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Recently the Southwest has experienced a spate of dryness, which
presents a challenge to the sustainability of current water use by
human and natural systems in the region. In the Colorado River
Basin, the early 21st century drought has been the most extreme
in over a century of Colorado River flows, and might occur in any
given century with probability of only 60%. However, hydrological
model runs from downscaled Intergovernmental Panel on Climate
Change Fourth Assessment climate change simulations suggest
that the region is likely to become drier and experience more
severe droughts than this. In the latter half of the 21st century
the models produced considerably greater drought activity, particularly in the Colorado River Basin, as judged from soil moisture
anomalies and other hydrological measures. As in the historical
record, most of the simulated extreme droughts build up and persist over many years. Durations of depleted soil moisture over the
historical record ranged from 4 to 10 years, but in the 21st century
simulations, some of the dry events persisted for 12 years or more.
Summers during the observed early 21st century drought were remarkably warm, a feature also evident in many simulated droughts
of the 21st century. These severe future droughts are aggravated
by enhanced, globally warmed temperatures that reduce spring
snowpack and late spring and summer soil moisture. As the climate
continues to warm and soil moisture deficits accumulate beyond
historical levels, the model simulations suggest that sustaining
water supplies in parts of the Southwest will be a challenge.
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ersistent dry conditions have generally prevailed in the Southwest during the early years of the 21st century (1), after wetter
than normal conditions in the preceding years. Such droughts
have substantial impacts on the humans, animals, and plants
inhabiting the Southwest, and call into question whether we
can sustain the water resources that we have come to depend
upon in the 20th century. This study uses high resolution
(1∕8° × 1∕8°) hydrological model simulations, driven by observed
and downscaled global climate model meteorological fields, to
investigate the region’s droughts. Our goals are to place the
21st century drought into the context of the 20th century, and
determine how Southwest drought is likely to change from its
20th century patterns in the future.
The Southwest’s hydrology is marked by strong variability on
seasonal to multiannual time scales, reflecting its sensitivity to
fluctuations in large scale atmospheric circulation patterns.
Preinstrumental paleoclimate records indicate that periods of
extreme dryness have occurred sporadically during the last
millennium (2, 3), so the 21st century drought is far from unprecedented. Some of the most prominent of these prehistoric
droughts occurred in the midst of anomalously warm conditions,
perhaps in similar fashion to the recent early 21st century
drought. A protracted period of such dry conditions is likely to
make currently scheduled water deliveries from the Colorado
River unsustainable in the future, and have other significant
impacts on the Southwest’s inhabitants (4, 5).
www.pnas.org/cgi/doi/10.1073/pnas.0912391107

