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Before the Syrian uprising that began in 2011, the greater Fertile
Crescent experienced the most severe drought in the instrumental
record. For Syria, a country marked by poor governance and un-
sustainable agricultural and environmental policies, the drought
had a catalytic effect, contributing to political unrest. We show
that the recent decrease in Syrian precipitation is a combination of
natural variability and a long-term drying trend, and the unusual
severity of the observed drought is here shown to be highly unlikely
without this trend. Precipitation changes in Syria are linked to rising
mean sea-level pressure in the Eastern Mediterranean, which also
shows a long-term trend. There has been also a long-term warming
trend in the Eastern Mediterranean, adding to the drawdown of soil
moisture. No natural cause is apparent for these trends, whereas
the observed drying andwarming are consistent with model studies
of the response to increases in greenhouse gases. Furthermore,
model studies show an increasingly drier and hotter future mean
climate for the Eastern Mediterranean. Analyses of observations and
model simulations indicate that a drought of the severity and
duration of the recent Syrian drought, which is implicated in the
current conflict, has become more than twice as likely as
a consequence of human interference in the climate system.
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Beginning in the winter of 2006/2007, Syria and the greater
Fertile Crescent (FC), where agriculture and animal herding

began some 12,000 years ago (1), experienced the worst 3-year
drought in the instrumental record (2). The drought exacerbated
existing water and agricultural insecurity and caused massive
agricultural failures and livestock mortality. The most significant
consequence was the migration of as many as 1.5 million
people from rural farming areas to the peripheries of urban
centers (3, 4). Characterizing risk as the product of vulnerability
and hazard severity, we first analyze Syria’s vulnerability to
drought and the social impacts of the recent drought leading to
the onset of the Syrian civil war. We then use observations and
climate models to assess how unusual the drought was within the
observed record and the reasons it was so severe. We also show
that climate models simulate a long-term drying trend for the
region as a consequence of human-induced climate change. If
correct, this has increased the severity and frequency of occur-
rence of extreme multiyear droughts such as the recent one. We
also present evidence that the circulation anomalies associated
with the recent drought are consistent with model projections of
human-induced climate change and aridification in the region
and are less consistent with patterns of natural variability.

Heightened Vulnerability and the Effects of the Drought
Government agricultural policy is prominent among the many
factors that shaped Syria’s vulnerability to drought. Despite growing
water scarcity and frequent droughts, the government of President
Hafez al-Assad (1971−2000) initiated policies to further increase
agricultural production, including land redistribution and irrigation
projects, quota systems, and subsidies for diesel fuel to garner
the support of rural constituents (5–9). These policies endangered

Syria’s water security by exploiting limited land and water resources
without regard for sustainability (10).
One critical consequence of these unsustainable policies is the

decline of groundwater. Nearly all rainfall in the FC occurs during
the 6-month winter season, November through April, and this
rainfall exhibits large year-to-year variability (Figs. 1A and 2A). In
Syria, the rain falls along the country’s Mediterranean Sea coast
and in the north and northeast, the primary agricultural region.
Farmers depend strongly on year-to-year rainfall, as two thirds of
the cultivated land in Syria is rain fed, but the remainder relies
upon irrigation and groundwater (11). For those farms without
access to irrigation canals linked to river tributaries, pumped
groundwater supplies over half (60%) of all water used for irri-
gation purposes, and this groundwater has become increasingly
limited as extraction has been greatly overexploited (4). The
government attempted to stem the rate of groundwater depletion
by enacting a law in 2005 requiring a license to dig wells, but the
legislation was not enforced (6). Overuse of groundwater has
been blamed for the recent drying of the Khabur River in Syria’s
northeast (6). The depletion of groundwater during the recent
drought is clearly evident from remotely sensed data by the
NASA Gravity Recovery and Climate Experiment (GRACE)
Tellus project (Fig. 2C) (12).
The reduced supply of groundwater dramatically increased

