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Sahel, rainy season

Sahel Droughts
https://sahelconsortium.com/2016/10/31/france-and-the-united-states-in-western-sahel-cooperation-and-competition-in-an-interlocking-conflict-conference-presentation/

Sahel forest near Kayes Mali 
https://www.vaticannews.va/en/church/news/2018-02/jpii-foundation-for-sahel-set-to-finance-development-projects.html

Rangeland, rainy season, near Mbeuleké, Senegal (© I. Touré/CIRAD)
https://www.cirad.fr/en/our-research/research-results/2014/sipsa-an-information-system-for-monitoring-pastoral-dynamics-in-the-sahel
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Figure 1.1. Number of disasters causing significant damage, 1963-92.* The figure was cre-
ated from data provided by the UN/Secretariat, International Decade for National Disas-
ter Reduction. 
* = 1% or more of total annual GNP 

 

 
 

Figure 1.2. Disasters, by type, affecting 1 percent or more of total population, 1963–92. 
(Source as for fig. 1.1.) 

 
Background 
 
Drought is considered by many to be the most complex but least understood of all natural 
hazards, affecting more people than any other hazard (Hagman 1984). For example, in sub-
Saharan Africa, the droughts of the early to mid-1980s are reported to have adversely af-
fected more than 40 million people (Office of Foreign Disaster Assistance 1990). The 1991–
92 drought in southern Africa affected 20 million people and resulted in a deficit of cereal 
supplies of more than 6.7 million tons (SADCC 1992). In the United States, the drought of 
1988 resulted in estimated impacts of nearly US$40 billion (Riebsame et al. 1991), making 

Figure 1.2. Disasters, by type, affecting 1% or more of total population, 1963–92. 
[WILHITE, “DROUGHT AS A NATURAL HAZARD,” 2000]

Droughts=disasters…
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Drought: A period of abnormally dry weather, relative to mean 
conditions, long enough to cause a serious hydrological imbalance. 

meteorological drought: abnormal precipitation deficit

hydrological drought: reduced runoff and surface water, streams, 
lakes, etc (depends on precipitation and evaporation over recent past)

agricultural drought: shortage of precipitation during the growing 
season affecting crop production or ecosystem function

socioeconomic drought: affecting human society

megadrought: a long & pervasive drought, usually a decade or more.

Definitions



Global Warming Science 101, Droughts, Eli Tziperman

Definitions

transpiration

evaporation

groundwater
recharge

trees grass

evapotranspiration =
transpiration + evaporation

runoff

https://en.wikipedia.org/wiki/
Evapotranspiration



Global Warming Science 101, Droughts, Eli Tziperman

Evapotranspiration: evaporation plus water transport from 
ground to atmosphere via plants.

Potential evaporation/evapotranspiration: evaporation 
that would have occurred given current conditions, assuming 
no lack of surface water. 

Definitions

transpiration

evaporation

groundwater
recharge

trees grass

evapotranspiration =
transpiration + evaporation

runoff

https://en.wikipedia.org/wiki/
Evapotranspiration



Global Warming Science 101, Droughts, Eli Tziperman

Evapotranspiration: evaporation plus water transport from 
ground to atmosphere via plants.

Potential evaporation/evapotranspiration: evaporation 
that would have occurred given current conditions, assuming 
no lack of surface water. 
Evaporation minus precipitation: the net seen by the soil.

Definitions

transpiration

evaporation

groundwater
recharge

trees grass

evapotranspiration =
transpiration + evaporation

runoff

https://en.wikipedia.org/wiki/
Evapotranspiration
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workshop #1:  
past and future of Sahel & South-West US droughts

2. Identifying ACC in a long-term Southwest United States drought record:
Explanation of the input tree ring data:
Note that all_individual_tree_records_widths/ all_individual_tree_records_widths_years are both lists.
Each element of the list is an individual tree record/ time axis. The above “size” of these variables, is the
number of tree records in each list. The length of each record is different. Each record can be accessed and
printed, for example using:

[3]: # print for example record #3:
print(" data=",all_individual_tree_records_widths[3])
print(" years=",all_individual_tree_records_years[3])
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Why do droughts happen, and what can 
make them change in the future: 

Cause of high pressure? Sea surface temperature anomalies

https://blog.weatherops.com/how-does-subsidence-affect-weather

High sea level pressure: (1) diverts rain storms 
(2) causes subsidence and therefore drying

https://blog.weatherops.com/how-does-subsidence-affect-weather
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Three examples of processes that lead to sea surface 
temperature anomalies, leading to drought-causing high 
pressure signals: 

1. El Nino 
2. Indian Ocean dipole 
3. Atlantic multi-decadal oscillation

Why do droughts/floods happen:  
sea surface temperature & atmospheric 

teleconnections
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El Nino - Southern Oscillation (ENSO)

El Niño La Niña

Neutral
http://www.bom.gov.au/climate/enso/history/
ln-2010-12/three-phases-of-ENSO.shtml
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El Nino - Southern Oscillation (ENSO)

precipitation and 
atmospheric heating which  
forces atmospheric waves

El Niño La Niña

Neutral
http://www.bom.gov.au/climate/enso/history/
ln-2010-12/three-phases-of-ENSO.shtml
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Atmospheric teleconnections: Rossby wave train forced by ENSO 

sea surface temperature anomaly 
during an El Nino event 
(https://snowbrains.com/noaa-el-
nino-update-today/)
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Atmospheric teleconnections: Rossby wave train forced by ENSO 

solid contours: schematic upper 
atmosphere geopotential height 
anomaly; shaded area at equator: 
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arrows: mid-tropospheric stream line 
distorted by wave pattern. (Horel & 
Wallace 1981)
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Atmospheric teleconnections: Rossby wave train forced by ENSO 

solid contours: schematic upper 
atmosphere geopotential height 
anomaly; shaded area at equator: 
enhanced cloudiness and rain. Light 
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distorted by wave pattern. (Horel & 
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sea surface temperature anomaly 
during an El Nino event 
(https://snowbrains.com/noaa-el-
nino-update-today/)

precipitation and 
atmospheric heating due to 
El Nino, which forces 
atmospheric waves

Rossby wave

https://snowbrains.com/noaa-el-nino-update-today/
https://snowbrains.com/noaa-el-nino-update-today/
https://snowbrains.com/noaa-el-nino-update-today/
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Figure 12.2:Analysis of California droughts in a climate model.
The coupled ocean-atmosphere model is run at a preindustrial CO2 concentration: clima-
tological January averages (left) and the deviations from these climatologies averaged over
dry California Januaries (right) for precipitation (top), sea level pressure (middle), and SST
(bottom).

centered near California in Figure 12.2b), representing severe meteorological
drought conditions there. The years corresponding to these drought conditions
are also characterized by a strong high sea level pressure signal over California
(Figure 12.2d) and cool East Equatorial Pacific sea surface temperature, cor-
responding to a La Niña SST pattern (Figure 12.2f; see also Box 8.1) that is
remotely forcing the drought conditions. Careful analysis of observed droughts
overCalifornia suggests that they are driven by a diverse set of factors in addition
to La Niña SST.

DROUGHTS AND FLOODS j 221

Figure 12.2: Analysis of California droughts in a climate model. The coupled 
ocean-atmosphere model is run at a preindustrial CO2 concentration: climatological 
January averages (left) & the deviations from climatologies averaged over dry California 
Januaries (right) precipitation (top), sea level pressure (middle), & SST (bottom).

California drought due to Rossby wave train forced by ENSO 

“Composite 
analysis”
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El Nino - Southern Oscillation (ENSO) teleconnections: El Nino

https://en.wikipedia.org/wiki/El_Ni%C3%B1o

Regional impacts of 
warm ENSO episodes 
(El Niño)
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“El Niño Brought Drought and Fire to Indonesia” 2005, NASA

NASA image by Jeff Schmaltz, LANCE/EOSDIS Rapid Response. Caption by Adam Voiland.

NASA Earth Observatory map (top) by Joshua Stevens and Jesse Allen, using IMERG data provided 
courtesy of the Global Precipitation Mission (GPM) Science Team’s Precipitation Processing System (PPS).

https://www.nasa.gov/feature/goddard/2016/
el-nino-brought-drought-and-fire-to-indonesia

“One of the most predictable consequences of a 
strong El Niño is a change in rainfall patterns 
over Indonesia. During El Niño years, rain that is 
normally centered over Indonesia and the far 
western Pacific shifts eastward into the central 
Pacific; as a result, parts of Indonesia experience 
drought. That is what happened in 2015.”
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El Niño - Southern Oscillation (ENSO) teleconnections: El Niño

Map by Fiona Martin for NOAA Climate.gov.

https://www.climate.gov/news-features/blogs/enso/united-states-el-ni%C3%B1o-impacts-0
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El Nino - Southern Oscillation (ENSO) teleconnections: La Niña

https://commons.wikimedia.org/wiki/File:La_Nina_regional_impacts.gif
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Indian Ocean Dipole
http://www.bom.gov.au/climate/iod/

A surface temperature gradient (“dipole”) between the east & west Indian Ocean, 
triggers a vertical east-west circulation & therefore droughts/ precipitation

- 21 - 

5 Indian Ocean Dipole  
5.1 Introduction 

The recently discovered Indian Ocean Dipole (IOD) (Saji et al. 1999) is another 
important manifestation of the tropical air–sea interaction present in the Indian Ocean.  
The IOD is defined as the sea surface temperature anomaly difference between the 
tropical western Indian Ocean and the tropical south-eastern Indian Ocean.  Low sea 
surface temperatures off Sumatra and high sea surface temperatures in the western 
Indian Ocean, with accompanying wind and precipitation anomalies, characterise the 
dipole mode. 
 
Saji et al. (1999) defined a dipole mode index (Figure 5.1) as the difference in SST 
anomaly between the tropical western Indian Ocean (50–70° E, 10° S–10° N) and the 
tropical south-eastern Indian Ocean (90–110° E, 10° S–0° N).  Strong positive (or 
negative) IOD events are determined by considering the mean annual dipole mode 
index (DMI) amplitudes greater than one standard deviation (Rao et al. 2002).  A 
positive DMI corresponds to low sea surface temperatures off Sumatra and high sea 
surface temperatures in the western Indian Ocean. 
 
It has been shown that IOD events can exist independently of the ENSO, and 
correlation between El Niño/La Niña events and IOD events is generally low (Rao et 
al. 2002; Ashok et al. 2003).  However, as shown in Figure 5.2, 67% of the Indian 
Ocean Dipole index events can be associated with the ENSO (Southern Oscillation  
Index), with positive Indian Ocean dipole events generally associated with El Niño 
events (i.e. negative SOI) and negative dipole events associated with La Niña events 
(i.e. positive SOI).  The Indonesian Throughflow is thought to influence Indian Ocean 
variability directly (Lee et al. 2002; Xie et al. 2002), thereby likely affecting IOD 
characteristics (Saji &Yamagata 2003). 
 
Generally, there is still debate in the literature over the dependence of Indian Ocean 
SST variability on the ENSO, and vice versa.  The consensus is that some IOD events 
are related to extreme ENSO events while other anomalies occur independently of the 
ENSO. 
 

Figure 5.1: Time series of the Indian Ocean dipole mode index.  The red line 
represents a smoothed time series using a 19-year Hanning filter.  (G Meyers derived 
the Indian Ocean dipole index from HadISST 1.0.)  
 

IOD time series, Berthot et al, 2017

http://www.bom.gov.au/climate/iod/


Global Warming Science 101, Droughts, Eli Tziperman

Atlantic Multi-decadal Oscillation

 
https://en.wikipedia.org/wiki/Atlantic_multidecadal_oscillation

The Atlantic Multi-decadal Oscillation index (right) is the averaged SST over the 
North Atlantic (0-70N). Shows an oscillation with a time scale of about 50 years.

http://www.bom.gov.au/climate/iod/
https://en.wikipedia.org/wiki/Atlantic_multidecadal_oscillation
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So, what can make regional 
droughts change in the future?

