 2021; Tuel et al. 2022). More specifi-
cally, Tuel and Eltahir (2020, 2021) proposed that a lengthen-
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FIG. 1. (a) MRCM domain and topography (unit: m). The Mesopotamian basin is represented by the red line in (a).

Red dots and blue lines in (a) denote the location of 36 weather stations and major rivers in the Mesopotamian basin,
respectively. (b) Land-use distribution used for regional climate model simulations. Spatial distribution of (c) annual
total rainfall (PR; unit: mm) and (d) satellite-based wet-season (November-May) snow-cover extent (unit: %). Super-

imposed hatching in (c) indicates the Mesopotamian headwaters.

between the Mediterranean Sea and surrounding land are im-
portant drivers of the enhanced anticyclonic anomaly, leading
to the Mediterranean precipitation decline. They also sug-
gested that the enhanced anticyclonic circulation may drive
less frequent and/or weaker storms over the Mediterranean.
Furthermore, several recent studies shed light on the causes
of changes in midlatitude storm activity (which shape midlati-
tude precipitation regimes), such as an expanded tropical band
(Seidel et al. 2008), a poleward shift of storm tracks (Yin 2005;
Seidel et al. 2008; Peleg et al. 2015; Matsumura et al. 2019),
and midlatitude warming (Lee et al. 2019; Matsumura et al.
2019) in the Atlantic Ocean. However, it is still unclear how
future climate change will affect precipitation in Mesopotamia
at the regional scale.

This study aims to fill these knowledge gaps based on analy-
ses of carefully selected global and regional climate model
simulations. We test the hypothesis that significant reductions
in precipitation and associated water shortages may occur in
Mesopotamia during the twenty-first century. We propose
and test mechanisms that emphasize the impact of circulations
changes, driving less frequent and weaker Mediterranean
storms that propagate into Mesopotamia.

2. Data and methods
a. Global climate model simulations

State-of-the-art climate models are used in this study to
project changes in water availability in Mesopotamia (see
Table S1 in the online supplemental material). Based on the
recommendations from McSweeney et al. (2015), this study
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adopts 18 CMIP5 models from the Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment Report (ARS),
with the best performance in reproducing key climate fea-
tures (circulations, storm tracks, and annual cycles of tempera-
ture and precipitation) over the Mediterranean region. Also,
we use all available CMIP6 models that provide 6-hourly data
[temperature, winds, specific humidity, surface pressure, and
sea surface temperature (SST)] for the period 1976-2100. In
general, for each model, one ensemble member is used (see
Table S1 in the online supplemental material). However, for
some of the wind analysis, 35 ensemble members for MPI-
ESM1-2-LR, HadGEM3-GC31-LL, and NorESM2-LM are
used to eliminate internal variability, as described below. The
CMIPS projections are forced by representative concentration
pathway (RCP) scenarios, and the CMIP6 simulations are based
on shared socioeconomic pathway (SSP) scenarios. High (RCP8.5
and SSP5-8.5) and low emission scenarios (RCP2.6 and SSP1-2.6)
are considered. Near-term (2021-50) and far-future (2071-2100)
climate changes are analyzed compared to reference scenar-
ios (1985-2014). All model output is regridded to a common
1° X 1° grid.

b. Regional climate model and experimental design

We use the MIT Regional Climate Model (MRCM; Pal and
Eltahir 2016), of which the dynamical core originated from the
Abdus Salam International Centre for Theoretical Physics
(ICTP) Regional Climate Model version 3 (RegCM3; Pal et al.
2007). Unlike RegCM3, the MRCM is coupled with Integrated
Biosphere Simulator (IBIS; Foley et al. 1996), showing a better
representation of land surface processes (Winter et al. 2009).
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FIG. 2. (a) Seasonal cycle of precipitation (PR; unit: mm day ') over the Mesopotamian headwaters (CRU 1976-2014 average).
(b) Observed changes in the PR seasonal cycle over the region derived from station observations (19952013 minus 1976-94), CRU
(1995-2014 minus 1976-95), and GPCP (1997-2014 minus 1979-96). (c) As in (b), but for seasonal-mean values. The black dot in (c)
indicates the season when the difference is statistically significant at the 5% level as determined by a two-sided Student’s ¢ test. (d)
Time series of seasonally [November-May (NDJFMAM)] averaged PR (unit: mm) over the region for the period 1976/77-2012/13
derived from station observations. The best-fit linear regression line is shown in dashed blue in (d). Difference between first and last 20
years is represented by black horizontal lines in (d). The p value for the linear trend in (d) is based on the nonparametric Mann—
Kendall test. Average precipitation across 36 weather stations (with equal weight given to each station; see Fig. la for the