Syria’s vulnerability to drought. When a severe drought began in
2006/2007, the agricultural system in the northeastern “bread-
basket” region, which typically produced over two-thirds of the
country’s crop yields, collapsed (13). In 2003, before the
drought’s onset, agriculture accounted for 25% of Syrian gross
domestic product. In 2008, after the driest winter in Syria’s ob-
served record, wheat production failed and the agricultural share
fell to 17% (14). Small- and medium-scale farmers and herders
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suffered from zero or near-zero production, and nearly all of their
livestock herds were lost (15). For the first time since self-suffi-
ciency in wheat was declared in the mid-1990s, Syria was forced to
import large quantities of wheat (13). The drought’s devastating
impact on vegetation is clearly evident in Moderate Resolution
Imaging Spectroradiometer (MODIS) Normalized Difference
Vegetative Index (NDVI) version 5 satellite imagery (Fig. 2D)
(16). Atieh El Hindi, the director of the Syrian National Agri-
cultural Policy Center, has stated that between 2007 and 2008,
drought was a main factor in the unprecedented rise in Syrian food
prices; in this single year, wheat, rice, and feed prices more than
doubled (17, 18). By February of 2010, the price of livestock feed
had increased by three fourths, and the drought nearly obliterated
all herds (16, 19). There was a dramatic increase in nutrition-
related diseases among children in the northeast provinces
(20), and enrollment in schools dropped by as much as 80% as
many families left the region (21). Bashar al-Assad, who suc-
ceeded his father in 2000, shifted to liberalizing the economy by
cutting the fuel and food subsidies on which many Syrians had
become dependent. These cuts continued despite the drought,
further destabilizing the lives of those affected (22). Rural
Syria’s heavy year-to-year reliance on agricultural production
left it unable to outlast a severe prolonged drought, and a mass
migration of rural farming families to urban areas ensued.
Estimates of the number of people internally displaced by the

drought are as high as 1.5 million (3, 4, 13). Most migrated to the
peripheries of Syria’s cities, already burdened by strong pop-
ulation growth (∼2.5% per year) and the influx of an estimated

1.2–1.5 million Iraqi refugees between 2003 and 2007, many of
whom arrived toward the tail end of this time frame at the begin-
ning of the drought and remained in Syria (23). By 2010, internally
displaced persons (IDPs) and Iraqi refugees made up roughly 20%
of Syria’s urban population. The total urban population of Syria in
2002 was 8.9 million but, by the end of 2010, had grown to 13.8
million, a more than 50% increase in only 8 years, a far greater
rate than for the Syrian population as a whole (Fig. 1D) (24). The
population shock to Syria’s urban areas further increased the
strain on its resources (11).
The rapidly growing urban peripheries of Syria, marked by

illegal settlements, overcrowding, poor infrastructure, unemploy-
ment, and crime, were neglected by the Assad government and
became the heart of the developing unrest (13). Thus, the mi-
gration in response to the severe and prolonged drought exacer-
bated a number of the factors often cited as contributing to the
unrest, which include unemployment, corruption, and rampant
inequality (23). The conflict literature supports the idea that rapid
demographic change encourages instability (25–27). Whether it
was a primary or substantial factor is impossible to know, but
drought can lead to devastating consequences when coupled with
preexisting acute vulnerability, caused by poor policies and un-
sustainable land use practices in Syria’s case and perpetuated by
the slow and ineffective response of the Assad regime (13). Fig. S1
presents a timeline summarizing the events that preceded the
Syrian uprising.