Droughts can change due to changes to natural variability modes (El 
Nino, AMOC, Indian dipole), or other changes to patterns of sea 
surface temperature (both due to mean state and variability) that lead 
to remote changes in the location/ occurrence of high pressure centers.
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The PDSI is a standardized index 
based on a simplified soil water 
balance and estimates relative 
soil moisture conditions. The 
magnitude of PDSI indicates the 
severity of the departure from 
normal conditions. A PDSI value 
>4 represents very wet 
conditions, while a PDSI <-4 
represents an extreme drought. 

https://www.drought.gov/data-maps-tools/us-gridded-palmer-drought-severity-index-pdsi-gridmet
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Figure 1. (a) Regional mean North American Drought Atlas (NADA) PDSI for Central and Southern California (33◦N to
38◦N and 118◦W to 125◦W; black line) and instrumental June through August NOAA Climate Division 4–7 PDSI (solid
red line) for the observational period 1895 to 2014 [Vose et al., 2014]. The JJA season is chosen to match the NADA
reconstruction target. Uncertainty (1!) calculated as the root-mean-squared error from the residual fit of the NADA to
the instrumental series shown as the shaded gray region. The red line and star indicate the 2014 value. (b) Distribu-
tion of the composite NADA-NOAA JJA PDSI values for the period 800 to 2014. The 2014 value is indicated by the red
line and is labeled. (c) Long-term (800 to 2014) composite NADA-NOAA (black line) and instrumental (solid red line)
PDSI. The horizontal dashed red line and star indicate the 2014 value. Uncertainty on the composite calculated as the
root-mean-squared error from the residual fit of the NADA to the NOAA instrumental series shown as light (2!) and dark
(1!) shaded gray regions.

most of California below 38◦N and south of San Francisco Bay and has experienced the most historically
severe drought conditions (Figure S2). The first reconstruction is the North American Drought Atlas (NADA)
[Cook et al., 2004, 2010], a 2.5◦× 2.5◦ gridded continental-scale reconstruction of the June through August
(JJA) Palmer Drought Severity Index (PDSI) based on an extensive network of nearly 2000 tree ring chronolo-
gies. PDSI integrates precipitation and temperature into an estimate of available soil moisture. For the
western United States in particular the NADA displays strong calibration and verification statistics and
resolves between ∼40 and 60% of the variance in the target PDSI series over California [Cook et al., 2010]. We
extend the NADA tree ring PDSI reconstructions for Central and Southern California through the present by
using the latest NOAA climate division instrumental PDSI [Vose et al., 2014]. We also develop new tree ring
estimates of water year (October through June) precipitation in Central and Southern California through the
2014 growing season using updated and existing blue oak (Quercus douglasii) tree ring chronologies from
four sites. Blue oak tree ring chronologies have one of the strongest moisture signals of all the species used
for dendroclimatology [St. George, 2014], can resolve more that 80% of the local variability in precipitation
[Meko et al., 2011; Stahle et al., 2013], and reflect coherent large-scale rainfall anomalies over hundreds of
kilometers [Meko et al., 2011]. The data from the NADA provides a longer-term, highly replicated and inte-
grative moisture perspective on California drought, while the blue oak data are a unique and up-to-date
proxy source of local, precise, and highly sensitive precipitation information.

2. Methods

From the North American Drought Atlas [Cook et al., 2004, 2010] we extracted all the terrestrial grid points
in the range 33◦N to 38◦N and 118◦W to 125◦W for 800 to 2006 [Cook et al., 2004] and calculated the area
mean June through August (JJA) PDSI value. In order to maintain consistency with the NADA and make valid
seasonal comparisons to the current drought, we averaged California’s NOAA Climate Division 4 though 7
PDSI data [Vose et al., 2014] for June through August and scaled the NADA time series by the mean of the
observations and verified their standard deviations. Even prior to adjustment, these two time series are

GRIFFIN AND ANCHUKAITIS ©2014. American Geophysical Union. All Rights Reserved. 9018

Figure 1. (a) Regional mean North American Drought Atlas (NADA) PDSI for Central and Southern California (33◦N 
to 38◦N and 118◦W to 125◦W; black line) and instrumental June through August NOAA Climate Division 4–7 PDSI 
(solid red line) for the observational period 1895 to 2014 [Vose et al., 2014]. The JJA season is chosen to match 
the NADA reconstruction target. Uncertainty (1𝜎) calculated as the root-mean-squared error from the residual fit of 
the NADA to the instrumental series shown as the shaded gray region. The red line and star indicate the 2014 
value. (b) Distribution of the composite NADA-NOAA JJA PDSI values for the period 800 to 2014. The 2014 value 
is indicated by the red line and is labeled. (c) Long-term (800 to 2014) composite NADA-NOAA (black line) and 
instrumental (solid red line) PDSI. The horizontal dashed red line and star indicate the 2014 value. Uncertainty on 
the composite calculated as the root-mean-squared error from the residual fit of the NADA to the NOAA 
instrumental series shown as light (2𝜎) and dark (1𝜎) shaded gray regions. 

How unusual was the 2012–2014 California drought? 

Griffin & Anchukaitis, 2014:  
the current event is the 
most severe drought in 
the last 1200 years… 
driven by reduced though 
not unprecedented 
precipitation and record 
high temperatures. 
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notes section 12.3: 
Detection of climate change signal in droughts using “non-

parametric” statistical analysis

 

http://nathistoc.bio.uci.edu/plants/Pinaceae/Pseudotsuga%20macrocarpa.htm
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Identifying ACC in a long-term SW US drought record
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Identifying ACC in a long-term SW US drought record 

[ 2.47361441 -1.4079027 1.49743423 0.06391892 -2.30285405 1.87949369
2.33573514 1.93986126 -0.81485405 1.0131045 4.32156036 1.50252252
0.81375135 0.4671982 0.61499099 1.06965405 -2.13045225 -1.39958559
0.52140901 1.10443243 1.73895135 -1.44604685 3.09657658 -1.6833027

-0.61785946 3.44342703 1.10817838 -1.76858378 -0.4864973 -3.88127027
-1.32734955 -1.99866306 2.58152973]

(b) Use non-parametric statistics to figure out if the number of droughts in the most recent
N=30 yr in the record is unusual within 95%, defining a drought as being PDSI<−2, and
using 10,000 realizations.

[5]: # calculate number of drought years in the last N_years of data:
N_years=30
counter=pdsi*0.0
print("pdsi_threshold=",pdsi_threshold)
counter[pdsi<=pdsi_threshold]=1.0
num_drought_years_in_last_decades=np.sum(counter[-N_years:])
print("number of droughts in last "+repr(N_years)+" years of data:" \

,num_drought_years_in_last_decades)

# scramble years in the data to see how many droughts randomly
# occur in the last 30 years and compare to the actual data
N_permutations=10000
num_droughts_in_last_N_years=np.zeros(N_permutations)
for i in range(0,N_permutations):

counter=pdsi*0.0
pdsi_randomized=np.random.permutation(pdsi)
# count number of droughts in the last N_years:
counter[pdsi_randomized<=pdsi_threshold]=1.0
num_droughts_in_last_N_years[i]=np.sum(counter[-N_years:])

# Calculate a PDF:
bin_edges=np.arange(0,20,1)
hist,bin_edges_output=np.histogram(num_droughts_in_last_N_years \

,bins=bin_edges,density=True)

i=-1
print("\nyear range, probability")

3. Tree-ring data: Plot (in thin gray lines) the time series of tree-ring width
records for bigcone Douglas-fir trees from the San Bernardino Mountains as a
function of time. Plot (in a thick, color line) the decadal bin-average. Comment
on the scatter around the average and discuss the implications for the uncertainty
of the reconstructed drought record based on these data.

[6]: # plot the individual tree-ring records in gray:
fig=plt.figure(figsize=(7,7/3),dpi=300)
# A for loop to plot all records:
print("plotting ",len(all_individual_tree_records_years)," individual tree records.")
for i in range(0,len(all_individual_tree_records_years)):

plt.plot(all_individual_tree_records_years[i][:]
,np.asarray(all_individual_tree_records_widths[i][:])/100\

,linewidth=0.5,color="grey")
plt.xlabel("Year")
plt.ylabel("Width (mm)")
#plt.title("tree-ring width record")

# calculate the bin-averaged record by average over decadal-bins
# first combine all tree record into a single one:
years =[]; widths=[];
for sublist in all_individual_tree_records_years:

for item in sublist:
years.append(item)

for sublist in all_individual_tree_records_widths:
for item in sublist:

widths.append(item)

# now calculate bin-average:
bin_edges_input=np.arange(1550,2010,10)
bin_means, bin_edges, binnumber \

http://nathistoc.bio.uci.edu/plants/Pinaceae/Pseudotsuga%20macrocarpa.htm
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minimum in SAT exists over Ethiopia in all four seasons
due to the high elevation of the Ethiopian Highlands.
The spring and fall distributions exhibit less similarity in
SAT than in rainfall, especially over sub-Saharan Africa

where SAT is notably higher in boreal spring, likely
because of the preceding dry season (winter) and de-
pleted soil moisture stores, which would preclude latent
disposition of increased spring insolation.

FIG. 1. Seasonally averaged precipitation (brown–green shading; mm day21) and surface air
temperature (SAT; red contours; 8C) for the period 1902–2013. Precipitation is fromGPCC and
SAT from the CRU TS4.00 dataset. The nonuniform shading interval for precipitation is in-
dicated through the color bar. Contour interval for SAT is 3.08C. Fields are shown after nine
applications of the 9-point smoother (smth9) in GrADS. Thick red contours indicate the 308C
isotherm, while thick black ones mark the 0.274mm day21 precipitation isoline. Note that
0.274mm day21 is equivalent to 100mmyr21, a precipitation-based definition of the annual-
mean Sahara Desert boundary (Tucker and Nicholson 1999). Major rivers are shown in thin
blue lines and with names labeled in the top-left panel.
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averaged precipitation & surface air 
temperature (red contours). 1902–2013

a. The Sahara’s advance

The twentieth-century change in the Sahara Desert’s
seasonal and annual extent is displayed in Figs. 4 and 5;
the change is estimated using the endpoint method.
Brown shading, which represents the desert’s advance

over the century, shows significant northward creep in
boreal winter albeit not uniformly across longitudes;
hefty footprints over Libya and Algeria in the central
sector, and over the western Sahara and Mauritania to
the west, characterize the northward expansion in
winter. The desert has encroached equatorward as well

FIG. 3. Linear trends in seasonal precipitation over theAfrican continent during 1902–2013, from
the 0.58 resolution GPCC dataset (mmday21 century21). The nonuniform contouring and shading
interval is indicated via the color bar. Thick solid brown contours mark the 0.274mm day21 cli-
matological precipitation isoline, and brown hatching indicates regions where climatological pre-
cipitation is below 0.274mm day21 (or 100mmyr21)—a precipitation threshold used for defining
the Sahara Desert. Fields are shown after nine applications of the 9-point smoother (smth9) in
GrADS. Trends significant at the 95% confidence level are denoted with black dots. Major rivers
are shown in thin blue lines and country boundaries in thin gray lines.
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FIGURE 6.7  Monsoon season (June−October; JJASO) historical precipitation anomalies (relative 
to the 1901−2017 mean) averaged across the Sahel (10°N−20°N, 20°W−10°E) from 1901 to 
2017. Anomalously wet conditions affected the Sahel for most of the 1950s and 1960s, but the 
region experienced an abrupt shift toward drought in 1968. Despite some recovery from the peak 
precipitation deficits in the 1970s and 1980s, this late 20th-century drought persisted well into 
1990s, resulting in a mostly continuous ~30-year period of low precipitation. Source: Data from 
the University of Washington Joint Institute for Study of the Atmosphere and Oceans, 
doi:10.6069/H5MW2F2Q, http://research.jisao.washington.edu/data_sets/sahel/. Underlying data 
are from the Global Precipitation Climatology Centre Full Data Reanalysis Version 7 [Schneider et 
al., 2015] and First Guess Product [Ziese et al., 2011], https://www.dwd.de/EN/ourservices/gpcc/
gpcc.html. Cook, Ben. Drought . Columbia University Press. Kindle Edition.

Sahel Droughts
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FIGURE 6.7  Monsoon season (June−October; JJASO) historical precipitation anomalies (relative 
to the 1901−2017 mean) averaged across the Sahel (10°N−20°N, 20°W−10°E) from 1901 to 
2017. Anomalously wet conditions affected the Sahel for most of the 1950s and 1960s, but the 
region experienced an abrupt shift toward drought in 1968. Despite some recovery from the peak 
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are from the Global Precipitation Climatology Centre Full Data Reanalysis Version 7 [Schneider et 
al., 2015] and First Guess Product [Ziese et al., 2011], https://www.dwd.de/EN/ourservices/gpcc/
gpcc.html. Cook, Ben. Drought . Columbia University Press. Kindle Edition.
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region experienced an abrupt shift toward drought in 1968. Despite some recovery from the peak 
precipitation deficits in the 1970s and 1980s, this late 20th-century drought persisted well into 
1990s, resulting in a mostly continuous ~30-year period of low precipitation. Source: Data from 
the University of Washington Joint Institute for Study of the Atmosphere and Oceans, 
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Sahel Droughts recent recovery?

Is the Sahel already drying?
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FIGURE 3 | Annual time series averaged over

the Sahel (18◦ W–20
◦ E, 10

◦ N–20
◦ N, land only) for

observed precipitation from 1921 to 2008 (black),

Palmer Drought Severity Index (PDSI) (red) and

CLM3-sim
ulated top-1 m soil moisture content

(green). The precipitation and soil moisture are

shown as normalized anomalies in units of

standard deviation (SD).
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other drought-re
levant variables

are sparse
before

around 1950 over most of the globe. The perio
d

since 1950 also
has experie

nced
rapid increa

ses
in

global surface tem
perature and atmospheric

CO2 and

other GHGs.9
0 Thus, aridity changes since 1950 may

provide insights on whether drought will become

more freq
uent and widespread under global warming

in the coming decades,
although natural variations

such as those revealed
by proxy data (sec

tion Long-

term
Histo

rica
l Persp

ecti
ve) are needed in asses

sing

long-ter
m tren

ds. Many studies have examined rece
nt

hydroclim
ate tren

ds over various regions,6
7,91–94 and

some studies
30,95 applied

land model-si
mulated

soil

moistu
re,

forced
by observ

ation-based
atmospheric

forcin
g, to character

ize histo
rica

l droughts.