Although the recent drought may have significant contributions from natural variability, it is notable that hydrological
changes in the region over the last 50 years cannot be fully
explained by natural variability, and instead show the signature
of anthropogenic climate change (6–9). GCM projections show
reduced precipitation over many lower midlatitude continental
regions, including the Southwest, as the climate warms from
greenhouse gases (10–13). The obvious question is whether
the 21st century drought is the harbinger of things to come.
Besides having enormous economic and societal consequences,
drought has considerable effects upon ecosystems. An epidemic of
conifer tree die-offs in western US forests has been provoked by
severe dryness and insect infestation, evidently exacerbated by
warmer temperatures in both the growing and cool seasons
(14–16). An increase in the number and areal extent of wildfire
in middle elevation forests (17) has been attributed to an advance
in spring snowmelt and warmer spring and summer temperatures.
Likely warming and possible drying of the climate in future
decades is projected to increase the occurrence and impact of
wildfires over much of the Southwest (18). All these applications
motivate a detailed examination of Southwest droughts.
Data and Models
We use observed temperature and precipitation to force the
Variable Infiltration Capacity (VIC) hydrological model on a
1∕8° × 1∕8° grid across the western US. This allows us to analyze
VIC’s estimates of key hydrological fields, such as soil moisture,
that are poorly observed over the historical time period. VIC
has been shown to produce realistic simulations of the hydroclimate’s mean and variability in this region (8, 19, 20). We will refer
to these estimates as VIC-OBS. SI Text (sections S1 and S2) contains details on the hydrological modeling process.
We use twelve global climate models (GCMs) used in the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (10, 11) to investigate effects of climate change
on the Southwestern United States. The full list of models is given
in SI Text (section S3). We further analyze the output of two of the
twelve models, Geophysical Fluid Dynamics Laboratory (GFDL)
CM2.1 and Centre National de Recherches Météorologiques
(CNRM) CM3. These two models produce temperature and
precipitation simulations falling within the larger ensemble of
changes from the set of 12 GCMs, and were among the few models that provided the continuous daily output necessary to drive
VIC. More information on the simulation quality of these models
is given in SI Text (section S3). We statistically downscale the
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GFDL CM2.1 and CNRM CM3 meteorological output fields to
the same 1∕8° × 1∕8° grid as the observations, using the method
of constructed analogues (8, 21). We apply the models’ downscaled meteorological fields to VIC to produce gridded estimates
of soil moisture and runoff, which we term VIC-MOD. This
method provides a consistent treatment between the models
and observations when analyzing the hydrological fields.
Warming in the CNRM and GFDL simulations ranges from
about 2– 4 °C by the latter half of the 21st century (Fig. S1A).
Southwest precipitation changes little in the CNRM simulations,
and declines in the GFDL simulations (Fig. S1B). These changes
are representative of precipitation trends from the full set of
IPCC models (10, 11), which show broad scale drying over
lower midlatitude continental regions. The model simulation period used here is 1950–2100. We analyze in terms of water years,
so, for example, “water year 2000” means October 1999 through
September 2000. Projected 21st century hydrological conditions
over the 21st century are evaluated with respect to historical and
model simulated conditions within the 1951–1999 water year
period. We used the IPCC Special Report on Emissions Scenarios
(SRES) A2 and SRES B1 greenhouse gas emissions scenarios,
representing medium high and moderately low emissions and
associated global climate warming (10, 11).
We consider the Southwest to include the region from
California to the eastern divide of the Rocky Mountains, and
from the headwaters of the Colorado River in the central Rocky
Mountains south to the Mexican border (Fig. 1). Although this
region extends somewhat farther westward and northward than
some traditional definitions of the Southwest, we included the
California region together with the Great Basin and Colorado
River basin because, to first order, the major arid portions of
these three subregions have similar climate (22). They also have
a moderate tendency for dry conditions to coincide (23; Table S1
and Fig. S2A). Finally, California and Nevada draw part of their
water supply from the Colorado River, adding to the interdependency of resources across the three regions.

have their own list of extreme drought years—for example,
California has the strongest dryness in the 1930s and Colorado
in the 1950s (Table S2).
Three of the 11 extreme drought years we identified have
occurred since the 21st century began: water years 2002, 2007,
and 2008 (Table S2). The early 21st century drought started in
water year 2000 with exceptionally warm temperatures across
virtually the entire West, and precipitation in the 30th percentile
or lower over most of the interior away from the Pacific coast.
Even lower precipitation values were seen in the same general
region in water year 2002, with a large swath from western Kansas
through Colorado, Utah, Arizona, southern Nevada, and southern California receiving precipitation in the 20th percentile or
below. Although temperatures peaked in water year 2000, they
continued elevated almost every year through 2007, and were
again warm in 2009. The last time water year averaged temperatures were >1 °C colder than usual across most of the western
United States was in 1993, 16 years ago, although such cold years
were experienced regularly before 1985.
For the Southwest as a whole, VIC-OBS estimated extreme
drought years are clustered in the early 1930s, late 1950s and
early 1960s, late 1980s and early 1990s, and in the late 2000s.
The extreme dry years in the 20th century almost always have
occurred in the midst of longer dry periods, in which droughts
build up and subside over multiple years. The durations of these