Fig. 1. (A) Six-month winter (November−April mean) Syria area mean precipitation, using CRU3.1 gridded data. (B) CRU annual near-surface temperature (red
shading indicates recent persistence above the long-term normal). (C) Annual self-calibrating Palmer Drought Severity Index. (D) Syrian total midyear pop-
ulation. Based on the area mean of the FC as defined by the domain 30.5°N–41.5°N, 32.5°E–50.5°E (as shown in Fig. 2). Linear least-squares fits from 1931 to
2008 are shown in red, time means are shown as dashed lines, gray shading denotes low station density, and brown shading indicates multiyear (≥3) droughts.
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The Drought in Context
Having established Syria’s vulnerability to droughts, we now ex-
amine the 2007–2010 drought itself. The severity and persistence
of the drought can be seen in the area mean of FC rainfall
according to the University of East Anglia Climatic Research
Unit (UEA CRU) data (Fig. 1A) and in the two Global Historical
Climatology Network (GHCN) stations located closest to Syria’s
northeastern agricultural region, Deir ez-Zor on the Euphrates
River and Kamishli near the Turkish border (Materials and
Methods). The 2007/2008 winter was easily the driest in the ob-
served records. Multiyear drought episodes, here defined as three
or more consecutive years of rainfall below the century-long
normal, occurred periodically over the last 80 years (CRU), in the
late 1950s, 1980s, and 1990s (Fig. 1A, brown shading). Although
less severe, these droughts raise the question of why the effects of
the recent drought were so much more dramatic. We offer three
reasons: (i) the recent demand for available resources was dis-
proportionately larger than in the 1950s; in addition to the recent
emphasis on agricultural production, the total population of
Syria (Fig. 1D) grew from 4 million in the 1950s to 22 million in
recent years; (ii) the decline in the supply of groundwater has
depleted the buffer against years with low rainfall; and (iii) the
recent drought occurred shortly after the 1990s drought, which
was also severe; Syria was far more vulnerable to a severe drought
in the first decade of the 21st century than in the 1950s, and the FC
never fully recovered from the late 1990s drought before collapsing
again into severe drought. In fact, the region has been in moderate
to severe drought from 1998 through 2009, with 7 of 11 years re-
ceiving rainfall below the 1901–2008 normal. It is notable that three
of the four most severe multiyear droughts have occurred in the last
25 years, the period during which external anthropogenic forcing
has seen its largest increase.

Regional Climate Variability and Trend
Agriculture in Syria depends not only on the precipitation that
falls within Syria and on local groundwater but also on water
from the Euphrates and Tigris rivers and their numerous tributaries.

These rivers have long provided water to the region via precipitation
in their headwaters in the mountains of eastern Turkey. Despite
Turkey’s control over the water flows of the Euphrates and Tigris
through its upstream placements of dams, Syria and Turkey have
cooperated in recent years, and Turkey increased water flow to
Syria during the recent drought (28). It has been previously
shown that natural winter-to-winter rainfall variability in western
Turkey is due largely to the influence of the North Atlantic
Oscillation (NAO) (29). For eastern Turkey and in Syria and
the other FC countries, however, the NAO influence is weak
or insignificant. This has allowed observational analyses to identify
an externally forced winter drying trend over the latter half of
the 20th century that is distinguishable from natural variability
(30–32). Furthermore, global coupled climate models over-
whelmingly agree that this region will become drier in the future
as greenhouse gas concentrations rise (33), and a study using
a high-resolution model able to resolve the complex orography of
the region concluded that the FC, as such, is likely to disappear by
the end of the 21st century as a result of anthropogenic climate
change (34).
That the neighboring regions of southeast Turkey and northern

Iraq also experienced recent drought, to a lesser extent, perhaps
begs the question as to why the effects in Syria were so grave.
Syria was far more vulnerable to drought, given its stronger de-
pendence on year-to-year rainfall and declining groundwater for
agriculture. Water scarcity in Syria has been far more severe than
in Turkey or Iraq, with Syria’s total annual water withdrawal as a
percentage of internal renewable water resources reaching 160%,
with Iraq at 80% and Turkey at around 20% in 2011 (35). Fur-
thermore, Turkey’s geographic diversity and investment in the
southeast region’s irrigation allowed it to better buffer the drought,
whereas the populace in northwest Iraq is far less dependent on
agriculture than their counterparts in northeast Syria (36, 37).
To address the question of whether the recent drought was