In this sect
ion, an update and synthesis

are given

of the global analyses
of preci

pitation,96–98 PDSI,3
5,36

stre
amflow,99 and model-si

mulated
soil moistu

re
29,93

to depict
aridity

changes from 1950 to 2008 over

global land. The use of multiple variables in the anal-

ysis
should allev

iate the deficien
cies

associated
with

individual drought indices
and provide increa

sed
con-

fidence.
Here,

land preci
pitation data were

deriv
ed

by merging the monthly anomaly data from Dai

et al.9
6 for the perio

d before 1948, Chen et al.9
7 for

1948–1978, and Huffm
an et al.9

8 for 1979 to prese
nt.

The merging was done through re-s
caling the differ

ent

data sets
to have the same mean of Ref 98 over a com-

mon data perio
d (1979–1996). Surface air tem

pera-

ture data used
for the PDSI calculation were

deriv
ed,

as in Dai et al.,
36 by combining the HadCRUT3

anomalies
100,101 and CRU clim

atology, both from

http://w
ww.cru

.uea.ac.uk/cru
/data/tem

perature/.
We

also
examined the newly rele

ased
GPCC v4 gridded

land preci
pitation data from 1901 to 2007 (ftp

://ft
p-

anon.dwd.de/pub/data/gpcc/h
tml/fulldata download.

html) and found that for the perio
d since around 1950,

the GPCC v4 showed changes sim
ilar to our merged

preci
pitation data, but for 1901–1949 the GPCC v4

showed differ
ent change patter

ns that are inconsis-

tent with
previous analyses.

96 Unlike Dai et al.,
96 the

GPCC v4 product has data over areas without rain-

gauges nearby, often
filled

with
clim

atological values

that make it difficult to asses
s which

regions had

no observ
ations and thus should be skipped in the

analysis.
Figure 5 shows the tren

d maps for annual surface

air tem
perature,

preci
pitation, and runoff (inferr

ed

from stre
amflow reco

rds) since around 1950. From

1950 to 2008, most land areas have warmed up by

1–3
◦ C, with

the largest
warming over northern

Asia

and northern
North

Americ
a (Figure 5(a)).

During

the same perio
d, preci

pitation decre
ased

over most

of Africa
, southern

Europe, South and East Asia,

easter
n Austra

lia, Central Americ
a, central Pacific

coasts
of North

Americ
a, and some parts

of South

Americ
a (Figure 5(b)). As a resu

lt, runoff over river

basins in these
regions has decre

ased
(Figure 5(c)).

The broadly consiste
nt tren

d patter
ns betw

een
the

independent reco
rds of preci

pitation and stre
amflow

suggest
that the broad patter

ns exhibited
by the

preci
pitation data (Figure 5(b)) are likely

relia
ble. The

preci
pitation change patter

ns are also
consiste

nt with

satelli
te-o

bserv
ed

vegetation changes,
for example,

over Austra
lia since the 1980s.1

02

To account for the basic
effe

ct of tem
perature

on surface water
balance,

monthly PDSI from 1850

to
2008 was calculated

using the preci
pitation

and tem
perature

data
used

in
Figure 5 with

the

Thornthwaite
(an update to

Dai et al.,
36 refe

rred

to as PDSI) and Penman-Monteith
[Eq. (4.2.14) of

Shuttlew
orth

17 ; refe
rred

to
as PDSI pm] equation
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(Thomas and Nigam, 2018) 

Not clear that the Sahel has 
been getting drier over 
recent decades

The origin of the 112-yr linear trend (referred to as
the secular trend) in the Sahara’s summer expanse
remains to be elucidated; the elucidation is challeng-
ing, especially, for an observational analysis. Trends
on centennial and longer time scales can potentially
result from the interaction of multidecadal variabil-
ities (e.g., the PDO and AMO; see Fig. 8 and discus-
sion in section 8) and, of course, from the increasing
concentration of greenhouse gases and aerosol load-
ing (e.g., Held et al. 2005) and the related change in

SST distribution (Nigam and Ruiz-Barradas 2016; see
their Fig. 23.6).

7. Simulation of twentieth-century hydroclimate
trends by IPCC-AR5 climate models

Climate systemmodels contributing to the IPCCAR5
typically run in the projection mode, yielding 50–100-yr
climate change projections for various greenhouse gas
concentration scenarios. The very long-lead nature of

FIG. 6. The Sahara Desert’s expanse during 1902–2013. The boreal (top) winter and (bottom) summer expanse is
shown using the thick solid black line. The thin black straight line is the linear fit to the desert expanse over the entire
period; it is the basis of the area-trend analysis reported in Table 1 (line slopes are noted in the legend). The thick black
line is the linear fit to the winter desert expanse during 1949–2013—the period for which the latitude of the winter
subtropical jet is plotted (solid red line, top). The Sahara expanse trend is significant at the 95% level in winter (both
periods) and summer. Indices of SST and rainfall variability with potential links to the SaharaDesert’s summer expanse
are shown in (bottom), along with their correlation coefficients. For each index, r1 (r2) is the correlation between the
index and Sahara expanse (Sahel rainfall). The AMO and PDO are displayed using their common SST indices; an SST
principal component (PC)-basedAMO index is also shown. The rainfall over the Sahel is plotted as well. All time series
depict normalized anomalies after 10% Loess smoothing; the time series for the latitude of the Northern Hemisphere
(NH) subtropical jet was smoothed with a 20% Loess function. All time series are normalized by their standard de-
viations; these are 703 903 km2, 0.458mm day21, 0.245, 1.005, 0.977, 113 9951 km2, 1.3638, and 0.6888 for the Sahara’s
summer expanse, the Sahel’s summer rainfall, the AMO index, the AMO PC, the PDO index, the Sahara’s winter
expanse, the Sahara’s northern latitude, and the NH winter jet latitude, respectively.
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Figure 3. Sahel summer rainfall in two model subsets and in ob-
servations. Shading shows the envelopes (minimum and maximum
among models) of Sahel summer rainfall (0–30� E, 10–20� N; July–
September) in the Wet7 subset (blue) and in 23 other CMIP5 mod-
els (grey) under historical forcing and the RCP8.5 greenhouse gas
concentration scenario. Shown is the deviation from the 1900–1999
average, as a fraction of that average. The thick lines indicate the
averages of each set of models. Data between 1850 and 1860 and
between 2095 and 2100 were unavailable for some of the mod-
els; therefore, the grey line and shading only extend from 1860 to
2095. The inset shows the CRU TS3.1 observational data set cover-
ing 1901–2009 (red) and the corresponding portion of the MIROC-
ESM-CHEM simulation (blue), in the same units as the other data
but offset by 1.5 in the vertical for clarity.

ther study the future projections by these models, which we
do in the following.

We point out, however, that there is much variation among
the Wet7 models themselves in terms of past and projected
rainfall changes, and the dynamical features discussed be-
low may be more or less developed in different models. We
use the wettest model, MIROC-ESM-CHEM, to illustrate our
discussion and show the other six models as evidence that our
findings are not exclusive to just one model.

The seasonal distribution of the rainfall change in the Wet7
shows a clear monsoonal shape, despite considerable spread
in its magnitude (Fig. 3).

Generally, the rainfall increase occurs over a broad re-
gion between 10 and 20� N, i.e., extending into today’s Sa-
hara (Fig. 4). Conversely, rainfall decreases somewhat in the
more humid regions around the Gulf of Guinea and the west
coast. This pattern corresponds to an inland shift compared to
the present-day rainfall regime. At the same time, the near-
surface, southwesterly winds intensify in the northern and
eastern parts of the Sahel, near the positive rainfall anomaly,
while they do not change much near the coast (Fig. 5).

This suggests that the rainfall increase is not simply a con-
sequence of thermodynamic changes (higher water-holding
capacity of warmer air) but goes together with a shift in West
African monsoon circulation dynamics.

Sahel rainfall has been linked to Atlantic as well as
Mediterranean SSTs via evaporation rate and moisture sup-
ply (e.g., Giannini et al., 2003; Rowell, 2003). In order to
examine temporal patterns of rainfall and SST change more
closely, we average each model’s summer rainfall over a rect-
angular subregion of the Sahel (solid boxes in Figs. 4 and 5).

Figure 4. Change (future minus past) in average Sahel (0–30� E,
10–20� N) daily precipitation between the end of the 20th century
(1970–1999) and the end of the 21st century (2070–2099) in the
Wet7 models. All time series filtered with a 6-week running mean.

The subregions are chosen to encompass an area where the
rainfall increase is substantial in both absolute (Fig. 4) and
relative terms (Fig. 5), and to be similar in size and loca-
tion across the different models’ grids (except for CanESM2,
where the rainfall increase is located further east than in the
other models). Thus, the subregions are generally located
northward of the present-day core monsoon regions, which
also see rainfall increases but less pronounced in relative
terms.

Similarly, we identify for each model one region in the
tropical North Atlantic Ocean and one in the Mediterranean
Sea (dashed boxes in Fig. 4) as the main sources of addi-
tional moisture influx into the Sahel, based on the lower-
troposphere moisture flux changes (arrows in Fig. 4).

Moisture influx from both sources into North Africa is
projected to increase in the Wet7 models (Fig. 2). How-
ever, moisture flux from the Atlantic into the Sahel subre-
gion increases more strongly than from the Mediterranean
by the end of the 21st century (Figs. 2 and 6). Moreover,
only the Atlantic branch is accompanied by an increase in
near-surface wind speed (Fig. 5). Thus, while the increased
moisture import from the Mediterranean appears to be due
to higher SST and evaporation alone, increased wind speed
further amplifies moisture import from the Atlantic – a mech-
anism already proposed by Rowell (2003).

Sahel rainfall generally increases as the surface of the
oceanic moisture source regions warms (Figs. 7 and 8). But
this relation is not linear. Rainfall shows little response to
SST changes within a range of approx. 1 �C around the
present-day value; however, when SST increases beyond this
point, rainfall shifts abruptly to a stronger level, where it then
keeps increasing as SST rises further. Given the convex shape
of the temperature forcing over time, the abruptness of the

Earth Syst. Dynam., 8, 495–505, 2017 www.earth-syst-dynam.net/8/495/2017/

Sahel summer rainfall. Wet 7 (blue), 23 
other models (grey), historical forcing & 
RCP8.5. Shading: model min/max. 

And some (7/30) climate models predict a wetter future Sahel…

(Schewe & Levermann 2017)
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Figure 12.2: Analysis of California droughts in a climate model run at
preindustrial CO2 concentration. Climatological January averages (left)
and the composites over dry California Januaries (right), for (upper) pre-
cipitation, (middle) sea level pressure, (lower) SST. While the general idea
of remote sea surface temperature patterns driving teleconnections that can
force drought conditions is robust, the details shown here may deviate from
those in observations of California droughts due to various model biases.

12.4 Detection of climate change
In order to explore how unusual is a given decade which experienced a few
drought years, one can use “non-parametric” statistical analysis. This is
a simple yet effective tool that is used for the analysis of extreme events
in general, and is thus very useful in the area of climate change. Consider
a long time series of the annually-averaged PDSI index for the southwest
US (Figure 12.1). Suppose there are 3 drought years (say PDSI<�2) in
the last three decades of the record, and we wish to find out how unusual
such a period is. Could it be just a coincidence rather than a signal of
anthropogenic climate change? To find out, shuffle the annual time series
randomly, and calculate the number of drought years in the last decades

Figure 12.2: Analysis of California droughts in a climate model run at preindustrial CO2 concentration. 
Climatological January averages (left) and the composites over dry California Januaries (right), for (upper) 
precipitation, (middle) sea level pressure, (lower) SST. While the general idea of remote sea surface 
temperature patterns driving teleconnections that can force drought conditions is robust, the details shown 
here may deviate from those in observations of California droughts due to various model biases. 

California droughts and La Nina
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Reconstructing past droughts from tree ring data
Concentric rings of 
various widths mark 
the annual growth of 
trees. Peter Brown, 
Rocky Mountain Tree-
Ring Research.

https://climate.nasa.gov/news/
2540/tree-rings-provide-
snapshots-of-earths-past-climate/

 

https://www.nature.com/news/2010/100707/full/news.2010.335.html

https://climate.nasa.gov/news/2540/tree-rings-provide-snapshots-of-earths-past-climate/
https://climate.nasa.gov/news/2540/tree-rings-provide-snapshots-of-earths-past-climate/
https://climate.nasa.gov/news/2540/tree-rings-provide-snapshots-of-earths-past-climate/
https://www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=72165&from=mmg
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Bigcone douglas fir

http://nathistoc.bio.uci.edu/plants/Pinaceae/Pseudotsuga%20macrocarpa.htm

wikipedia

Plot data from the many-tree Bigcone 
Douglas Fir records as function of year, 
as grey thin lines or dots 
Superimpose the bin-average as a 
thicker color line 
discuss the scatter around the average

http://nathistoc.bio.uci.edu/plants/Pinaceae/Pseudotsuga%20macrocarpa.htm
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Workshop #3: Getting to know tree-ring data

= stats.binned_statistic(years,widths, statistic='mean',bins=bin_edges_input)
years_axis=(bin_edges[0:-1]+bin_edges[1:])*0.5
bin_means_avg=bin_means*0+np.nanmean(bin_means)

# now plot over the individual tree records:
plt.plot(years_axis,bin_means/100,'r-',linewidth=2,label="bin-average");
plt.plot(years_axis,bin_means_avg/100,'k--',linewidth=0.5,label="bin-average");
plt.xlim([1550,2000])
plt.grid(lw=0.25)

plt.tight_layout()
plt.show()
fig.savefig("Output/droughts-tree-ring-width-timeseries.pdf")

plotting 146 individual tree records.