locations of stations) is used in (b)—(d).

Additionally, updated or newly developed physical schemes
are incorporated into the MRCM (Marcella 2012; Marcella and
Eltahir 2012; Gianotti 2012; Gianotti and Eltahir 2014a,b). Pre-
vious studies demonstrated that the MRCM could be applied
for regional climate studies across various domains, including
the Mediterranean region (Tuel and Eltahir 2020), North
America (Winter et al. 2009), West Africa (Im et al. 2014a),
Southwest Asia (Pal and Eltahir 2016; Choi and Eltahir 2022),
South Asia (Im et al. 2017a; Choi et al. 2021), and the Maritime
Continent (Im and Eltahir 2018).

To provide reliable regional climate change projections, it is
necessary to rigorously evaluate the performance of global
circulation models (GCMs; used to specify the boundary con-
ditions for the MRCM) (Im et al. 2017a; Kang and Eltahir
2018). In this study, CMIP6 GCMs are carefully selected by
considering their ability to capture the long-term average cli-
mate and its trends. As a result of the model evaluation,
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13 models out of 30 CMIP6 models are able to reproduce the
observed decrease in precipitation over the Mesopotamian
headwaters in recent decades (Fig. 3a). Among the 13 models,
five models, including CMCC-CM2-SR5, ACCESS-CM2, IPSL-
CM6A-LR, UKESM1-0-LL, and HadGEM3-GC31-MM,
are excluded from further analysis because the ensemble
member selected for each model (for dynamical downscal-
ing) shows different behavior of precipitation trend com-
pared to its multimember ensemble mean. Three models
(CMCC-ESM2, BCC-CSM2-MR, and KACE-1-0-G) are
further excluded due to the limited data availability. Also,
NESM3, which fails to capture the seasonal cycle in precipi-
tation, is excluded.

We finally selected three models that perform best:
MPI-ESM1-2-LR (MPI), HadGEM3-GC31-LL (HAD), and
NorESM2-LM (NOR) (Fig. S3). These three models have the
least averaged root-mean-square error (RMSE) for temperature
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FI1G. 3. (a) Observed and simulated changes (1995-2014 minus 1976-95) in seasonal [November—
May (NDJFMAM)] mean precipitation (PR; unit: mm day ') over the Mesopotamian headwaters
derived from CRU (OBS) and CMIP6 simulations. Projected near-term changes (2021-50 minus
1985-2014) in seasonal-mean PR over the region derived from (b) CMIP5 and (c) CMIP6 GCMs.
(d),(e) As in (b) and (c), but for far future (2071-2100). The multimodel ensemble mean (ENS) is
indicated in the left corner of (b)—(e). The selected one ensemble member per model is shown as a
colored box in (a)—(e). Single-model multimember ensemble means (with equal weight given to
each ensemble member) are indicated by green dots in (a).
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FIG. 4. The seasonal cycle of precipitation (PR; unit: mm day ') over the Mesopotamian headwaters for the reference (1985-2014) and
near-future (2021-50) periods derived from the ensemble means of (a) 30 and (d) 3 CMIP6 GCMs. Projected changes in PR during
(b) the winter (December—February) and (c) spring (March-May) derived from ensemble of 30 CMIP6 GCM:s. (e),(f) As in (b) and
(c), but for an ensemble of 3 CMIP6 GCMs. Asterisks in (a) and (d) indicate a month when the difference is statistically significant at the
5% level as determined by a two-sided Student’s ¢ test. Superimposed hatching in (b) and (c) indicates that more than 80% of models agree

on the sign of the change. Superimposed hatching in (e) and (f) denotes agreement (100%) by three GCMs on the sign of the change.