made more severe by a contribution from long-term trends, we
first determined the long-term change in winter rainfall. The FC
as a whole has experienced a statistically significant (P < 0.05)
winter rainfall reduction (13%) since 1931 (Fig. 1A). Observa-
tional uncertainty was large before 1930 due to sparseness of
station data. Further examination of the linear trends present in
the individual GHCN stations for the FC corroborate the drying
trend, as 5 of 25 stations exhibited a statistically significant (P <
0.1) negative rainfall trend (Fig. 2B). The pattern of this trend
(Fig. 2B) is similar to the climatological rainfall pattern (Fig. 2A),
concentrated along the coast and in northeastern Syria. The long-
term drying trend is closely mirrored by recent changes in satellite
measurements of groundwater (measured in terms of liquid water
equivalent) (Fig. 2C) and, to a lesser extent, by estimates of veg-
etation changes (Fig. 2D).
The annual surface temperature in the FC also increased sig-

nificantly (P < 0.01) during the 20th century (Fig. 1B). The warming
in this region since 1901 has outpaced the increase in global
mean surface temperature, with much of this increase occurring
over the last 20 years (all years from 1994 through 2009 were
above the century-long mean) (Fig. 1B, red shading). The trend
during the summer half year (1.2 degrees, Fig. S2) is also impor-
tant, as this is the season of highest evaporation, and winter crops
such as wheat are strongly dependent on reserves of soil moisture.
Reductions in winter precipitation and increases in summer
evaporation both reduce the excess of precipitation over evapo-
ration that sustains soil moisture, groundwater and streamflow.
The recent strong warming is concomitant with the three most
recent severe multiyear droughts, together serving to strongly dry
the region during winter and summer.
The century-long, statistically significant trends in both pre-

cipitation and temperature seen in Fig. 1 suggest anthropogenic
influence and contributed to the severity of the recent drought.
The FC area mean of the self-calibrating Palmer Drought Severity

Fig. 2. (A) Observed winter (November−April) precipitation climatology,
1931–2008, UEA CRU version 3.1 data. (B) The spatial pattern of the CRU
change in 6-month winter precipitation from 1931 to 2008 based on
a linear fit (shading); those GHCN stations that indicate a significant (P < 0.1)
trend over their respective records are shown as circles and crosses (in-
dicating drying/wetting). (C) The difference in liquid water equivalent (LWE)
between 2008 (annual) and the mean of the previous 6 years using the NASA
GRACE Tellus project data. (D) The difference in the Normalized Difference
Vegetation Index (NDVI) between 2008 (annual) and the mean of the previous
7 years.
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Index (38), which combines precipitation and temperature as a
proxy for cumulative soil moisture change, also exhibits a signifi-
cant long-term trend (Fig. 1C). Although natural variability on
timescales of centuries or longer cannot be entirely ruled out
for this region, the long-term observed trends and the recent in-
crease in the occurrence of multiyear droughts and in surface
temperature is consistent with the time history of anthropogenic
climate forcing. The case for this influence is supported by
additional modeling and theoretical and observational evi-
dence (see Frequency of Multiyear Droughts, Mechanisms, and
Supporting Information).

Frequency of Multiyear Droughts
For Syria and for the greater FC, natural multiyear droughts—
here defined as three or more consecutive years of rainfall below
the long-term normal—occurred periodically during the 20th
century (Fig. 1A). It is a generic property of a time series con-
sisting of a natural oscillatory part and a downward trend that
the minimum is most likely to occur toward the end of the time
period when the negative influence of the trend is greatest and
when the oscillation is also at a minimum. The century-long
trends in precipitation and temperature, here implicated as evi-
dence of anthropogenic influence, point toward them being key
contributors to the recent severe drought. We therefore esti-
mated the increased likelihood of an extreme 3-year drought
such as the recent one due to anthropogenic trend.
We did this in two ways. First we separated the observed an-