XX discussion

4. Bucket model for soil moisture:
(a) Run the bucket model with a precipitation rate of P1 =2.2 m/yr and then P2 =1.8 m/yr.
Plot W(t) and P−E as a function of time. Why doesn’t the soil completely dry when the
precipitation rate is decreased from the value P1 that led to the first equilibrium to the lower
value P2? Describe and explain the stages seen in the solution time series.

[7]: ########################################################################
# functions
########################################################################

# saturation specific humidity:
def q_sat(T,P):

# saturation specific humidity (gr water vapor per gram moist air):
# inputs:
# T: temperature, in K
# P: pressure, in mb

R_v = 461 # Gas constant for moist air = 461 J/(kg*K)
R_d = 287 # Gas constant 287 J K^-1 kg^-1
TT = T-273.15 # Kelvin to Celsius
# Saturation water vapor pressure (mb) from Emanuel 4.4.14 p 116-117:
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Vegetation feedbacks
As climate changes, plants respond, and can affect local climate

Stomate, Microscopic openings or pores in the epidermis of leaves 
and young stems. Stomata are generally more numerous on the 
underside of leaves. They allow the exchange of gases (CO2, O2) 
between the outside air and the the leaf during photosynthesis. 
Length: 10–80 µm (micrometers); Width (open): 3–12 µm 
Width of a human hair: 50–100 µm.
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Vegetation feedbacks

First, climate-induced changes in vegetation, say from a forest to grassland, affect:

• The albedo of the land surface. 

• The evapotranspiration rate, as different plants are characterized by different 
efficiencies of drawing groundwater and evaporating it into the atmosphere. 

As climate changes, plants respond, and can affect local climate
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Second, plant-physiological feedbacks to a higher CO2 can significantly reduce 
drought danger with warming: 
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➨ Changes to local temperature and atmospheric moisture levels ➨effects on regional 
climate. ➨ Either the exacerbation of drought conditions or to partially alleviating them.
Second, plant-physiological feedbacks to a higher CO2 can significantly reduce 
drought danger with warming: 

• Higher CO2 ➨ plants limit stomatal opening while absorbing CO2 for photosynthesis 
➨ reduces water losses from leaves ➨ reduces evapotranspiration, increases soil 
moisture, & reduces drought danger ➨ This can be a significant effect! 

• The greening effect: growth in leaf area in response to the fertilization effect of a 
higher CO2 concentration.

As climate changes, plants respond, and can affect local climate



Global Warming Science 101, Droughts, Eli Tziperman

Vegetation feedbacks

First, climate-induced changes in vegetation, say from a forest to grassland, affect:

• The albedo of the land surface. 

• The evapotranspiration rate, as different plants are characterized by different 
efficiencies of drawing groundwater and evaporating it into the atmosphere. 

➨ Changes to local temperature and atmospheric moisture levels ➨effects on regional 
climate. ➨ Either the exacerbation of drought conditions or to partially alleviating them.
Second, plant-physiological feedbacks to a higher CO2 can significantly reduce 
drought danger with warming: 

• Higher CO2 ➨ plants limit stomatal opening while absorbing CO2 for photosynthesis 
➨ reduces water losses from leaves ➨ reduces evapotranspiration, increases soil 
moisture, & reduces drought danger ➨ This can be a significant effect! 

• The greening effect: growth in leaf area in response to the fertilization effect of a 
higher CO2 concentration.

Customary drought measures such as potential evapotranspiration (PET) and the 
Palmer Drought Severity Index (PDSI) can miss these effects as they are calculated 
without allowing for changes to the efficiency of evapotranspiration with climate.

As climate changes, plants respond, and can affect local climate
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Vegetation feedbacks to increased CO2 reduce drought danger
“Higher atmospheric CO2 ➨ plants limit stomatal opening while absorbing CO2. ➨ reduces water 
losses from land surface, increases soil moisture, reduces plant water stress, & reduces drought. 
Plant-centric variables: precipitation minus evapotranspiration (P-E), runoff, and soil moisture. 
Atmosphere-centric: no change to surface conductance with CO2: potential evapotranspiration 
(PET) and Palmer Drought Severity Index (PDSI).  
Models: 84% of P-E change @mid&lower latitudes is due to physiological response to higher CO2

Plant responses to increasing CO2 reduce estimates of climate impacts on drought severity  
Abigail L. S. Swann, Forrest M. Hoffman, Charles D. Koven, and James T. Randerson, 2016, PNAS
consistent estimates of increasing drought stress in other regions,
including southern North America, northeastern South America,
and southern Europe (Fig. S2). Higher levels of agreement
between the two approaches occur in regions where projected
changes in precipitation tend to be more robust (2).
The moderate increase in water available on land, inferred

from changes in P-E, is due to both an overall increase in P (Fig.
1D and Figs. S2 and S3) and relatively small changes in E (Figs.
1F and 2 and Figs. S2 and S3). Precipitation increases in runs
with radiatively coupled CO2 (Fig. 1D), as more energy and at-
mospheric water vapor are available to drive rainfall in a warmer
climate (21). Evapotranspiration, by contrast, remains nearly
unchanged from the initial values in the multimodel mean, as a
consequence of the individual plant physiology and CO2 radia-
tive forcing drivers inducing large and opposing changes (Fig. 2
and Figs. S2 and S3). Because P and E simultaneously increase in
CO2rad, P-E shows little relative change (Fig. 1B). In contrast, E
decreases whereas P shows little change in CO2phys, and thus
most of the attribution of P-E change in the fully coupled sim-
ulation is to the influence of plant physiology (84%; Fig. 1A and
Table S3). Modeled changes in soil moisture and runoff are
consistent with changes in P-E, albeit with larger intermodel
variability owing to significant uncertainty associated with global-
scale model representations of these processes (Fig. S4).
Considering only atmosphere-centric drought and aridity

metrics (such as PDSI), an approach taken in several recent
papers (3, 5–11, 14), the prediction of drought stress in the future
is dire. However, studies that use plant-centric metrics (P-E,
soil moisture) tend to show a reduced impact (17, 22–25). Our
analysis provides a conceptual framework and quantitative ap-
proach for reconciling many of these differences; divergence of
these two approaches arises primarily from omission or consid-
eration of the physiological effects of CO2 on plant water needs.
Differences in impacts derived from the two types of metrics can
be traced to diverging trajectories of PET and E within the
models (Fig. 2); PET increases with CO2, whereas E remains
relatively constant because of decreasing levels of canopy con-
ductance. Further, our analysis indicates there is a potential for
overestimating drought impacts using metrics derived from ESM
model output; PET and PDSI changes are amplified by 19 and

36%, respectively, in the fully coupled simulation because of
plant physiology responses to CO2 (Table S3). Use of these
metrics, in turn, in offline analysis to assess crop and physio-
logical drought would double count plant feedbacks on surface
humidity, temperature, and net radiation, yielding estimates of
future stress that are too high (Table S3 and Fig. S1).
The functional form of stomatal conductance–photosynthesis

coupling algorithms integrated within ESMs (26) is generally sup-
ported by available observational data (27, 28); nonetheless, the
relatively low diversity of representation of this process may con-
tribute to the consistent spatial pattern in E observed across the
models. The expected transpiration response of plants to increases
in CO2 remains uncertain, as limited experimental observations of
future conditions make it difficult to validate ecosystem-scale be-
havior of ESMs; however, existing observations tend to show de-
creases in transpiration and increases in water use efficiency (WUE)
with increasing CO2. The simulations presented here compare
moderately well with available field observations (28) (SI Materials
and Methods and Fig. S5). For six of the seven CO2 physiology
simulations evaluated here, widespread leaf area increases were not
enough to offset the influence of decreasing stomatal conductance
on E. As a consequence, for this set of models, CO2-driven growth
effects were more than offset by CO2-driven decreases in transpi-
ration in terms of impacts on the terrestrial water budget. In this
context, an important future challenge is to increase the diversity
and fidelity of coupling, carbon allocation, and dynamic vegetation
algorithms within ESMs, and to develop more effective bench-
marking approaches for evaluating these processes. Another im-
portant uncertainty is whether individual plant species can tolerate
higher levels of atmospheric demand, particularly during seasonal
periods of increasingly hot and dry weather (29). For example,
intensification of evaporative demand during summers and greater
interannual variability in moisture availability may accelerate forest
mortality in the western United States (30).
A variety of assumptions are embedded in the choice of met-

rics used to evaluate the impact of climate change on water re-
sources and land surface processes (Tables S1 and S2). In assessing
agricultural drought, for example, it may be appropriate to consider
total terrestrial water storage, as human appropriation of water
from multiple sources (e.g., from mountain runoff, lakes, aquifers,

Fig. 2. Time series of (A) PET (red lines) and E (blue lines) in millimeters per day for the midlatitude and low-latitude average from each of seven models
using the FULL simulation, demonstrating that E remains relatively constant as CO2 increases despite large increases in PET. (B) The ratio between E and PET,
averaged over midlatitudes and low latitudes, for each of seven models (identified by color), demonstrating a similar divergence across models between E and
PET as CO2 increases. Note that the GFDL-ESM2M simulation only increases to a doubling of CO2 (568 ppm by volume), then holds the atmospheric CO2

concentration fixed; this explains the relatively small changes in E/PET shown during the latter half of the GFDL-ESM2M simulation.
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Materials and Methods
We use the output from seven ESMs (38–44) from the CMIP5 archive (see
Table S4) to (i) quantify the different continental patterns of drought
derived from atmospheric centric and plant-centric metrics and (ii ) sepa-
rate the radiative and physiological impacts of increasing CO2 on different
variables and metrics that are widely used in assessments of climate im-
pacts on future drought. These models have full carbon cycles, which in-
clude leaf area on land that varies in response to climate and atmospheric
CO2 mole fraction. Two single forcing runs and one fully coupled run were
analyzed, each with an idealized 1% per year increase in CO2 emissions
up to a quadrupling of preindustrial atmospheric CO2 mole fractions, with
the exception of the GFDL-ESM2M model (see Table S4 for model in-
formation), which increased to a doubling of CO2 and was held fixed for
the remainder of the run (45). In CO2phys runs (CMIP5 experiment name:
esmFixClim1), plant physiology experiences the increase in atmospheric CO2,
whereas the radiation code experiences fixed CO2. In CO2rad runs (CMIP5
experiment name: esmFdbk1), the radiation code experiences increasing CO2

whereas plant physiology does not. The third run analyzed, the FULL run
(CMIP5 experiment name: 1pctCO2), is a combination of the two single forcing
runs, where the carbon system is fully coupled, incorporating both effects.
Change in a field due to increasing CO2 is calculated as the difference between
the average of the last 20 y with the first 20 y of the simulation. Spatial av-
erages (Fig. 1, Fig. S4, and Table S3) are reported for latitudes between 45°S
and 45°N unless otherwise noted. The multimodel mean spatial maps (Fig. 4
and Figs. S1 and S2) were made by first regridding each model’s fields to a
common 1° × 1° grid, then averaging the different models together.

Sevenmodels were included in this analysis (Table S4). The number ofmodels
was limited to those including all variables necessary for the analysis that in-
clude near-surface air temperature, near-surface relative humidity, sensible
heat flux at the surface, latent heat flux at the surface, precipitation, gross
primary production (GPP), and soil moisture. We additionally used the variables
for surface winds and runoff where available. A few variables were corrected
due to errors in the originally reported data: Relative humidity in the CanESM2
FULL run was adjusted by a factor of 100 and runoff in all runs from IPSL-
CM5A-LR were adjusted by a factor of 48 to correct errors noted in the CMIP5
errata (cmip-pcmdi.llnl.gov/cmip5/errata/cmip5errata.html) and bring them in-
to agreement with Earth System Grid Federation standard reporting units.

PET was calculated using the Penman−Monteith approach, as the PDSI has
been shown to depend on the choice of formulation of PET (46, 47), and, as in
ref. 15, using monthly mean surface values of temperature, latent heat flux,

sensible heat flux, relative humidity, and winds. Where wind output was avail-
able from themodel, it was used; otherwise, winds were held fixed at 1 m/s, as in
ref. 3, which found that changes in winds were a minor contributor to future
changes in PET. Models where winds were held constant are HadGEM2-ES and
NorESM1-ME. PET is calculated using time- and space-invariant surface conduc-
tance, as is typical for global studies (e.g., refs. 3, 14, 15, and 19). The PDSI was
calculated as in ref. 20 using a MATLAB script from B. Cook but substituting PET
that we calculated using a Penman−Monteith algorithm. Values of PDSI larger
than 20 or smaller than −20 were discarded as in ref. 3. The baseline period for
PDSI was set to the first 20 y of the FULL model run for all experiments in a
given model (including CO2rad and CO2phys).