Results
Most Extreme Droughts, 1916–2008. We use VIC-OBS to identify

extreme droughts: water years when the area-averaged soil moisture falls below the 10th percentile of the 1951–1999 historical
period. There are 11 such years over 1916–2008, both in the
Southwest as a whole and within each of the three subregions.
Area-averaged soil moisture in VIC-OBS is calculated as the total
amount of moisture in the soil at a point divided by the maximum
capacity at that point, averaged over the region. We also tried
total (nonnormalized) moisture in the soil over the region, and
found the list of dry years little different. Individual subregions

Fig. 1. The study area consists of three regions: California, Great Basin, and
Colorado River Basin. Together these are called the “Southwest.”
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Fig. 2. Duration of dry intervals associated with extreme drought, as simulated by the VIC hydrological model. (A, Upper) From VIC forced by observed
temperature and precipitation (VIC-OBS), 1915–2008. (B, Lower) From VIC
forced by the CNRM (Light) and GFDL (Dark) global models under the SRES
A2 emissions scenario (VIC-MOD). Years advance upward. In some cases these
intervals include two or more of the extreme drought years. Period before/
after each drought extreme was defined by the end /beginning of the first
6 month consecutive spell having unbroken negative soil moisture anomalies.
In some cases these intervals include two or more of the extreme drought
years. The duration of the 2007 dry spell is a minimum estimate because
it was still not broken at the end of the dataset in December 2008.
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Hydrological Characteristics of Southwest Droughts. Fig. 3 shows
composite anomalies of selected hydrological measures for the
11 extreme dry years, using an extended sequence of 48 months.
The sequence begins 2 years before the extreme dry year and continues through 1 year after. On average, annual runoff aggregated
over the Southwest dropped to 63% of its historical norm during
the peak drought year. The composite also shows that 2 years and
1 year prior to the peak dry year, annual runoff averaged 85% and
81% of the 1951–1999 water year average, whereas the year after
the extreme drought year, composite runoff had only recovered
to 80% of average.
The most recent dry spell, with extreme dryness in 2007, is
evaluated below specifically for the Colorado River flow at Lees
Ferry. It is also shown for the Southwest as a whole in Fig. 3 as the
brown line. Over the larger region the episode does not have an
unusual precipitation deficit, which is close to the average during
2006 and turns dry during the 2007 water year. Runoff, however,
is below average extreme dry levels. Notably, the warmth of the
recent drought is exceptionally strong and consistent, with a spell
of positive temperature anomalies that is nearly unbroken from
2005 through the end of 2008.