and precipitation simulations (1985-2014) over the Mesopota-
mian headwaters. Note that only one model having the smallest
RMSE is selected from each institution. Perhaps not surprisingly,
the MRCM performs better than the driving GCMs in reproduc-
ing overall spatial variability of temperature and precipitation
(Fig. S4). In particular, the MRCM can provide added value over
the Mesopotamian headwaters by better representing the spatial
distribution of precipitation (Fig. S4c).

The simulation domain is centered at 35°N, 41°E, covering
the eastern Mediterranean region with a Lambert conformal
projection (Fig. 1). The spatial resolution of the model is 20 km
in both longitudinal and latitudinal directions. Climate simula-
tions are conducted for the 1975-2050 period. Reference (1985-
2014) and near-term future (2021-50) periods are mainly ana-
lyzed. The first year of each simulation is regarded as a spinup
period and thus excluded from the analysis. Massive irrigation
systems are well developed in Mesopotamia. Accordingly, im-
plementing an irrigation module can improve the simulation
of climate over the region (Marcella and Eltahir 2012). Water
is only supplied in the first week of October—April to avoid ex-
cessive or unrealistic irrigated water (Im et al. 2014b; Im and
Eltahir 2014).

The extratropical storms (i.e., synoptic-scale cyclones) are a
critical atmospheric process, bringing a large amount of rainfall
into the eastern Mesopotamia region (Marcella and Eltahir
2008). To understand the underlying mechanisms of projected
change in precipitation, storm track activity is estimated using
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daily kinetic energy, which is bandpass filtered to isolate events
between 2 and 8 days, in line with Yin (2005). Also, individual
storm events are detected as minima in sea level pressure (SLP)
using a mesoscale eddy tracking algorithm (available at https://
github.com/ecjoliver/stormTracking). This storm tracking algo-
rithm is a modified form of the mesoscale ocean eddy tracking
algorithm (Chelton et al. 2011).

To quantify the role of the zonal wind changes on the pre-
cipitation response to increasing atmospheric CO, concentra-
tion, a circulation index is defined as the difference between
Europe (35°-50°N, 0°-50°E) and North Africa (20°-35°N, 0°-
50°E) zonal winds at 700 hPa. This circulation index is closely
related to an anomalous high pressure in the lower tropo-
sphere induced by climate change (see section 3d for details)
and can be a proxy for lower-tropospheric geopotential height.

¢. Observation data

Various precipitation datasets are obtained from the Cli-
mate Research Unit product (CRU; Harris et al. 2020), the
Global Precipitation Climatology Project (GPCP; Adler et al.
2003), the Tropical Rainfall Measuring Mission (TRMM;
Huffman et al. 2007), and the Global Historical Climatology
Network (GHCN; Peterson and Vose 1997) at 36 weather
stations around eastern Turkey (Fig. 1a). Satellite-based snow-
cover extent is provided from the National Oceanic and Atmo-
spheric Administration (NOAA) Climate Data Record (CDR)
(Robinson et al. 2012). The NAO index is from the National
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FIG. 5. Asin Fig. 4, but for the far-future period (2071-2100).

Oceanic and Atmospheric Administration (NOAA) Climate
Prediction Center (CPC; available at http://www.cpc.ncep.noaa.
gov/). The 6-hourly storm track data are available at https:/
github.com/ecjoliver/stormTracking.