The temperature (T) vs. precipitation plots (Fig. 3 and Fig. S3) were made
by finding all of the grid cells with annual mean values that fall within each
bin defined by bounds in temperature and precipitation and taking an area-
weighted average. The multimodel mean of plots in this space was taken by
averaging the T vs. P bins together for all models. T vs. P bins are shown only
for values of T and P for which at least six models had a value.

The individual effects of radiation and physiology in the FULL experiment
are linearly attributed to each of the single forcing components (Fig. 1A and
Table S3) by calculating the fraction of the FULL run explained by each of
the single forcing runs (CO2phys/FULL, CO2rad/FULL) and then normalizing
by the sum of the total fraction explained by both (CO2phys/FULL + CO2rad/
FULL). This is equivalent to calculating CO2phys/(CO2phys + CO2rad) as the
attribution fraction of CO2phys and CO2rad/(CO2phys + CO2rad) as the attri-
bution fraction of CO2rad. The attribution fraction can be larger than 1 if the
two single forcing runs have changes of opposite sign. Values of the attribu-
tion fraction are plotted for some variables in Fig. 1A, and are shown in
Table S3.

ACKNOWLEDGMENTS. We thank B. Cook for sharing his software for
calculating PDSI and M. Mu for help with retrieving data from the Earth
System Grid Federation. A.L.S.S. was supported by National Science Foun-
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groups (listed in Table S4), and the US Department of Energy’s Program for
Climate Model Diagnosis and Intercomparison.

Fig. 4. Maps of the multimodel mean difference over a quadrupling of CO2 for (A, C, and E) PDSI and (B, D, and F) P-E normalized by the SD of the
multimodel mean at each point. Green colors indicate more water on land, and brown colors indicate less water on land. A and B represent an experiment
with only CO2rad, C and D represent an experiment with only CO2phys, and E and F represent the FULL model.
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Maps of the multi-model mean difference over a 
quadrupling of CO2 for PDSI (left) and P-E (right) 
normalized by the SD of the multi-model mean at each 
point. Green indicates more water on land; brown less.
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https://indianexpress.com/article/india/india-others/drought-likely-in-parts-of-west-india-agriculture-minister/
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Credit: NOAA

USDA/FAS/Curt Reynolds 

https://climate.nasa.gov/news/2888/when-drought-threatens-crops-nasas-role-in-famine-warnings/
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Credit: NOAA

USDA/FAS/Curt Reynolds 

https://climate.nasa.gov/news/2888/when-drought-threatens-crops-nasas-role-in-famine-warnings/

https://indianexpress.com/article/india/india-others/drought-likely-in-parts-of-west-india-agriculture-minister/

How is soil moisture calculated/ 

predicted from precipitation? 

https://climate.nasa.gov/news/2888/when-drought-threatens-crops-nasas-role-in-famine-warnings/
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Question: Suppose ground water level is maintained at 
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What do you expect will happen to the ground water level if 
precipitation is reduced by 20% due to global warming. By 
how much will it change?
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notes section 12.7: 
Bucket model for soil moisture
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how much will it change?
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The constant Wk: the soil moisture level below which the evaporation rate begins 
to be suppressed by soil resistance as represented by the factor .W/Wk

Soil moisture: the soil water content in the upper 1 m of soil, W, 
which is the height of a water column (in meters), had it been 
extracted from the soil.

----1

---0

---+1

Finally, denoting the precipitation rate by P, we can write the budget equa-
tion for soil moisture (eqn 12.6). The complete bucket model equations are as
follows:

E0 D !airCkjVj.q!.T/ ! q/=!water (12.4)

ED

(

E0 ifW "Wk

E0
W
Wk

ifW <Wk

(12.5)

dW
dt

D

(

0 ifW "WFC and P! E> 0

P! E otherwise
(12.6)

Note that in the first line of equation (12.6), if the water content is equal to its
maximum value of WFC and precipitation minus evaporation is positive, there-
fore tending to further increase thewater content beyond its possiblemaximum,
it is assumed that the excess water is lost to runoff and therefore dW=dt is set
to zero, and the soil water content does not further increase. This limits soil
moisture to always be less than or equal toWFC.

Example
Consider first an estimate of potential evaporation for specific meteorological
conditions representing hot and dry conditions in an arid or semi-arid region.
Standard parameter values could be taken as !air D 1:225 kg/m3, !water D
1000 kg/m3, and Ck D 1:0 # 10"3. Using equation (12.4), assume 60% atmo-
spheric relative humidity so that q!.T/ ! qD .1 ! q=q!.T//q!.T/ D .1 !
RH/q!.T/ D 0:4q!.T/, and let the temperature be 32 °C and the wind veloc-
ity 10 m/s. To convert the evaporation to units of meter water per year, divide
by the density of water andmultiply by the number of seconds in a year. Using a
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potential evaporation, m/s

evaporation, m/s, depending 
on soil moisture

soil moisture budget:
runoff
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Bucket model for soil moisture

The constant Wk: the soil moisture level below which the evaporation rate begins 
to be suppressed by soil resistance as represented by the factor .W/Wk

Soil moisture: the soil water content in the upper 1 m of soil, W, 
which is the height of a water column (in meters), had it been 
extracted from the soil.

----1

---0

---+1

Finally, denoting the precipitation rate by P, we can write the budget equa-
tion for soil moisture (eqn 12.6). The complete bucket model equations are as
follows:

E0 D !airCkjVj.q!.T/ ! q/=!water (12.4)

ED

(

E0 ifW "Wk

E0
W
Wk

ifW <Wk

(12.5)

dW
dt

D

(

0 ifW "WFC and P! E> 0

P! E otherwise
(12.6)

Note that in the first line of equation (12.6), if the water content is equal to its
maximum value of WFC and precipitation minus evaporation is positive, there-
fore tending to further increase thewater content beyond its possiblemaximum,
it is assumed that the excess water is lost to runoff and therefore dW=dt is set
to zero, and the soil water content does not further increase. This limits soil
moisture to always be less than or equal toWFC.

Example
Consider first an estimate of potential evaporation for specific meteorological
conditions representing hot and dry conditions in an arid or semi-arid region.
Standard parameter values could be taken as !air D 1:225 kg/m3, !water D
1000 kg/m3, and Ck D 1:0 # 10"3. Using equation (12.4), assume 60% atmo-
spheric relative humidity so that q!.T/ ! qD .1 ! q=q!.T//q!.T/ D .1 !
RH/q!.T/ D 0:4q!.T/, and let the temperature be 32 °C and the wind veloc-
ity 10 m/s. To convert the evaporation to units of meter water per year, divide
by the density of water andmultiply by the number of seconds in a year. Using a
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on soil moisture

soil moisture budget:
runoff
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Bucket model for soil moisture
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plt.ylabel('dW/dt (m/year)')
plt.xlabel('Time (years)')
plt.xlim([0,1.5])
plt.legend(loc='lower right')
plt.grid(lw=0.25)

plt.tight_layout(pad=0,w_pad=0.5)
fig.savefig("Output/droughts-bucket-model-output-timeseries.pdf")

final solution for P=1.8 m/year is W=0.0875492
final solution for P=2.2 m/year is W=0.107004
the decrease in P is 22.2222 percent and in W it is 22.2219 percent

(b) Optional extra credit: Drive the bucket model with a precipitation rate of 2 m/yr plus
a white noise time series with a zero mean and a specified std. Compare the occurrence of
meteorological versus hydrological drought events from the model output via their PDFs and
power spectra, and rationalize your results

[11]: # bucket model with stochastic precipitation

YEAR = 31536000 # a year in seconds
DAY=86400
YEARS_TO_RUN = 100
MONTH=YEAR/12
WEEK=MONTH/4
# time step specifying resolution for plotting:
dt=YEARS_TO_RUN*YEAR/20000
times_save=np.arange(0,YEARS_TO_RUN*YEAR,dt)
N=len(times_save)

# creat a random sequence
np.random.seed(0)
random=np.random.randn(N)

# creaete a red-noise precipitation record:
rednoise=np.zeros(N)
T_corr=MONTH
R=np.exp(-dt/T_corr)
for n in range(1,N):

workshop #6 
Bucket model for soil moisture
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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.

drought | Syria | climate change | unrest | conflict

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

Significance

There is evidence that the 2007−2010 drought contributed to
the conflict in Syria. It was the worst drought in the in-
strumental record, causing widespread crop failure and a mass
migration of farming families to urban centers. Century-long
observed trends in precipitation, temperature, and sea-level
pressure, supported by climate model results, strongly suggest
that anthropogenic forcing has increased the probability of se-
vere and persistent droughts in this region, and made the oc-
currence of a 3-year drought as severe as that of 2007−2010
2 to 3 times more likely than by natural variability alone. We
conclude that human influences on the climate system are
implicated in the current Syrian conflict.
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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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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 population. 
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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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.

drought | Syria | climate change | unrest | conflict

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

Significance

There is evidence that the 2007−2010 drought contributed to
the conflict in Syria. It was the worst drought in the in-
strumental record, causing widespread crop failure and a mass
migration of farming families to urban centers. Century-long
observed trends in precipitation, temperature, and sea-level
pressure, supported by climate model results, strongly suggest
that anthropogenic forcing has increased the probability of se-
vere and persistent droughts in this region, and made the oc-
currence of a 3-year drought as severe as that of 2007−2010
2 to 3 times more likely than by natural variability alone. We
conclude that human influences on the climate system are
implicated in the current Syrian conflict.
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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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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 population. 
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. 

The 2000s were especially dry, warm and low PDSI!
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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.

drought | Syria | climate change | unrest | conflict

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

Significance

There is evidence that the 2007−2010 drought contributed to
the conflict in Syria. It was the worst drought in the in-
strumental record, causing widespread crop failure and a mass
migration of farming families to urban centers. Century-long
observed trends in precipitation, temperature, and sea-level
pressure, supported by climate model results, strongly suggest
that anthropogenic forcing has increased the probability of se-
vere and persistent droughts in this region, and made the oc-
currence of a 3-year drought as severe as that of 2007−2010
2 to 3 times more likely than by natural variability alone. We
conclude that human influences on the climate system are
implicated in the current Syrian conflict.
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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 (indicating 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. 

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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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.

drought | Syria | climate change | unrest | conflict

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

Significance

There is evidence that the 2007−2010 drought contributed to
the conflict in Syria. It was the worst drought in the in-
strumental record, causing widespread crop failure and a mass
migration of farming families to urban centers. Century-long
observed trends in precipitation, temperature, and sea-level
pressure, supported by climate model results, strongly suggest
that anthropogenic forcing has increased the probability of se-
vere and persistent droughts in this region, and made the oc-
currence of a 3-year drought as severe as that of 2007−2010
2 to 3 times more likely than by natural variability alone. We
conclude that human influences on the climate system are
implicated in the current Syrian conflict.
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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 (indicating 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. 

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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Syria was affected by a strong drying trend during the 2000s
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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.

drought | Syria | climate change | unrest | conflict

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

Significance

There is evidence that the 2007−2010 drought contributed to
the conflict in Syria. It was the worst drought in the in-
strumental record, causing widespread crop failure and a mass
migration of farming families to urban centers. Century-long
observed trends in precipitation, temperature, and sea-level
pressure, supported by climate model results, strongly suggest
that anthropogenic forcing has increased the probability of se-
vere and persistent droughts in this region, and made the oc-
currence of a 3-year drought as severe as that of 2007−2010
2 to 3 times more likely than by natural variability alone. We
conclude that human influences on the climate system are
implicated in the current Syrian conflict.
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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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Fig. 3. (A) Timeseries of observed (CRU) 3-year running mean 6-month
winter FC (area mean) precipitation: total (red), CO2 fit from regression
(black), and the residual or difference between these (dashed blue). Fre-
quency distributions based on gamma fits of 3-year running mean 6-month
winter FC (area mean) precipitation, for the (B) observed data (corre-
sponding with above) and (C) CMIP5 model simulations, comparing histori-
cal and histNat runs. Quantile thresholds based on the total (in B) and
historical (in C) are shown at 2%, 5%, and 10% (dotted lines). The tables
indicate the percentage of actual (B) observed (sample size 76) and (C)
model simulated (sample size 46 × 72 for histNat and 69 × 72 for historical)
occurrences exceeding the respective thresholds.
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Fig. 3. (A) Timeseries of observed (CRU) 3-year 
running mean 6-month winter Fertile Crescent (FC) 
(area mean) precipitation: total (red), CO2 fit from 
regression (black), and the residual or difference 
between these (dashed blue). Frequency 
distributions based on gamma fits of 3-year 
running mean 6-month winter FC (area mean) 
precipitation, for the (B) observed data 
(corresponding with above) and (C) CMIP5 model 
simulations, comparing historical and histNat runs. 
Quantile thresholds based on the total (in B) and 
historical (in C) are shown at 2%, 5%, and 10% 
(dotted lines). The tables indicate the percentage 
of actual (B) observed (sample size 76) and (C) 
model simulated (sample size 46 × 72 for histNat 
and 69 × 72 for historical) occurrences exceeding 
the respective thresholds. 
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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.