thropogenic precipitation trend from the residual, presumably
natural, variability by regressing the running 3-year mean of ob-
served (CRU) 6-month winter precipitation onto the running
3-year mean of observed annual global atmospheric carbon dioxide
(CO2) mixing ratios from 1901–2008 (39, 40). The latter time
series was used as an estimate of the monotonic but nonlinear
change in total greenhouse gas forcing (Materials and Methods).
After removing the CO2 fit from the total observed winter pre-
cipitation timeseries (Fig. 3A), we constructed frequency dis-
tributions of the total and residual timeseries (Fig. 3B) and
applied gamma fits to the distributions. The difference in the
total and residual distributions is significant (P < 0.06), based on
a Kolmogorov−Smirnoff test, and is due almost entirely to the
difference in the means. Thresholds are shown at 10%, 5%, and
2% (in percent of the total sample size of 76 3-year means) in the
dry tail for the timeseries (Fig. 3A) and for the distribution of the
total (Fig. 3B). The result is that, when combined, natural vari-
ability and CO2 forcing are 2 to 3 times more likely to produce
the most severe 3-year droughts than natural variability alone.
Residual, or natural, events exceeding the 10% threshold of the
total occur less than half as often (3 versus 8, out of 76). For the
residual alone, no values exceed the 5% threshold of the total.
The trend contribution would be quite similar if we simply

calculated a linear time trend. There is no apparent natural ex-
planation for the trend, supporting the attribution to anthropo-
genic greenhouse gases. Further support comes from model
simulations. We used 16 Coupled Model Intercomparison Proj-
ect phase five (CMIP5) models (Materials and Methods and
Table S1) to construct similar distributions, providing a larger
sample size than for the observed 3-year droughts. In this case,
rather than removing the CO2 forcing as in the observed case, we
compare the historical and historicalNat runs. The former in-
clude all external forcings during the 20th century, including the
change in greenhouse gas concentrations, whereas the latter in-
clude only the natural forcings (Materials and Methods). In this
analysis, the models were normalized to the observed CRU mean
and standard deviation (SD) (see Fig. S3 for model comparison
before normalizing). The resulting distributions support the ob-
served finding, as the driest 3-year events occur less than half as
often under natural forcing (historicalNat runs) alone (Fig. 3C).
The agreement between the model and observational analysis

results supports the attribution of the century-long negative trend
in precipitation to the rise in anthropogenic greenhouse forcing
and to the role of the latter in the devastating early 21st century
Syrian drought.

Mechanisms
We examine the low-level (850 hPa) regional atmospheric circu-
lation by comparing a composite of driest minus wettest winters
(Fig. 4B) to the difference between the periods 1989–2008 and
1931–1950, representing the long-term change, or trend (Fig. 4C).
Climatologically, the flow is from the west, bringing moist air
(shading represents specific humidity) in from the Mediterra-
nean Sea and allowing moisture convergence that sustains pre-
cipitation (Fig. 4A). In both the composite dry anomalies and the
trend, the climatological westerly flow is weakened. In both
cases, there is a positive geopotential height anomaly over the
Mediterranean Sea (consistent with higher surface pressure) and
an anomalous anticyclonic (clockwise) circulation (arrows). In
the composite case, this anomaly extends over Turkey and be-
yond the eastern Black Sea, resulting in anomalous northeasterly
flow over the FC, advecting dry air and generating anomalous
moisture divergence. In the trend case, by contrast, the positive
geopotential height anomaly does not extend over most of
Turkey, and the flow anomaly is more northerly over most of the
FC. This difference between the composite and trend anomalies
can be seen in the specific humidity anomalies (Fig. 4 B and C,
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shading); in the composite, the center of the anomaly is located
over the FC and southeastern Turkey and northern Syria, Iraq,
and Iran, whereas in the trend case, it is centered over western
Turkey. Thus, the trend in the circulation enhances drying in

naturally occurring FC dry years by strengthening the northerly
flow, dry air advection, and moisture divergence anomalies. In
2005–2008, the long-term trend combined with a dry phase of
natural variability to produce the most severe drought in the
instrumental record over the greater FC.

Summary
We have here pointed to a connected path running from human
interference with climate to severe drought to agricultural collapse
and mass human migration. This path runs through a landscape of
vulnerability to drought that encompasses government policies
promoting unsustainable agricultural practices, and the failure of
the government to address the suffering of a displaced population.
Our thesis that drought contributed to the conflict in Syria draws
support from recent literature establishing a statistical link between
climate and conflict (25–27). We believe that the technical
challenges to this work (41) have been adequately answered
(42, 43). A more fundamental objection (27) is that data-driven
methods do not provide the causal narrative needed to anoint a
“theory” of civil conflict, and the quantitative work on climate
and conflict has thus far not adequately accounted for the effects
of poor governance, poverty, and other sociopolitical factors.
Our analysis of the conflict in Syria shows an impact of an extreme
climate event in the context of government failure, exacerbated by
the singular circumstance of the large influx of Iraqi refugees.
Multiyear droughts occur periodically in the FC due to natural