3. Results
a. Observed changes in precipitation

Modern climate records from ground and satellite obser-
vations indicate the prolonged reduction in precipitation in
Mesopotamia (Fig. 2). Northern Mesopotamia (characterized
by the Mediterranean climate) receives the majority of annual
precipitation (in the form of snow and rain) during the cold sea-
son (November—May; Figs. 1c,d and 2a), which largely deter-
mines the annual flow rate of the Tigris and Euphrates Rivers.
Accumulated snow during winter begins to melt in spring,
flowing into the downstream region and providing freshwater.
In recent decades, wet-season precipitation has decreased by
about 15% compared to the late 1970s, showing a continuing
downward trend (p value < 0.01). The most significant de-
crease in precipitation is observed in winter, potentially re-
lated to anthropogenic climate change (Kelley et al. 2012).

b. Global climate projections

Precipitation response to near-term climate change remains
uncertain based on climate projections from CMIP5 and CMIP6
models (Fig. 3). However, water deficit is projected to worsen in
the Mesopotamian basin by the end of this century with high
confidence, assuming business-as-usual greenhouse gas emis-
sions scenarios (i.e., the RCP8.5 and SSP5-8.5 scenarios) (Fig. 3;
see also Figs. S5 and S6). For the near-term future, nearly half
of CMIP6 models (14 GCMs) project an overall increase in wet-

Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 02/01/23 01:50 PM UTC

season precipitation, while the other half (16 GCMs) indicates a
drying tendency. The CMIP5 models support a similar conclu-
sion. For the far future, enhanced global warming will lead to a
significant drying tendency in the sources of the rivers with a
strong agreement between models (13 out of 18 CMIP5 models
and 26 out of 30 CMIP6 models agree on the sign of the
change). That is, the multimodel mean precipitation during the
wet season is projected to decrease by about 0.2 mm day ™' by
2100 (RCP8.5: 13% with p value less than 0.01; SSP5-8.5: 8%
with p value less than 0.01).

Based on the GCM projections, the spatial distribution of
precipitation change presents four interesting features (Figs. 4
and 5): 1) there is a meridional dipole pattern of precipitation
change, especially north of about 25°N; 2) this signal is more
pronounced in the three selected models (which are assumed
to provide more credible climate projections) than in all mod-
els, and in spring than in winter (particularly during the near-
term future); 3) the precipitation response is proportional to
the global warming levels (i.e., the signal-to-noise ratio be-
comes larger by the end of the twenty-first century as the cli-
mate change signal clearly emerges) (Figs. S5 and S6); and
4) the regions where most models (more than 80% of models)
agree on the sign of the precipitation change become more
widespread toward the end of the twenty-first century. At
the regional scale, the three selected GCMs project a likely
decrease in spring-season precipitation in a broad area ex-
tending from the Mediterranean to the headwaters of the
Tigris and Euphrates Rivers in the coming decades. This
tendency is accompanied by negative “precipitation minus
evapotranspiration” and is expected to be stronger in the far
future, regardless of the season (Fig. 5; see also Fig. S7). In
other words, the drying trends observed over the recent
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decades may continue in the coming decades, and their im-
pacts, with high confidence, will become more significant in
magnitude at the end of the twenty-first century (Figs. 2-5).
The change in the seasonal cycle further supports these results.
At a larger spatial scale, the meridional dipole of precipitation
change implies a northward migration of the storm track. This
shift will be discussed in detail in section 3d.

¢. Regional climate simulations

We perform the MRCM simulations driven by the three
CMIP6 models to analyze patterns of drying over the complex
topography region. Consistent with the GCM projections, the
MRCM shows increased risks of drying for the near-term pe-
riod relative to historical levels (Fig. 6; see also Figs. S8 and S9).
Notably, rainy-season precipitation may decrease by 4%-8% in
high-altitude catchments by the middle of the twenty-first
century, depending on the scenario. The freshwater decline in
the basin will likely be more pronounced in spring than winter
at the seasonal time scale. For instance, despite a prominent
multidecadal variability, a modest (not significant) decrease
(1%-4%) in precipitation is expected during winter. During bo-
real spring, precipitation could decrease by 5% and 13% under
the SSP1-2.5 and SSP5-8.5 scenarios, respectively. It is important
to note that the drying trend over the region is more pro-
nounced in the selected simulations than the average of all
GCM simulations (Figs. S8 and S9).