drought | Syria | climate change | unrest | conflict

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

Significance

There is evidence that the 2007−2010 drought contributed to
the conflict in Syria. It was the worst drought in the in-
strumental record, causing widespread crop failure and a mass
migration of farming families to urban centers. Century-long
observed trends in precipitation, temperature, and sea-level
pressure, supported by climate model results, strongly suggest
that anthropogenic forcing has increased the probability of se-
vere and persistent droughts in this region, and made the oc-
currence of a 3-year drought as severe as that of 2007−2010
2 to 3 times more likely than by natural variability alone. We
conclude that human influences on the climate system are
implicated in the current Syrian conflict.
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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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Fig. 3. (A) Timeseries of observed (CRU) 3-year running mean 6-month
winter FC (area mean) precipitation: total (red), CO2 fit from regression
(black), and the residual or difference between these (dashed blue). Fre-
quency distributions based on gamma fits of 3-year running mean 6-month
winter FC (area mean) precipitation, for the (B) observed data (corre-
sponding with above) and (C) CMIP5 model simulations, comparing histori-
cal and histNat runs. Quantile thresholds based on the total (in B) and
historical (in C) are shown at 2%, 5%, and 10% (dotted lines). The tables
indicate the percentage of actual (B) observed (sample size 76) and (C)
model simulated (sample size 46 × 72 for histNat and 69 × 72 for historical)
occurrences exceeding the respective thresholds.
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Fig. 3. (A) Timeseries of observed (CRU) 3-year 
running mean 6-month winter Fertile Crescent (FC) 
(area mean) precipitation: total (red), CO2 fit from 
regression (black), and the residual or difference 
between these (dashed blue). Frequency 
distributions based on gamma fits of 3-year 
running mean 6-month winter FC (area mean) 
precipitation, for the (B) observed data 
(corresponding with above) and (C) CMIP5 model 
simulations, comparing historical and histNat runs. 
Quantile thresholds based on the total (in B) and 
historical (in C) are shown at 2%, 5%, and 10% 
(dotted lines). The tables indicate the percentage 
of actual (B) observed (sample size 76) and (C) 
model simulated (sample size 46 × 72 for histNat 
and 69 × 72 for historical) occurrences exceeding 
the respective thresholds. 

Statistical analysis suggests that greenhouse forcing affected drought
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Overall, evidence from global studies suggests that several land 
regions have been affected by increased soil moisture drying or water 
balance drying in past decades, despite some spread among products 
(Albergel et al., 2013; Greve et al., 2014; Gu et al., 2019b; Padrón 
et al., 2020). Drying has not only occurred in dry regions but also in 
humid regions (Greve et al., 2014). Some studies have specifically 
addressed changes in soil moisture at regional scale (Section 11.9). 
For AR6 regions, several studies suggest an increase in the frequency 
and areal extent of soil moisture deficits, with examples in East Asia 
(Cheng et al., 2015; Y. Qin et al., 2015; Jia et al., 2018), Western and 
Central Europe (Trnka et al., 2015b), and the Mediterranean (Hanel 
et al., 2018; Moravec et al., 2019; Markonis et al., 2021). Nonetheless, 
some analyses also show no long-term trends in soil drying in some 
AR6 regions – for example, in Eastern North America (Park Williams 
et al., 2017) and Central North America (Seager et al., 2019), as well 
as in North Eastern Africa (Kew et al., 2021). The soil moisture drying 
trends identified in both global and regional studies are generally 
related to increases in ET (associated with higher AED) rather than 
decreases in precipitation, as identified on global land for trends in 
water balance in the dry season (Padrón et al., 2020), as well as for 
some regions (Teuling et al., 2013; Cheng et al., 2015; Trnka et al., 
2015a; van Der Linden et al., 2019; X. Li et al., 2020). 

Evidence from observed or observations-derived trends in soil 
moisture and precipitation minus ET, are combined with evidence 
from SPEI and PDSI-PM studies to derive regional assessments of 
changes in agricultural and ecological droughts (Section 11.9). This 
assessment is summarized in Section 11.6.2.6.

11.6.2.4  Hydrological Deficits

There is evidence based on streamflow records of increased 
hydrological droughts in East Asia (D. Zhang et al., 2018) and 
southern Africa (Gudmundsson et al., 2019). In areas of Western 
and Central Europe and Northern Europe, there is no evidence of 
changes in the severity of hydrological droughts since 1950 based on 

flow reconstructions (Caillouet et al., 2017; Barker et al., 2019) and 
observations (Vicente-Serrano et al., 2019). In the Mediterranean 
region, there is high confidence in hydrological drought intensification 
(Section  11.9; Giuntoli et al., 2013; Lorenzo-Lacruz et al., 2013; 
Gudmundsson et al., 2019). In south-eastern South America there 
is a  decrease in the severity of hydrological droughts (Rivera and 
Penalba, 2018). In North America, depending on the methods, datasets 
and study periods, there are differences between studies that suggest 
an increase (Shukla et al., 2015; Udall and Overpeck, 2017) versus 
a decrease in hydrological drought frequency (Mo and Lettenmaier, 
2018), but in general there is strong spatial variability (Poshtiri and 
Pal, 2016). Streamflow observation reference networks of near-natural 
catchments have also been used to isolate the effect of climate trends 
on hydrological drought trends in a few regions, but these show limited 
trends in Northern Europe and Western and Central Europe (Stahl et al., 
2010; Bard et al., 2015; Harrigan et al., 2018), North America (Dudley 
et al., 2020) and most of Australia, with the exception of Eastern and 
Southern Australia (X.S. Zhang et al., 2016). Given the low availability 
of observations, there are few studies analysing trends of drought 
severity in the groundwater. Nevertheless, some studies suggest 
a noticeable response of groundwater droughts to climate variability 
(Lorenzo-Lacruz et al., 2017) and increased drought frequency and 
severity associated with warming, probably as a  consequence of 
enhanced ET induced by higher AED (Maxwell and Condon, 2016). This 
is supported by studies in Northern Europe (Bloomfield et al., 2019) 
and North America (Condon et al., 2020).

11.6.2.5 Atmospheric-based Drought Indices

Globally, trends in SPEI-PM and PDSI-PM suggest slightly higher 
increases of drought frequency and severity in regions affected by 
drying over the last decades in comparison to the SPI (Dai and Zhao, 
2017; Spinoni et al., 2019; Song et al., 2020), mainly in regions of 
Western and Southern Africa, the Mediterranean and East Asia 
(Figure 11.17), which is consistent with observed soil moisture trends 
(Section 11.6.2.3). These indices suggest that AED has contributed to 
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Figure 11.17 | Observed linear trend for (a) consecutive dry days (CDD) during 1960–2018, (b) standardized precipitation index (SPI) and (c) standardized 
precipitation-evapotranspiration index (SPEI) during 1951–2016. CDD data are from the HadEx3 dataset (Dunn et al., 2020), trend calculation of CDD as in Figure 11.9. 
Drought severity is estimated using 12-month SPI (SPI-12) and 12-month SPEI (SPEI-12). SPI and SPEI datasets are from Spinoni et al. (2019). The threshold to identify drought 
episodes was set at -1 SPI/SPEI units. Areas without sufficient data are shown in grey. No overlay indicates regions where the trends are significant at the p = 0.1 level. Crosses 
indicate regions where trends are not significant. For details on the methods see Supplementary Material 11.SM.2. Further details on data sources and processing are available 
in the chapter data table (Table 11.SM.9).

Figure 11.17 | Observed linear trend for (a) consecutive dry days (CDD) 1960–2018, (b) standardized precipitation 
index (SPI) and (c) standardized precipitation-evapotranspiration index (SPEI) 1951–2016. Drought threshold: SPI/
SPEI=-1. Gray: no data. No overlay: trends are significant at p = 0.1 level. Crosses: not significant.
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Overall, evidence from global studies suggests that several land 
regions have been affected by increased soil moisture drying or water 
balance drying in past decades, despite some spread among products 
(Albergel et al., 2013; Greve et al., 2014; Gu et al., 2019b; Padrón 
et al., 2020). Drying has not only occurred in dry regions but also in 
humid regions (Greve et al., 2014). Some studies have specifically 
addressed changes in soil moisture at regional scale (Section 11.9). 
For AR6 regions, several studies suggest an increase in the frequency 
and areal extent of soil moisture deficits, with examples in East Asia 
(Cheng et al., 2015; Y. Qin et al., 2015; Jia et al., 2018), Western and 
Central Europe (Trnka et al., 2015b), and the Mediterranean (Hanel 
et al., 2018; Moravec et al., 2019; Markonis et al., 2021). Nonetheless, 
some analyses also show no long-term trends in soil drying in some 
AR6 regions – for example, in Eastern North America (Park Williams 
et al., 2017) and Central North America (Seager et al., 2019), as well 
as in North Eastern Africa (Kew et al., 2021). The soil moisture drying 
trends identified in both global and regional studies are generally 
related to increases in ET (associated with higher AED) rather than 
decreases in precipitation, as identified on global land for trends in 
water balance in the dry season (Padrón et al., 2020), as well as for 
some regions (Teuling et al., 2013; Cheng et al., 2015; Trnka et al., 
2015a; van Der Linden et al., 2019; X. Li et al., 2020). 

Evidence from observed or observations-derived trends in soil 
moisture and precipitation minus ET, are combined with evidence 
from SPEI and PDSI-PM studies to derive regional assessments of 
changes in agricultural and ecological droughts (Section 11.9). This 
assessment is summarized in Section 11.6.2.6.

11.6.2.4  Hydrological Deficits

There is evidence based on streamflow records of increased 
hydrological droughts in East Asia (D. Zhang et al., 2018) and 
southern Africa (Gudmundsson et al., 2019). In areas of Western 
and Central Europe and Northern Europe, there is no evidence of 
changes in the severity of hydrological droughts since 1950 based on 

flow reconstructions (Caillouet et al., 2017; Barker et al., 2019) and 
observations (Vicente-Serrano et al., 2019). In the Mediterranean 
region, there is high confidence in hydrological drought intensification 
(Section  11.9; Giuntoli et al., 2013; Lorenzo-Lacruz et al., 2013; 
Gudmundsson et al., 2019). In south-eastern South America there 
is a  decrease in the severity of hydrological droughts (Rivera and 
Penalba, 2018). In North America, depending on the methods, datasets 
and study periods, there are differences between studies that suggest 
an increase (Shukla et al., 2015; Udall and Overpeck, 2017) versus 
a decrease in hydrological drought frequency (Mo and Lettenmaier, 
2018), but in general there is strong spatial variability (Poshtiri and 
Pal, 2016). Streamflow observation reference networks of near-natural 
catchments have also been used to isolate the effect of climate trends 
on hydrological drought trends in a few regions, but these show limited 
trends in Northern Europe and Western and Central Europe (Stahl et al., 
2010; Bard et al., 2015; Harrigan et al., 2018), North America (Dudley 
et al., 2020) and most of Australia, with the exception of Eastern and 
Southern Australia (X.S. Zhang et al., 2016). Given the low availability 
of observations, there are few studies analysing trends of drought 
severity in the groundwater. Nevertheless, some studies suggest 
a noticeable response of groundwater droughts to climate variability 
(Lorenzo-Lacruz et al., 2017) and increased drought frequency and 
severity associated with warming, probably as a  consequence of 
enhanced ET induced by higher AED (Maxwell and Condon, 2016). This 
is supported by studies in Northern Europe (Bloomfield et al., 2019) 
and North America (Condon et al., 2020).

11.6.2.5 Atmospheric-based Drought Indices

Globally, trends in SPEI-PM and PDSI-PM suggest slightly higher 
increases of drought frequency and severity in regions affected by 
drying over the last decades in comparison to the SPI (Dai and Zhao, 
2017; Spinoni et al., 2019; Song et al., 2020), mainly in regions of 
Western and Southern Africa, the Mediterranean and East Asia 
(Figure 11.17), which is consistent with observed soil moisture trends 
(Section 11.6.2.3). These indices suggest that AED has contributed to 
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Figure 11.17 | Observed linear trend for (a) consecutive dry days (CDD) during 1960–2018, (b) standardized precipitation index (SPI) and (c) standardized 
precipitation-evapotranspiration index (SPEI) during 1951–2016. CDD data are from the HadEx3 dataset (Dunn et al., 2020), trend calculation of CDD as in Figure 11.9. 
Drought severity is estimated using 12-month SPI (SPI-12) and 12-month SPEI (SPEI-12). SPI and SPEI datasets are from Spinoni et al. (2019). The threshold to identify drought 
episodes was set at -1 SPI/SPEI units. Areas without sufficient data are shown in grey. No overlay indicates regions where the trends are significant at the p = 0.1 level. Crosses 
indicate regions where trends are not significant. For details on the methods see Supplementary Material 11.SM.2. Further details on data sources and processing are available 
in the chapter data table (Table 11.SM.9).

Figure 11.17 | Observed linear trend for (a) consecutive dry days (CDD) 1960–2018, (b) standardized precipitation 
index (SPI) and (c) standardized precipitation-evapotranspiration index (SPEI) 1951–2016. Drought threshold: SPI/
SPEI=-1. Gray: no data. No overlay: trends are significant at p = 0.1 level. Crosses: not significant.