causes, but it is unlikely that the recent drought would have been
as extreme absent the century-long drying trend. We argued,
with support from analyses of observations and climate model
simulations, that the observed long-term trends in precipitation
and temperature are a consequence of human interference with
the climate system. The attribution to anthropogenic causes is also
supported by climate theory and previous studies (see Supporting
Information). Fortunately for this line of argument, this is a region
where models compare reasonably well with 20th century obser-
vations in terms of simulation of the climatology of precipitation
and its trend (44). The strong agreement between observations
and climate model simulations in century-long trends in pre-
cipitation, temperature, and sea-level pressure (Fig. S4) adds
confidence to the conclusion that in this region, the anthropogenic
precipitation signal has already begun to emerge from the natural
“noise” and that the recent drought had a significant anthropo-
genic component. It also implies that model future projections of
continued drying for Syria and the FC are reliable.
An abundance of history books on the subject tell us that civil

unrest can never be said to have a simple or unique cause. The
Syrian conflict, now civil war, is no exception. Still, in a recent
interview (45), a displaced Syrian farmer was asked if this was
about the drought, and she replied, “Of course. The drought and
unemployment were important in pushing people toward revo-
lution. When the drought happened, we could handle it for two
years, and then we said, ‘It’s enough.’” This recent drought was
likely made worse by human-induced climate change, and such
persistent, deep droughts are projected to become more com-
monplace in a warming world.

Materials and Methods
In this study, the winter and summer seasons are represented by the 6-month
periods November through April and May through October, respectively.
Timeseries of FC area means are here defined by the domain 30.5°N−41.5°N,
32.5°E−50.5°E (as shown in Fig. 2). Three datasets were used for observed
precipitation: the UEACRU version 3.1 (46, 47) and Global Precipitation Cli-
matology Centre v6 (48) gridded (0.5° by 0.5° horizontal resolution) pre-
cipitation data sets and the GHCN beta version 2 station precipitation data
(49). CRU v3.1 was also used for observed surface temperature. We used 16
CMIP5 global climate models (Table S1) assessed in the Intergovernmental
Panel on Climate Change Fifth Assessment Report. For the 20th century, we
compare the “historical” using all forcings and “historicalNat” simulations
including natural forcings only. To compare with 20th century observations,

Fig. 4. The 6-month winter low-level (850 hPa) horizontal winds (arrows)
and specific humidity (shading) for the period 1931–2008. Shown are the (A)
climatology, (B) composite difference between driest and wettest years (those
outside of ±1 SD) and (C) the change, or difference between the recent 20
years and the 20 years at the beginning of the period.
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we first linearly interpolated the models to the same 0.5° by 0.5° horizontal
grid as the CRU observations. To determine the change due to trend, we
applied linear least-squares fits, except in the case of the estimation of mul-
tiyear droughts, when regression onto global CO2 mixing ratios was used. For
the latter, this nonlinear detrending provided a more conservative estimate of
the residual than linear detrending. We also examined the sensitivity of using
global mean surface temperature rather than CO2 and found almost no dif-
ference in the resulting residual. For analysis of the regional circulation, we
used the Twentieth Century Reanalysis Project, with a horizontal resolution of
2° by 2° (50). For composites, dry and wet years are here defined as those
outside of ±1 SD (based on the CRU 1931–2008 period).
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The Drought, Regional Climate Variability, and Trends
Fig. S1 is a timeline summarizing the events that preceded the
Syrian uprising and also shows the addition of Iraqi refugees and
Syrian IDPs to Syria’s urban population from 2003 to 2010.
Applying a linear fit to the Global Precipitation Climatology