Precipitation changes are highly heterogeneous spatially,
but there is high agreement across the three MRCM simula-
tions that the headwaters region may experience a tendency
toward a drier climate (Fig. 7). Spring precipitation over the
region is likely to decrease by 2.7%, 7.0%, 4.2%, and 4.5%
(13.6%, 13.6%, 11.3%, and 13.0%) in the low-emission (high-
emission) scenario for MPI-ESM1-2-LR, HadGEM3-GC31-LL,
NorESM2-LM, and their ensemble mean, respectively. Also,
precipitation declines approximately in proportion to the in-
crease in CO, emissions, consistent with the GCM simulations
(Fig. S8). It implies that achieving net-zero emissions would
significantly reduce the higher risks of drought (Figs. 6 and 7,
see also Figs. S8 and S9). Although the southeast portion of
the domain, around the Zagros Mountains, is likely to experi-
ence a slight increase in precipitation, there is a lack of agree-
ment between the models.

d. Potential physical mechanisms

To better identify the potential explanations of the decrease
in precipitation, it is essential to understand changes in midlati-
tude storm tracks (also known as extratropical cyclone tracks),
which play a fundamental role in the weather/climate systems,
especially precipitation regimes across the Mediterranean and
Mesopotamia. In observations, most winter storms that
head for Mesopotamia generally form in the Mediterranean
(Hochman et al. 2022), while only a few of them originate
from the North Atlantic (Fig. S10). The spring storm tracks
show a similar pattern to those for winters. However, the
genesis locations during the spring are distributed closer to the
continental regions (Europe and North Africa) (Fig. S10).
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FIG. 6. Time series of seasonal-mean precipitation (PR; unit:
mm day ') over the Mesopotamian headwaters for the (a) wet
season [November-May (NDJFMAM)], (b) winter [December—
February (DJF)], and (c) spring [March-May (MAM)] derived
from an ensemble of three MRCM simulations under low (blue;
SSP1-2.6) and high (red; SSP5-8.5) emission scenarios. Solid lines
and shading indicate a 20-yr moving average and intermodel
spread, respectively. Difference (2021-50 minus 1985-2014) in pre-
cipitation is represented in each plot. The p value for linear trend is
based on a nonparametric Mann-Kendall test.

Future climate change is expected to change the nature of
these storms.

A robust increase in SLP over the Mediterranean will likely
weaken the storms and reduce the number of them that pene-
trate from the Mediterranean into Mesopotamia by the end of
this century (Fig. 8). This is the main physical mechanism ex-
plaining the projected change of precipitation over Mesopota-
mia. In the near-term future, no robust changes in SLP are
found, although models indicate a slightly higher SLP and inten-
sified anticyclonic circulation in the Mediterranean. However,
enhanced global warming in the far future would trigger robust
patterns of higher SLP with an associated anticyclonic circulation
centered over the Mediterranean, where most storms originate.
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FIG. 7. Near-term changes in precipitation (PR; unit: %) during the spring (March-May;
MAM) derived from three MRCM simulations (MPI, HAD, and NOR) and their ensemble mean
(ENS) under (a)-(d) low (SSP1-2.6) and (e)-(h) high (SSP5-8.5) emission scenarios. Difference
(2021-50 minus 1985-2014) in precipitation over the Mesopotamian headwaters (see Fig. 1c) is
represented in each plot. Superimposed hatching indicates agreement (100%) by MRCM simula-
tions on the sign of the change. Areas with annual total PR < 100 mm are masked out to avoid
potential inflation due to small rainfall amounts.
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FIG. 8. Near-term changes in sea level pressure (SLP; shading; unit: hPa K™') and 700-hPa winds (vectors;
unit: m s~ ' K1) during (a),(c) DJF and (b),(d) MAM derived from ensemble of (a),(b) 3 and (c),(d) 30 CMIP6
GCMs. (e),(f) As in (c) and (d), but for the far future (2071-2100). Superimposed hatching in (a) and (b) denotes
agreement (100%) by three GCMs on the sign of the change. Superimposed hatching in (c)—(f) indicates that more
than 80% of models agree on the sign of the change. Wind vectors with a lack of agreement on the sign of the change
by at least 100% (80%) of models are not shown in (a) and (b) [(c)-(f)]. Projections are normalized by each model’s

global-mean temperature change.