1581

Weather and Climate Extreme Events in a Changing Climate Chapter 11

11

Another mechanism reducing the ET response to increased AED in 
projections is the control of soil moisture limitations on ET, which 
leads to reduced stomatal conductance under water stress (Berg and 
Sheffield, 2018; Stocker et al., 2018; Zhou et al., 2021). This response 
may be further amplified through VPD-induced decreases in stomatal 
conductance (Anderegg et al., 2020). However, the decreased 
stomatal conductance in response to soil moisture limitation and 
enhanced CO2 would further enhance AED (Sherwood and Fu, 2014; 
Berg et al., 2016; Teuling, 2018; Miralles et al., 2019), whereby the 
overall effects on AED in ESMs are found to be of similar magnitude 
for soil moisture limitation and CO2 physiological effects on stomatal 
conductance (Berg et al., 2016). Increased AED is thus both a driver 
and a  feedback with respect to changes in ET, complicating the 
interpretation of its role on drought changes with increasing CO2 
concentrations and global warming. 

11.6.5.3 Soil Moisture Deficits

Areas with projected soil moisture decreases do not fully coincide 
with areas that have projected precipitation decreases, although 
there is substantial consistency in the respective patterns (Dirmeyer 
et al., 2013; Berg and Sheffield, 2018). However, there are more 
regions affected by increased soil moisture deficits (Figure 11.19) than 
precipitation deficits (Figures 2a,b,c and Cross-Chapter Box  11.1) 
as  a  consequence of enhanced AED and the associated increased 
ET, as highlighted by some studies (Orlowsky and Seneviratne, 2013; 
Dai et al., 2018; Section 8.2.2.1). Moisture in the top soil layer is 
projected to decrease more than precipitation at all warming levels 

(Lu et al., 2019), extending the regions affected by severe soil 
moisture deficits over most of south and central Europe (Lehner 
et al., 2017; Ruosteenoja et al., 2018; Samaniego et al., 2018; van Der 
Linden et al., 2019), southern North America (Cook et al., 2019), South 
America (Orlowsky and Seneviratne, 2013), southern Africa (Lu et al., 
2019), East Africa (Rowell et al., 2015), Southern Australia (Kirono 
et al., 2020), India (Mishra et al., 2014a) and East Asia (Figure 11.19; 
Cheng et al., 2015). Projected changes in total soil moisture display 
less widespread drying than those for surface soil moisture (Berg 
et al., 2017a), but still more than for precipitation (Cross-Chapter 
Box 11.1, Figures 2a,b,c). The severity of droughts based on surface 
soil moisture in future projections is stronger than projections 
based on precipitation and runoff (Dai et al., 2018; Vicente-Serrano 
et al., 2020c). Nevertheless, in many parts of the world where soil 
moisture is projected to decrease, the signal-to-noise ratio among 
models is low; only the projections in the Mediterranean, Europe, 
the south-western USA, and southern Africa show a  high signal-
to-noise ratio in soil moisture projections (Figure  11.19; Lu et al., 
2019). Increases in soil moisture deficits are found to be statistically 
signicant at regional scale in the Mediterranean region, southern 
Africa and western South America for changes as small as 0.5°C in 
global warming, based on differences between +1.5°C and +2°C of 
global warming (Wartenburger et al., 2017). Several other regions 
are affected when considering changes in droughts for higher 
changes in global warming (Section 11.9 and Figure 11.19). Seasonal 
projections of drought frequency for boreal winter (December–
January–February) and summer (June–July–August), from CMIP6 
multi-model ensemble for 1.5°C, 2°C and 4°C global warming 
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Figure 11.18 | Projected changes in (a) the intensity and (b) the frequency of drought under 1°C, 1.5°C, 2°C, 3°C, and 4°C global warming levels relative 
to the 1850–1900 baseline. (c) Summaries are computed for the AR6 regions in which there is at least medium confidence in an increase in agriculture/ecological drought 
at the 2°C global warming level (‘drying regions’), including Western North America, Central North America, North Central America, Southern Central America, Northern South 
America, North-Eastern South America, South American Monsoon, South-Western South America, Southern South America, West and Central Europe, Mediterranean, West 
Southern Africa, East Southern Africa, Madagascar, Eastern Australia, Southern Australia. Caribbean is not included in the calculation because the number of land grid points 
was too small. A drought event is defined as a 10-year drought event whose annual mean soil moisture was below its 10th percentile from the 1850–1900 base period. For 
each box plot, the horizontal line and the box represent the median and central 66% uncertainty range, respectively, of the frequency or the intensity changes across the multi-
model ensemble, and the ‘whiskers’ extend to the 90% uncertainty range. The line of zero in (a) indicates no change in intensity, while the line of one in (b) indicates no change 
in frequency. The results are based on the multi-model ensemble estimated from simulations of global climate models contributing to the Coupled Model Intercomparison 
Project Phase 6 (CMIP6) under different Shared Socio-economic Pathway (SSP) forcing scenarios. Intensity changes in (a) are expressed as standard deviations of the interannual 
variability in the period 1850–1900 of the corresponding model. For details on the methods see Supplementary Material 11.SM.2. Further details on data sources and processing 
are available in the chapter data table (Table 11.SM.9).

Figure 11.18 | CMIP6 projections for (a) 
intensity & (b) frequency of drought relative 
to 1850–1900. (c) Computed for AR6 
regions w/at least medium confidence 
droughts at 2°C warming. A drought: 10-
years w/ annual mean soil moisture below 
its 10th % from 1850–1900. Horizontal 
lines & boxes: median & central 66% 
uncertainty range; ’whiskers’: 90%. 
Intensity changes in (a) are in standard 
deviations of the interannual variability in 
1850–1900.
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Phenomenon and 
direction of trend

Assessment that changes occurred (typically 
since 1950 unless otherwise indicated)

Assessment of a human 
contribution to observed changes Early 21st century Late 21st century

Warmer and/or fewer 
cold days and nights 
over most land areas

Very likely {2.6}

Very likely
Very likely 

Very likely {10.6}

Likely
Likely  

Likely {11.3} Virtually certain {12.4}

Virtually certain
Virtually certain 

Warmer and/or more 
frequent hot days and 
nights over most land areas

Very likely {2.6}

Very likely
Very likely

Very likely {10.6}

Likely
Likely (nights only)

Likely {11.3} Virtually certain {12.4}

Virtually certain
Virtually certain

Warm spells/heat waves. 
Frequency and/or duration 
increases over most 
land areas

Medium confidence on a global scale 
Likely in large parts of Europe, Asia and Australia {2.6}

Medium confidence in many (but not all) regions
Likely

Likelya

 {10.6}

Not formally assessed
More likely than not

Not formally assessedb

 {11.3}
Very likely {12.4}

Very likely
Very likely

Heavy precipitation events.
Increase in the frequency, 
intensity, and/or amount 
of heavy precipitation

Likely more land areas with increases than decreasesc 
 {2.6}

Likely more land areas with increases than decreases
Likely over most land areas

Medium confidence 
 {7.6, 10.6}

Medium confidence
More likely than not

Likely over many land areas 
 {11.3}

Very likely over most of the mid-latitude land 
masses and over wet tropical regions  {12.4}

Likely over many areas
Very likely over most land areas

Increases in intensity 
and/or duration of drought

Low confidence on a global scale 
Likely changes in some regionsd  {2.6}

Medium confidence in some regions
Likely in many regions, since 1970e  

Low confidence {10.6}

Medium confidencef

More likely than not

Low confidenceg {11.3} Likely (medium confidence) on a regional to 
global scaleh  {12.4}

Medium confidence in some regions
Likelye

Increases in intense 
tropical cyclone activity

Low confidence in long term (centennial) changes 
Virtually certain in North Atlantic since 1970 {2.6}

Low confidence
Likely in some regions, since 1970 

Low confidencei {10.6}

Low confidence
More likely than not

Low confidence  
 {11.3}

More likely than not in the Western North Pacific 
and North Atlanticj {14.6}

More likely than not in some basins
Likely

Increased incidence and/or 
magnitude of extreme 
high sea level 

Likely (since 1970) {3.7}

Likely (late 20th century)
Likely 

Likelyk {3.7}

Likelyk

More likely than notk

Likely l {13.7} Very likely l {13.7}

Very likelym

Likely

Likelihood of further changes

TFE.9, Table 1 |  Extreme weather and climate events: Global-scale assessment of recent observed changes, human contribution to the changes and projected further changes for the early (2016–2035) and late (2081–2100) 21st 
century. Bold indicates where the AR5 (black) provides a revised* global-scale assessment from the Special Report on Managing the Risk of Extreme Events and Disasters to Advance Climate Change Adaptation (SREX, blue) or AR4 
(red). Projections for early 21st century were not provided in previous assessment reports. Projections in the AR5 are relative to the reference period of 1986–2005, and use the new RCP scenarios unless otherwise specified. See the 
Glossary for definitions of extreme weather and climate events.

* The direct comparison of assessment findings between reports is difficult. For some climate variables, different aspects have been assessed, and the revised guidance note on uncertainties has been used for the SREX and AR5. The availability of new information, improved scientific understanding, 
continued analyses of data and models, and specific differences in methodologies applied in the assessed studies, all contribute to revised assessment findings.

Notes:
a Attribution is based on available case studies. It is likely that human influence has more than doubled the probability of occurrence of some observed heat waves in some locations.
b Models project near-term increases in the duration, intensity and spatial extent of heat waves and warm spells.
c In most continents, confidence in trends is not higher than medium except in North America and Europe where there have been likely increases in either the frequency or intensity of heavy precipitation with some seasonal and/or regional variation. It is very likely that there have been increases 

in central North America.
d The frequency and intensity of drought has likely increased in the Mediterranean and West Africa and likely decreased in central North America and north-west Australia.
e AR4 assessed the area affected by drought. 
f SREX assessed medium confidence that anthropogenic influence had contributed to some changes in the drought patterns observed in the second half of the 20th century, based on its attributed impact on precipitation and temperature changes. SREX assessed low confidence in the attribution 

of changes in droughts at the level of single regions.
g There is low confidence in projected changes in soil moisture.
h Regional to global-scale projected decreases in soil moisture and increased agricultural drought are likely (medium confidence) in presently dry regions by the end of this century under the RCP8.5 scenario. Soil moisture drying in the Mediterranean, Southwest USA and southern African regions 

is consistent with projected changes in Hadley circulation and increased surface temperatures, so there is high confidence in likely surface drying in these regions by the end of this century under the RCP8.5 scenario.
i There is medium confidence that a reduction in aerosol forcing over the North Atlantic has contributed at least in part to the observed increase in tropical cyclone activity since the 1970s in this region.
j Based on expert judgment and assessment of projections which use an SRES A1B (or similar) scenario.
k Attribution is based on the close relationship between observed changes in extreme and mean sea level.
l There is high confidence that this increase in extreme high sea level will primarily be the result of an increase in mean sea level. There is low confidence in region-specific projections of storminess and associated storm surges.
m SREX assessed it to be very likely that mean sea level rise will contribute to future upward trends in extreme coastal high water levels.

Droughts in the 2013 IPCC report
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Floods and Droughts: Compelling arguments both for and against significant 
increases in the land area affected by drought and/or dryness since the mid-20th 
century have resulted in a low confidence assessment of observed and attributable 
large-scale trends. This is due primarily to a lack and quality of direct observations, 
dependencies of inferred trends on the index choice, geographical inconsistencies in 
the trends and difficulties in distinguishing decadal scale variability from long term 
trends. On millennial time scales, there is high confidence that proxy information 
provides evidence of droughts of greater magnitude and longer duration than 
observed during the 20th century in many regions. There is medium confidence that 
more megadroughts occurred in monsoon Asia and wetter conditions prevailed in arid 
Central Asia and the South American monsoon region during the Little Ice Age (1450 to 
1850) compared to the Medieval Climate Anomaly (950 to 1250). {2.6.2, 5.5.4, 5.5.5, 
10.6.1} 


Under the Representative Concentration Pathway RCP8.5: projections by the end 
of the century indicate an increased risk of drought is likely (medium confidence) in 
presently dry regions linked to regional to global-scale projected decreases in soil 
moisture. Soil moisture drying is most prominent in the Mediterranean, Southwest 
USA, and southern Africa, consistent with projected changes in the Hadley Circulation 
and increased surface temperatures, and surface drying in these regions is likely 
(high confidence) by the end of the century under RCP8.5. {12.4.5} 

Droughts in 2013 IPCC report
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Table 2.13 Regional observed changes in a range of climate indices since the middle of the 20th 
century. Assessments are based on a range of ‘global’ studies and assessments (Groisman et al., 2005; 
Alexander et al., 2006; Caesar et al., 2006; Sheffield and Wood, 2008; Dai, 2011a, 2011b, 2013; Seneviratne et 
al., 2012; Sheffield et al., 2012; Donat et al., 2013a, 2013c; van der Schrier et al., 2013) and selected regional 
studies as indicated. Bold text indicates where the assessment is somewhat different to SREX Table 3-2. In 
each such case a footnote explains why the assessment is different. See also Figures 2.32 and 2.33. 
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Region Warm Days
(e.g., TX90pa)