Fig. 3. Composite Southwest-area aggregated monthly anomaly of
temperature, precipitation, snow water equivalent, runoff, and soil moisture
beginning October, two years prior to the extreme drought year through
September, and one year after the extreme drought year. Composites are
average anomalies over the 11 historical drought cases. Composite anomalies
(Circles) are calculated from 1951–1999 average monthly climatology, and
those which are significant at the 95th percentile are colored. Vertical
whiskers extend from the 5th percentile to the 95th percentile of the samples
in the composite population. Anomalies that occurred before, during, and
after the 2007 dry spell are shown by the solid brown line.
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Drier Soils and Warmer Summer Temperatures. During drought
events, warm summer temperature anomalies blanket the whole
Southwest and spread over much of the conterminous United
States (Fig. S2B). Monthly mean temperature anomalies in
drought summers range from þ0.5 °C to þ1 °C (Fig. 3). Averaged
over the water year during the extreme droughts, minimum temperatures (Tmin, usually nighttime) were 0.3 °C above average
whereas maximum temperatures (Tmax, usually daytime) over
the Southwest were 0.8 °C above the 1951–1999 average. The
composite Tmin temperature anomaly approached 1 standard
deviation whereas that for Tmax exceeded 1 standard deviation
of the annual temperatures over the Southwest.
This linkage is also present with a strong degree of statistical
confidence in the downscaled CNRM and GFDL simulations
(p < 0.05), demonstrated when we stratify the years when
VIC-MOD soil moisture or precipitation is below average vs.
above average. It should be noted that CNRM was one of the
models that registered the lowest degree of temperature change
from wet to dry, although this model has demonstrated a strong
degree of temperature response during dry continental high
pressure regimes (24). The association of drier soils with warmer
summer temperatures is found in most of the 12 GCM historical
20th century sequences and 21st century climate change simulations (Fig. S3).
Amplified Droughts Under Climate Warming. The Southwest
becomes more arid over the 21st century in the CNRM and
GFDL model simulations, as judged by changes in VIC-MOD’s
regional aggregate snow pack and soil moisture (Fig. 4 for CNRM
only, and Fig. S4), with associated deficit precipitation and
reductions in runoff.
The occurrence of years with April 1 snowpack low enough to
qualify as being below the 10th percentile (based on the 1951–1999
historical period) changes little during the first half of the 21st
century in VIC-MOD, but these very low snow years increase
by 2.5–5 times during the last half of the 21st century, consistent
with several previous regional climate change studies (25). Conversely, as climate warming advances, years with spring snowpack
exceeding even the average historical value occur less and less
often. Accompanying the loss of spring snowpack, years with
extremely low early summer soil moisture occur more than
twice as often during the second half of the 21st century (Fig. 4,
Lower Panel).
The depletion of soil moisture during dry events in VIC-MOD
is both prolonged and magnified during the second half of the
21st century (Fig. 2B and Fig. S4). Composites of soil moisture
anomalies show progressive deficits in years both preceding and
following peak drought years (Fig. S5). The number of extreme
PNAS ∣ December 14, 2010 ∣
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Fig. 3, a composite over the 11 extreme drought cases, shows
that precipitation shortages often accumulate over many months
in advance of the gravest drought conditions and persist over
multiple years. Greatest precipitation shortfalls occur during
the winter months when precipitation is normally at its maximum,
but the composite shows that precipitation deficits may also occur
during the fall and spring as the North Pacific storm season is
transitioning from or to its summer inactive state. The below
average precipitation gives rise to below average soil moisture;
runoff responds directly to these conditions, with the composites
showing largest reductions during the core drought year, but also
negative anomalies during the prior buildup and subsequent persistence of low soil moisture conditions. Greatest soil moisture
deficits occur in May and June, the period when soil moisture
normally begins a rapid decline to low summer levels in the
Southwest. Composited over the 11 extreme drought years, the
aggregate Southwest precipitation was reduced to 77% of its
1951–1999 average, April 1 snow water equivalent was reduced
to 50%, and runoff was reduced to 63%.
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prominent historical dry spells, based upon the time when Southwest-averaged soil moisture dropped and stayed below average
for at least six months as an indicator of dry conditions, are shown
in Fig. 2A. The duration of dryness surrounding the spell’s peak
summer drought has ranged from 47 to 123 months.
The dry spells projected over the 21st century through the lens
of the CNRM and GFDL simulations, calculated using VICMOD, are shown in Fig. 2B. The incidence of extreme drought
during the first half of the 21st century is little changed in either
model or SRES scenario. But by the second half of the 21st century, the number and duration of extreme dry events increases
markedly, with most of the projected dry spells lasting longer than
5 years and in three cases exceeding 150 months—more than
12 years.

the amplified soil moisture deficit compared to precipitation
deficit.

Fig. 4. Southwest region April first snow water equivalent (mm) (Upper)
and June soil moisture (% of 1951–1999 average annual values) (Lower) from
VIC simulation of the CNRM CM3 GCM for 1950 to 2100. Climate change
period (2000–2100) from scenarios SRES A2. Extremely dry years are indicated
by red bars that mark years when April 1 SWE or June soil moisture is lower
than the 10th percentile of the historical (1951–1999) period (18.0 mm).