The higher SLP, in turn, makes storms upstream less frequent
and weaker, hence causing a drying downstream.

In addition to the SLP changes, northward migration of the
fewer Mediterranean storm tracks could possibly lead to pre-
cipitation decline over the Mesopotamian headwaters (Fig. 9).
The three selected GCMs, unlike all GCMs, show a decrease
in spring storm activity across North Africa by the midcentury
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(Fig. 9b). That is, the number of storms that propagate from
North Africa to Mesopotamia may possibly decrease. At the
same time, the selected models also indicate an enhanced
storm activity in the European continent, exhibiting a meridio-
nal dipole pattern (Fig. 9b). Such a dipole pattern is suggestive
of a slight northward shift of the Mediterranean storm tracks,
which implies fewer storms passing across Mesopotamia. In
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agree on the sign of the change. Projections are normalized by each model’s global-mean temperature change.

the far future, the dipole signal will be more robust in the wet
season (particularly in the spring with more drying). The pro-
nounced intermodel spread in the near-term projections is a
reason for caution, as discussed previously. However, the
uncertainty in the projections by the end of the twenty-first
century is significantly decreased compared to what is seen
in the near-term projections.

Given that the jet stream location guides a storm path
(Hoskins and Ambrizzi 1993), we suggest that a larger separation
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of the polar and subtropical jets is an important contributor to
the meridional shift of the storm track (Fig. 10). Projected
changes in zonal flow are shown in Fig. 10. Unsurprisingly, there
is a lack of consensus on the shift in the jet stream (particularly
in the lower troposphere over the subtropics and extratropics)
across models for the near-term future, consistent with the
change in precipitation (Fig. 4). However, the jet shift is detect-
able during the spring in the three selected GCMs. The eddy-
driven jet (i.e., polar jet) is well separated from the thermally
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driven jet (i.e., subtropical jet over North Africa with its core at
30°N), associated with the lower-tropospheric anomalous anticy-
clonic circulation over the Mediterranean: the southern Mediter-
ranean and North Africa could see decreased zonal wind speed
[consistent with Zappa et al. (2015b)], but Europe is likely to ex-
perience enhanced zonal wind speed. A similar robust pattern is
also found across most ensemble members of the three selected
GCMs, suggesting that the jet shift is mainly driven by near-term
climate change rather than internal variability (Fig. S11). As
the atmospheric CO, concentration is increased by the end of this
century, jet separation is expected in both summer and winter. At
the event scale, the largest (smallest) separation of the two jets in
the three selected GCMs indeed causes a poleward (equator-
ward) shift of the storm tracks, implying that the number of
passing rainstorms from the Mediterranean/North Africa to Mes-
opotamia is notably reduced (increased) (Fig. 11). This mecha-
nism is further supported by observations (Figs. S12 and S13).

4. Discussion

Consistent with our findings, most previous studies using
GCMs expect a decrease in precipitation over the eastern

Brought

Mediterranean by the end of this century under high emission
scenarios (Giorgi 2006; Kitoh et al. 2008; Diffenbaugh and
Giorgi 2012; Wu et al. 2020). However, GCMs show poor per-
formance in simulating climate over complex topography re-
gions (Seneviratne et al. 2012; Flato et al. 2013; Im et al.
2017b; Fig. S4), like Mesopotamia, including multiple moun-
tain ranges (the Zagros and Taurus Mountains) and surround-
ing seas (the Mediterranean Sea, the Black Sea, the Kasper
Sea, the Red Sea, and the Persian Gulf). Thus, these GCM
projections should be interpreted with caution. To address
the issue, regional climate projections are used in this study
(especially for the near-term future).