Centre timeseries as with the CRU data yields a much larger (37%)
reduction in rainfall since 1901 than for the CRU. This difference
is primarily due to a lack of agreement during the first 30 years,
when station data were quite sparse for Syria and this region
(gray shading, Fig. 1A). The agreement after 1950 is quite
good; the two data sets agree that the reduction from 1951 to 2008
was between 17% and 20%. Even the more conservative CRU
estimate of a 13% (∼6 mm/month) reduction since 1901 is nearly
as large as the SD of the timeseries (∼9 mm/month). Due to the
increased uncertainty during the first 30 years, the linear least-
squares fit from 1931 to 2008 is shown in Fig. 1A, and was also
found to be significant (P < 0.05).
The globally gridded CRU data rely strongly on interpolation

techniques where station data are sparse; Empirical Orthogonal
Function (EOF) analysis of winter-to-winter precipitation was
performed to compare with the GHCN stations from 1951 to
1990, the period during which the station density for this domain
was largest, and the patterns were found to be consistent.
Fig. S2 shows the 6-month winter and summer timeseries of

Syrian area mean surface temperature (CRU), for comparison
with the annual surface temperature shown in Fig. 1B. As
mentioned in Regional Climate Variability and Trend, the change
over the 109 years is slightly larger during the summer half year
(1.2 degrees) than during winter (0.9 degrees), and the summer
trend is of particularly importance as this is the season of highest
evaporation.

Frequency of Multiyear Droughts
Regression onto the observed curve of annual global atmospheric
carbon dioxide (CO2) mixing ratios is only one possible way to
represent the response to the nonlinear forcing, or signal. Kelley
et al. instead used a signal-to-noise maximizing EOF technique to
extract the precipitation response signal common to all CMIP3
(and CMIP5) historical models over the greater Mediterranean
region (1, 2). This model-estimated signal closely resembled the
smoothed CO2 curve, implying that, for this region, the precipi-
tation response to the anthropogenic forcing closely resembles the
forcing itself and has already begun to emerge from the natural
variability.
Fig. S3 is a scatterplot comparing 16 CMIP5 model climatol-

ogies and winter-to-winter SDs, for both the historical and histNat
experiments, before normalization.

Mechanisms
The theoretical mechanisms for drying of subtropical regions and
for this region in particular agree with observations and with
model simulations and projections and imply a rise in regional

sea-level pressure (SLP) as a consequence of anthropogenic climate
change. These mechanisms include both a thermodynamic com-
ponent related to increased moisture-carrying capacity in a warmer
atmosphere globally (3, 4) and a dynamical component involving
an expanding Hadley Cell and a poleward migration of the mid-
latitude storm tracks (5–7), and more local processes specifically
involving the Mediterranean storm track (8−11). A poleward
migration, weakening, or suppressed development of the winter
storms that enter Syria from the Mediterranean Sea would mean
a reduction in winter rainfall, with potentially dire consequences
for agriculture. Much of Syrian precipitation depends on cyclo-
genesis in the region of the Cyprus low and is associated with cold
air outbreaks from Europe (10). A detailed analysis of the large-
scale atmospheric conditions present during the record dry 2007/
2008 winter (December−March) using the National Centers for
Environmental Prediction/National Center for Atmospheric
Research reanalysis (12) concluded that anomalous high surface
pressure inhibited synoptic activity over the FC, and was accom-
panied by dry advection from the east and northeast that signifi-
cantly reduced precipitable water and convective instability (10).
Observationally based data from the Twentieth Century

Reanalysis show an increase in FC SLP since 1901. Although
the linear trend is only marginally significant (P < 0.14), 40 years
had elapsed, before the winter of 2009/2010, since the last re-
corded winter with SLP more than 1 SD below the 1901–1970
mean, while in the prior 70 winters, SLP regularly fell below this
threshold (Fig. S4).
Distributions of observed 3-year running means of winter SLP

over the Eastern Mediterranean (EM) indicate a similar differ-
ence as with precipitation between the total and residual after the
CO2 fit is removed. Extreme 3-year high-pressure events increase
in frequency and intensity under the CO2 forcing, and the most
extreme events only occur when the strong NAO-related natural
variability and the CO2 forcing combine.
Further analysis of the CMIP5 simulations also points to the