drought years in the two models, determined using the same
criteria as for the observed cases, showed no change or actually
decreased during the 2000–2049 period, but increased from 5
events during the climatological period to 6 and 9 (SRES B1)
and 9 and 13 (SRES A2) during 2050–2099 (Table 1). During
the extreme droughts, the relative deficit in soil moisture grows
larger, and also grows in comparison to the deficit in precipitation, as judged by standardized precipitation and soil moisture
anomalies shown in Fig. 5A. Over the historical period, the
annual precipitation anomalies during drought are about 1.3
standard deviations below their climatological mean, whereas
VIC-OBS and VIC-MOD soil moisture anomalies for extreme
droughts are approximately 1.5 standard deviations below their
climatological mean. But by end of 21st century, the soil moisture
deficits range from 1.7 to more than 2 standard deviations below
the mean. Because average precipitation anomalies during a
drought do not change as much for the late 21st century, we
conclude that more of the water budget is being consumed by
other processes, probably evapotranspiration, which results in
Table 1. Southwest drought year counts from simulations. A
drought year is defined when southwest aggregate soil moisture
falls below its historical 1951–1999 10th percentile value. Climate
change period soil moisture from VIC hydrologic simulations forced
by results from GCMs CNRM CM3 and GFDL CM2.1. Climate change
simulations from two global greenhouse gas scenarios SRES A2 and
SRES B1.
Counts of extreme droughts, climate simulations

CNRMCM3
GFDLCM2.1
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SRESA2
SRESB1
SRESA2
SRESB1

Historical
1951–1999

Projected early
period
2000–2049

5
5
5
5

3
2
5
4
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Projected late
period
2050–2099
9
6
13
9