Considering the Euro-Mediterranean area, some aspects of
the precipitation projections presented in this paper are simi-
lar to previous regional climate studies, expecting a dipole-
like pattern characterized by wetting trends in Europe and
drying trends in the Mediterranean (Zittis et al. 2019; Cherif
et al. 2020; Zittis et al. 2021). However, little or no attention
was paid to the Mesopotamian basin in these studies. In addi-
tion, their analysis was primarily centered on changes in mean
and extreme precipitation rather than changes in atmospheric
circulation.
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FIG. 11. (a)—(c) Storm tracks during boreal spring for near-term future (2021-50) in the case of a large separation between polar (PJ)
and subtropical (SJ) jets (with the circulation index above the 90th percentile, i.e., strong PJ in the extratropics and weak SJ in the
subtropics) for three models (MPI-ESM1-2-LR, HadGEM3-GC31-LL, and NorESM2-LM). (d)—(f) As in (a)—(c), but for the case of a
small separation between the two jets (with the circulation index below the 10th percentile, i.e., weak PJ in the extratropics and strong SJ
in the subtropics). Storm tracks are indicated by blue lines. Genesis locations with central pressure are represented by colored dots.

The comprehensive GCM projections from the two CMIP
generations offer insights into the broader range of possible
climate change impacts, although some caution should be
exercised in interpreting the coarse-resolution GCM projec-
tions. Based on the CMIP5 and CMIP6 GCM projections,
we found no consensus regarding the effect of near-future
global warming on rainstorms or snowstorms in the eastern
Mediterranean. Uncertainty in the near-term climate projec-
tions is notably higher in winter than spring. The discrepancy
between the near-term projections can be partly explained by
insufficient greenhouse gas emissions that may not overwhelm
natural variability (Kelley et al. 2012; Choi et al. 2016). In par-
ticular, the high uncertainty in winter may be attributable to
NAO (i.e., the dominant mode of wintertime climate variabil-
ity), which might, to some extent, mask the impacts of anthro-
pogenic climate change (Cullen and deMenocal 2000; Kelley
et al. 2015).

Moreover, we propose that circulation changes in the lower
troposphere play a critical role in shaping the Mediterranean
precipitation changes in observations (Fig. S14) and projec-
tions (Figs. 8-11; Zappa et al. 2015b; Seager et al. 2014; Tuel
and Eltahir 2020). The circulation changes are also found to
be associated with the uncertainty in near-term future projec-
tions of precipitation over Mesopotamia (Fig. 12), in line with
the previous findings in the literature (Zappa et al. 2015b).
Correlation analysis reveals that the differences between the
low-level zonal wind responses of different models are associ-
ated with the uncertainties in the near-term precipitation
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projection (Fig. 12a). For example, the models, featuring a
strengthened polar jet in the extratropics and a weakened
subtropical jet in the subtropics, exhibit a pronounced drying
trend. About 50% (p value < 0.01) of intermodel spread in
the near-term projection of spring precipitation can be ex-
plained by the circulation index (see section 2b) (Fig. 12b).
For the late decades of this century, the circulation index
shows a tendency toward higher values than the near future,
leading to the robust model consensus on the changes in the
precipitation in the headwaters of the Tigris and Euphrates
Rivers (Fig. 12b). Although this study mainly focuses on the
dynamical response to external forcing, thermodynamic pro-
cesses are also important in shaping precipitation trends over
Mesopotamia (Tuel et al. 2022).