Cold Days
(e.g., TX10pa)

Warm Nights
(e.g., TN90pa, TRa)

Cold Nights/Frosts
(e.g., TN10pa, FDa)

Heat Waves / 
Warm Spellsg

Extreme 
Precipitation

(e.g., RX1daya, 
R95pa, R99pa)

Dryness (e.g,. 
CDDa) / Droughth

North America
and Central 
America

High confidence:
Likely overall 
increase but spatially 
varying trends1,2

High confidence:
Likely overall 
decrease but 
with spatially 
varying trends1,2

High confidence: 
Likely overall 
increase1,2

High confidence: 
Likely overall 
decrease1,2

Medium confidence: 
increases in more 
regions than 
decreases1,3 but 1930s 
dominates longer term 
trends in the USA4

High confidence: 
Likely overall 
increase1,2,5 but some 
spatial variation

High confidence: 
Very likely increase 
central North 
America6,7

Medium confidence: 
decrease1 but 
spatially varying 
trends

High confidenceb:  
Likely decrease 
central North 
America4 

South  America

Medium 
confidenceb: 
Overall increase8

Medium 
confidenceb: 
Overall decrease8 

Medium 
confidenceb: 
Overall increase8 

Medium 
confidenceb: 
Overall decrease8 

Low confidence: 
insufficient evidence 
(lack of literature)
and spatially varying 
trends but some 
evidence of increases 
in more areas 
than decreases8 

Medium 
confidenceb: 
Increases in 
more regions 
than decreases8,9 
but spatially 
varying trends

Low confidence: 
limited literature 
and spatially 
varying trends8 

Europe and 
Mediterranean 

High confidence: 
Likely overall 
increase10,11,12 

High confidence:  
Likely overall 
decrease11,12 

High confidence: 
Likely overall 
increase11,12 

High confidence: 
Likely overall 
decrease10,11,12

High confidenceb: 
Likely increases in 
most regions3,13 

High confidenceb,c: 
Likely increases 
in more regions 
than decreases5,15,16 
but regional and 
seasonal 
variation 

Medium confidence:
spatially varying 
trends

High confidenceb: 
Likely increase in 
Mediterranean17,18

Africa and 
Middle East

Low to medium 
confidenceb,d: 
limited data in 
many regions but 
increases in most 
regions assessed 

Medium 
confidenceb:
increase North 
Africa and 
Middle East19,20 

High confidenceb:
Likely increase 
southern 
Africa21,22,23 

Low to medium 
confidenceb,d: 
limited data in 
many regions but 
decreases in most 
regions assessed 

Medium 
confidenceb:
decrease North 
Africa and 
Middle East19,20 

High confidenceb:
Likely decrease 
southern Africa21,22,23 

Medium 
confidenceb,d:
limited data in 
many regions but 
increases in most 
regions assessed 

Medium 
confidenceb:
increase North 
Africa and 
Middle East19,20 

High confidenceb:
Likely increase 
southern 
Africa21,22,23 

Medium 
confidenceb,d:
limited data in 
many regions but 
decreases in most 
regions assessed 

Medium 
confidenceb:
decrease North 
Africa and 
Middle East19,20 

High confidenceb:
Likely decrease 
southern 
Africa21,22,23 

Low confidenced:  
insufficient evidence 
(lack of literature)

Medium confidence: 
increase in North 
Africa and 
Middle East and 
southern 
Africa3,19,21,22

Low confidenced: 
insufficient evidence 
and spatially 
varying trends

Medium 
confidenceb: 
increases in more 
regions than 
decreases in 
southern Africa but 
spatially varying 
trends depending 
on index5,21,22 

 

Medium confidenced:
increase19,22,24 

High confidenceb:
Likely increase in 
West Africa25,26 
although 1970s 
Sahel drought 
dominates 
the trend

Asia (excluding 
South-east 
Asia) 

High confidenceb,e:  
Likely overall 
increase27,28,29,30,31,32

High confidenceb,e: 
Likely overall  
decrease27,28,29,30,31,32

High confidenceb,e:
Likely overall 
increase27,28,29,30,31,32

High confidenceb,e:
Likely overall 
increase27,28,29,30,31,32

Medium 
confidenceb,e: 
Spatially varying 
trends and 
insufficient data 
in some regions

High confidenceb,c:
Likely more areas 
of increases than 
decreases3,28,33

Low to medium 
confidenceb,e: 

Low confidence 
due to insufficient 
evidence or spatially 
varying trends.

Medium confidence: 
increases in more 
regions than 
decreases5,34,35,36

Low to medium 
confidenceb,e

Medium 
confidence: 
Increase in 
eastern Asia36,37 

South-east Asia 
and Oceania 

High confidenceb,f:
Likely overall 
increase27,38,39,40

High confidenceb,f:
Likely overall 
decrease27,38,39 

High confidenceb,f: 
Likely overall 
increase27,38,39,40

High confidenceb,f:
Likely overall 
decrease27,38,39

Low confidence (due 
lack of literature) 
to high confidenceb,f 
depending on region

High confidence2:
Likely overall 
increase in 
Australia3,14,41 

Low confidence 
(lack of literature) 
to high confidenceb,f

High confidence:
Likely decrease in 
southern Australia42,43 
but index and 
season dependent

Low to medium 
confidenceb,f: 
inconsistent trends 
between studies 
in SE Asia. Overall 
increase in dryness 
in southern and 
eastern Australia

High confidenceb:  
Likely decrease 
northwest 
Australia25,26,44 

Table 2.13 |  Regional observed changes in a range of climate indices since the middle of the 20th century. Assessments are based on a range of ‘global’ studies and assessments 
(Groisman et al., 2005; Alexander et al., 2006; Caesar et al., 2006; Sheffield and Wood, 2008; Dai, 2011a, 2011b, 2013; Seneviratne et al., 2012; Sheffield et al., 2012; Donat et al., 
2013a, 2013c; van der Schrier et al., 2013) and selected regional studies as indicated. Bold text indicates where the assessment is somewhat different to SREX Table 3-2. In each 
such case a footnote explains why the assessment is different. See also Figures 2.32 and 2.33. 
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Region Warm Days
(e.g., TX90pa)

Cold Days
(e.g., TX10pa)

Warm Nights
(e.g., TN90pa, TRa)

Cold Nights/Frosts
(e.g., TN10pa, FDa)

Heat Waves / 
Warm Spellsg

Extreme 
Precipitation

(e.g., RX1daya, 
R95pa, R99pa)

Dryness (e.g,. 
CDDa) / Droughth

North America
and Central 
America

High confidence:
Likely overall 
increase but spatially 
varying trends1,2

High confidence:
Likely overall 
decrease but 
with spatially 
varying trends1,2

High confidence: 
Likely overall 
increase1,2

High confidence: 
Likely overall 
decrease1,2

Medium confidence: 
increases in more 
regions than 
decreases1,3 but 1930s 
dominates longer term 
trends in the USA4

High confidence: 
Likely overall 
increase1,2,5 but some 
spatial variation

High confidence: 
Very likely increase 
central North 
America6,7

Medium confidence: 
decrease1 but 
spatially varying 
trends

High confidenceb:  
Likely decrease 
central North 
America4 

South  America

Medium 
confidenceb: 
Overall increase8

Medium 
confidenceb: 
Overall decrease8 

Medium 
confidenceb: 
Overall increase8 

Medium 
confidenceb: 
Overall decrease8 

Low confidence: 
insufficient evidence 
(lack of literature)
and spatially varying 
trends but some 
evidence of increases 
in more areas 
than decreases8 

Medium 
confidenceb: 
Increases in 
more regions 
than decreases8,9 
but spatially 
varying trends

Low confidence: 
limited literature 
and spatially 
varying trends8 

Europe and 
Mediterranean 

High confidence: 
Likely overall 
increase10,11,12 

High confidence:  
Likely overall 
decrease11,12 

High confidence: 
Likely overall 
increase11,12 

High confidence: 
Likely overall 
decrease10,11,12

High confidenceb: 
Likely increases in 
most regions3,13 

High confidenceb,c: 
Likely increases 
in more regions 
than decreases5,15,16 
but regional and 
seasonal 
variation 

Medium confidence:
spatially varying 
trends

High confidenceb: 
Likely increase in 
Mediterranean17,18

Africa and 
Middle East

Low to medium 
confidenceb,d: 
limited data in 
many regions but 
increases in most 
regions assessed 

Medium 
confidenceb:
increase North 
Africa and 
Middle East19,20 

High confidenceb:
Likely increase 
southern 
Africa21,22,23 

Low to medium 
confidenceb,d: 
limited data in 
many regions but 
decreases in most 
regions assessed 

Medium 
confidenceb:
decrease North 
Africa and 
Middle East19,20 

High confidenceb:
Likely decrease 
southern Africa21,22,23 

Medium 
confidenceb,d:
limited data in 
many regions but 
increases in most 
regions assessed 

Medium 
confidenceb:
increase North 
Africa and 
Middle East19,20 

High confidenceb:
Likely increase 
southern 
Africa21,22,23 

Medium 
confidenceb,d:
limited data in 
many regions but 
decreases in most 
regions assessed 

Medium 
confidenceb:
decrease North 
Africa and 
Middle East19,20 

High confidenceb:
Likely decrease 
southern 
Africa21,22,23 

Low confidenced:  
insufficient evidence 
(lack of literature)

Medium confidence: 
increase in North 
Africa and 
Middle East and 
southern 
Africa3,19,21,22

Low confidenced: 
insufficient evidence 
and spatially 
varying trends

Medium 
confidenceb: 
increases in more 
regions than 
decreases in 
southern Africa but 
spatially varying 
trends depending 
on index5,21,22 

 

Medium confidenced:
increase19,22,24 

High confidenceb:
Likely increase in 
West Africa25,26 
although 1970s 
Sahel drought 
dominates 
the trend

Asia (excluding 
South-east 
Asia) 

High confidenceb,e:  
Likely overall 
increase27,28,29,30,31,32

High confidenceb,e: 
Likely overall  
decrease27,28,29,30,31,32

High confidenceb,e:
Likely overall 
increase27,28,29,30,31,32

High confidenceb,e:
Likely overall 
increase27,28,29,30,31,32

Medium 
confidenceb,e: 
Spatially varying 
trends and 
insufficient data 
in some regions

High confidenceb,c:
Likely more areas 
of increases than 
decreases3,28,33

Low to medium 
confidenceb,e: 

Low confidence 
due to insufficient 
evidence or spatially 
varying trends.

Medium confidence: 
increases in more 
regions than 
decreases5,34,35,36

Low to medium 
confidenceb,e

Medium 
confidence: 
Increase in 
eastern Asia36,37 

South-east Asia 
and Oceania 

High confidenceb,f:
Likely overall 
increase27,38,39,40

High confidenceb,f:
Likely overall 
decrease27,38,39 

High confidenceb,f: 
Likely overall 
increase27,38,39,40

High confidenceb,f:
Likely overall 
decrease27,38,39

Low confidence (due 
lack of literature) 
to high confidenceb,f 
depending on region

High confidence2:
Likely overall 
increase in 
Australia3,14,41 

Low confidence 
(lack of literature) 
to high confidenceb,f

High confidence:
Likely decrease in 
southern Australia42,43 
but index and 
season dependent

Low to medium 
confidenceb,f: 
inconsistent trends 
between studies 
in SE Asia. Overall 
increase in dryness 
in southern and 
eastern Australia

High confidenceb:  
Likely decrease 
northwest 
Australia25,26,44 

Table 2.13 |  Regional observed changes in a range of climate indices since the middle of the 20th century. Assessments are based on a range of ‘global’ studies and assessments 
(Groisman et al., 2005; Alexander et al., 2006; Caesar et al., 2006; Sheffield and Wood, 2008; Dai, 2011a, 2011b, 2013; Seneviratne et al., 2012; Sheffield et al., 2012; Donat et al., 
2013a, 2013c; van der Schrier et al., 2013) and selected regional studies as indicated. Bold text indicates where the assessment is somewhat different to SREX Table 3-2. In each 
such case a footnote explains why the assessment is different. See also Figures 2.32 and 2.33. 
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IPCC 2013: changes in droughts since the middle of the 20th century



Global Warming Science 101, Droughts, Eli Tziperman

Conclusions: droughts
• Definition: abnormally dry weather, relative to mean conditions, 

long enough to cause a serious hydrological imbalance. these are 
NOT weather events, need to last a few months. 

• Types: meteorological, hydrological, agricultural, socioeconomic 

• Causes: often remotely forced by a persistent sea surface 
temperature anomaly via atmospheric Rossby Waves that lead to a 
persistent high pressure over the drought region. Examples of such 
SST anomalies due to climate variability modes: El Niño/La Niña, 
Indian Ocean Dipole, etc. 

• Projections: changes are guaranteed, but regional details are not 
clear. In this case, change is not good, given human/agriculture 
adaptation to current climate patterns. 

• Uncertainty: we don’t know well enough what El Niño/Indian Ocean 
Dipole, etc, will do in a warm future climate.



Global Warming Science 101, Droughts, Eli Tziperman

The End