importance of anthropogenic forcing in the drying of the EM. The
CMIP5 20th century multimodel mean gives a reduction in winter
rainfall over Syria between 1901 and 2005 of 3–9%, compared
with the CRU decrease of 2–10% (Fig. 1A). The CMIP5 model-
simulated drying of the EM is consistent with the recent observed
FC precipitation and EM SLP change. The CMIP5 multimodal
mean of area-averaged EM SLP agrees with the observations in
trending upward during the century, and the model projects this
trend to continue strongly through the 21st century (Fig. S4). More
generally, the projection for the 21st century under increased
greenhouse gas forcing is for an increase in surface pressure and
anticyclonic tendency, a reduction in the frequency and strength
of cyclones in the EM, and a reduction in winter precipitation in
the FC. For the 21st century model projections, we used the
Representative Concentration Pathway experiment “rcp85,” with
an increase in radiative forcing of 8.5W/m2 by 2100.
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Fig. S1. Timeline of events leading up to the civil uprising that began in March 2011, along with a graph depicting the net urban influx (in millions) of Syrian
IDPs and Iraqi refugees since 2005.
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Fig. S2. Observed summer (May−October) and winter (November−April) near-surface temperature for the Syria area mean, CRU 3.1 data, with 5-year But-
terworth low-pass filter (black) and least squares fit (blue).
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Fig. S3. Scatterplot intercomparison of 16 CMIP5 models (see Table S1) for the FC area mean 6-month winter (November−April) climatology and winter-to-
winter SD from 1931 to 2005, with CRUv3.1 observed shown as an asterisk. Historical simulations are shown in red, and historicalNat simulations are shown
in blue.
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Fig. S4. Timeseries of area mean Eastern Mediterranean sea-level pressure for 6-month winter (November−April). (A) Observed HadSLP2, (B) 20th Century
Reanalysis, and (C) CMIP5 multimodel mean (16 models; see Table S1) for the 20th century “historical” simulations and 21st century rcp85 projections.
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Table S1. CMIP5 models used in this study

Model
Horizontal resolution,

lon × lat Modeling center

bcc-csm1-1 2.81 × 2.81 Beijing Climate Center, China Meteorolgical Association
BNU-ESM 2.81 × 2.81 College of Global Change and Earth System Science, Beijing Normal University
CNRM-CM5 1.41 × 1.41 Centre National de Recherches Meteorologiques
CSIRO-Mk3-6–0 1.88 × 1.88 Commonwealth Scientific and Industrial Research Organization
FGOALS-g2 2.81 × 2.81 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid

Dynamics, Institute of Atmospheric Physics, Chinese Academy of Sciences and Center for Earth
System Science, Tsinghua University

GFDL-CM3 2.5 × 2 National Oceanic and Atmospheric Administration (NOAA) Geophysical Fluid Dynamics Laboratory
GFDL-ESM2M 2 × 2.5 NOAA Geophysical Fluid Dynamics Laboratory
GISS-E2-H 2.5 × 2 NASA Goddard Institute for Space Studies
GISS-E2-R 2.5 × 2 NASA Goddard Institute for Space Studies
HadGEM2-ES 1.88 × 1.25 Met Office Hadley Centre
IPSL-CM5A-LR 3.75 × 1.89 Institut Pierre-Simon Laplace
IPSL-CM5A-MR 2.5 × 1.27 Institut Pierre-Simon Laplace
MIROC-ESM 2.81 × 2.81 Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for Environmental

Studies, and Japan Agency for Marine-Earth Science and Technology
MIROC-ESM-CHEM 2.81 × 2.81 Atmosphere and Ocean Research Institute (University of Tokyo), National Institute for Environmental

Studies, and Japan Agency for Marine-Earth Science and Technology
MRI-CGCM3 1.13 × 1.13 Meteorological Research Institute, Japan
NorESM1-M 2.5 × 1.89 Norwegian Climate Centre

Models were linearly interpolated to a common 0.5 degree by 0.5 degree horizontal grid (the same grid as the CRU data) for intercomparison. lat, latitude;
lon, longitude.
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