Reducing uncertainties requires more refined observations
and better models (Trigo et al. 2010; Kelley et al. 2015; Pal
and Eltahir 2016; Im et al. 2017a; Kang and Eltahir 2018). To
alleviate this concern, this study used various observations de-
rived from in situ data and satellite remote sensing retrievals.
Based on these data, we carefully selected the best performing
models in simulating the present climate conditions (mean cli-
mate and climate trends) and dynamically downscaled them
using the MRCM. Note that the MRCM shows comparable or
better performance in reproducing the present climate condi-
tions, in terms of the spatial distributions of temperature and
precipitation over Mesopotamia, than the forcing boundary
conditions (Fig. S4). Thus, we believe that the MRCM simula-
tions driven by the three different GCMs provide more
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FiG. 12. (a) Correlation map between 700-hPa zonal wind re-
sponses of 30 different models to anthropogenic forcing and uncer-
tainties (intermodel spread) in the near-term precipitation projections.
Blue rectangles in (a) denote the region used to define the circulation
index (see section 2b). (b) Projected changes in MAM circulation in-
dex and precipitation across CMIP6 models. The least squares regres-
sion lines are shown for the near future (2021-50; blue) and far future
(2071-2100; red). Correlation coefficients (r) are represented in (b).

reliable future climate projections. However, we acknowledge
that a lack of ground observations can pose a problem in as-
sessing model performance adequately, and different conclu-
sions could be reached depending on selected models.

Several lines of evidence indicate that midlatitude SST warm-
ing and high-latitude SST cooling (associated with weakened
Atlantic meridional overturning circulation) are the primary
drivers of an extension of the North Atlantic jet stream toward
western Europe (Woollings et al. 2012; Matsumura et al. 2019;
Gervais et al. 2019). Although storm activity increases from the
North Atlantic to western Europe, it is unlikely to reach as far
as Mesopotamia. For example, in the vicinity of the Mediterra-
nean Sea, a northward shift of storm tracks may reduce storms
penetrating from the North Atlantic to Mesopotamia through
the European continent.

5. Conclusions

In recent decades, human-induced climate change may have
significantly reduced precipitation over the Mesopotamian head-
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waters, exacerbating the existing water deficit in the Fertile Cres-
cent. The dwindling freshwater resource (including those caused
by the impacts of wars, population growth, and upstream water
diversion projects) forced many people to leave their hometowns
to seek economic opportunities. Without an urgent and signifi-
cant cut to greenhouse gas emissions, this region could face addi-
tional socioeconomic hardship in the future due to climate
change. However, attempts at international cooperation to reach
net-zero emissions by the midcentury remain elusive.

Accurately projecting the short-term impacts of climate
change is critical for developing sound adaptation policies. We
first considered all available CMIPS5 and CMIP6 GCMs to pro-
vide insights into the broader range of possible climate change
impacts and found that the near-term projection of precipita-
tion is highly uncertain (low confidence) over Mesopotamia.
To increase the reliability of near-term future predictions,
we then carefully selected global and regional climate simu-
lations. The MRCM simulations driven by the selected
GCMs show that spring-season precipitation may decrease
by 5%-13% in the headwaters by the midcentury, depend-
ing on the scenario (SSP1-2.6 and SSP5-8.5). Toward the
end of the century, we project with high confidence a signifi-
cant decrease in wet-season precipitation under the high
emission scenario, implying a century-long drying trend.
Note that the robustness of the drying signal across all far-
future simulations is striking regardless of the CMIP phase.
This study suggests that higher SLP centered on the Mediter-
ranean Sea and the poleward migration of the fewer Mediter-
ranean storm tracks are the likely physical mechanisms of
these drying trends. Higher SLP in the central Mediterranean
will likely lead to a less frequent and weaker storm over the re-
gion where most storms originate. The poleward migration of
the fewer Mediterranean storm tracks could also decrease the
frequency of storms that penetrates into Mesopotamia, possi-
bly causing severe drought in Mesopotamia.

We argue that if net-zero greenhouse gas emissions are not
achieved by the midcentury, the continuous decrease in pre-
cipitation over this century will exert intense pressure on the
water—food—energy nexus over this region.
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data are available at https:/github.com/ecjoliver/stormTracking.
CMIP5 (CMIP6) model output were downloaded from https://
esgf-node.llnl.gov/search/cmip5/ (https:/esgf-node.llnl.gov/projects/
cmip6/). Regional simulations are available on request from
the corresponding author.
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