Recent Drought in the Colorado Basin—Could it get Worse? The
increasing duration and severity of drought conditions we
have described could have a particularly deleterious effect on
Colorado River water supplies. Because the water in the river
is already completely allocated, this leads to questions of whether
those allocations are sustainable. Is the early 21st century drought
on the Colorado River unusual or can we expect others like it in
the future?
Some droughts are short and intense whereas others are less
deep but persistent. From the point of view of a reservoir system,
it is the total deficit in flow over some period that matters. With
this drought indicator in mind, we used a stochastic Colorado
River flow model to estimate flow conditions at Lees Ferry over
2000 realizations of the last 100 or so years. The realizations were
generated by Fourier transforming the observed flow, randomizing the phases, and transforming back; the result shows good
agreement with both historically observed flow and paleoclimate
estimates from tree rings (26). The various realizations were then
used to estimate the probability of observed drought sequences
over the last 100 þ years. Were any of them “unusual?”
From the 2000 realizations, we calculated the accumulated
deficit in flow over N years, taking N from 1 to 10. The deficit
is calculated relative to what the total flow would have been if
the simple mean flow over the historical period had gone down
the river each year. For example, if the mean flow is
18 × 109 m3 ∕year (billion cubic meters per year, or bcm∕year)
and the 5-year running mean in year 1960 is 14 bcm∕year, then
the accumulated deficit in 1960 for N ¼ 5 years is 5 ð18 − 14Þ ¼
20 bcm.
Fig. 5B shows the accumulated deficit in Colorado River flow
as a function of N for the historical period, 1906–2008. Each year
is shown as a dot, plotted at the value of N that gives the largest
accumulated deficit. The observed early 21st century drought is
highlighted in red. Gray shading indicates the region that will
contain the worst drought of the century 2∕3 of the time, calculated from the 2000 realizations. There is a 1∕3 chance of a
drought worse than shown (i.e., falling below the shading), but
essentially no chance (p < 0.005) of the worst-in-century drought
being better. The early 21st century drought falls squarely in this
region (p ∼ 0.6). Other details on the figure are given in SI Text
(section S4).
An alternative explanation for the occurrence of this severe
drought in recent times could be the initial impacts of global
warming described above. Indeed, most studies predict a reduction Colorado River flow as warming impacts intensify (see ref. 5
for a list). The effects of this warming have been detected in the
hydrological cycle of the western United States (6–9). The green
hatched region in Fig. 5B shows ensemble-averaged estimates
from VIC-MOD of where the worst drought of the century will
likely fall, using the SRES A2 scenario and model-projected flow
from 2050–2099. The models suggest the early 21st century
drought will become commonplace in the future, and that the
worst drought of the century will be much more severe than
we have experienced since measurements began.
The climate model simulations indicate that there may be
substantial differences in the amount of drying across the broad
Southwest region. These differences are confirmed when this
analysis is repeated for flow in the Sacramento River above Bend
Bridge, whose watershed lies in the northernmost California
portion of our domain. First, flows are not unusually low in
the early 2000s, unlike the Colorado River result (Fig. S6).
Second, the climate change shift is toward wetter conditions,
not drier. Thus it appears that only certain core areas, such as
the Colorado basin, could experience harsher droughts.
Cayan et al.
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At this point, it is not possible to say which mechanism
(chance or warming) is responsible for the observed dryness in
the Colorado basin during the first years of the 21st century.
But whichever it is, the clear message is that a drought equally
severe is quite likely to reoccur during the rest of the 21st century.
Discussion
The early 21st century drought is an example of the kinds of
droughts the Southwest United States is prone to. Such droughts
have a tendency to take on large southwest footprints, although
both observations and climate model simulations display different degrees of dryness in California, the Great Basin, and the
Colorado basin. This is true for the early 21st century drought
as well, which is more severe in the Colorado basin than in
California. As quantified by the VIC hydrological model, the
most extreme drought years throughout the instrumental record
have tended to build up and finally abate over an extended
multiyear period. Historically, and especially during the early
21st century, observed Southwest droughts have been exacerbated by anomalously warm summer temperatures. This tendency
may continue—several different 21st century climate model
simulations suggest that dry years will experience anomalously
warm summer temperatures, even above and beyond the warming
trend in the Southwest.
The recent drought in the Colorado basin has seen the lowest
accumulated deficit in flows at Lees Ferry in over a century of
measurements, and has only a 60% chance of occurring in a
century. However, given the amount of natural variability in
the region’s runoff, the current drought is not outside the realm
of droughts likely to be encountered due to natural variability.
Downscaled climate model projections show longer and more intense future droughts in the Colorado basin, and a high likelihood
of worst-in-century droughts with multiyear flow deficits that ex1. MacDonald GM, et al. (2008) Climate warming and 21st century drought in southwestern North America. Eos Transactions, American Geophysical Union 89(9):82–83.
2. Cook ER, Woodhouse C, Eakin CM, Meko DM, Stahle DW (2004) Long-term aridity
changes in the western United States. Science 306:1015–1018.
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ceed any in the observational record by 60–70%. If these climate
scenarios materialize, we will have to prepare for deeper and
historically more unusual water shortages, and the sustainability
of current water deliveries from the Colorado River will become
problematical.
In summary, a view from a small, but representative selection
of climate simulations downscaled to 1∕8° × 1∕8° and applied to a
hydrological model suggests a future where drought becomes
more extreme by the mid to late 21st century. Inevitably, there
will be precipitation shortages, and during these times, the resulting hydrological drought is aggravated by a trend toward much
less snowpack, warmer temperatures (especially in summer)
and diminished runoff and soil moisture.
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Fig. 5. (A, Left) Composite of water year precipitation and water year soil moisture (Red) anomalies associated with extreme negative soil moisture anomalies
for Southwest from historical observation and simulated climate input from CNRM CM3 and GFDL CM2.1 GCMs SRES A2 emission scenario—historical period
1951–1999, early 21st century 2000–2049 period, and late 21st century 2050–2099 period. In the figure, precipitation and soil moisture composites are shown
side by side. For climate model simulation, composites from CNRM CM3 are shown first, and then from GFDL CM2.1, for each time epoch. (B, Right)
Accumulated deficit in flow [10**9 m**3, or billions of cubic meters(bcm)] on the Colorado River at Lees Ferry, relative to the mean flow observed over
the period 1906–2008. Deficit is calculated in N-year running means (X axis). The 21st century drought is shown in red; other years are shown as black dots.
Gray shading indicates where, 2∕3 of the time, the worst drought of the century should fall; the green hatched region shows the same thing for the end of this
century, estimated from downscaled climate models. The right hand axis additionally shows values in millions of acre-feet (maf). See text for details. (For
Sacramento at Bend Bridge, see Fig. S6).
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