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(see Materials and Methods). We apply this framework to characterize
the chances of amegadrought defined by precipitation andmultiple soil
moisture metrics in output from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) multimodel ensemble (17), as well as a single-
model [Community Earth System Model (CESM)] “large” ensemble
(18). Although structural uncertainty and internal variability are con-
flated in the CMIP5 ensemble, diagnosis of a single-model ensemble
allows us to delineate the role of internal variability alone in shaping
future megadrought risk.
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RESULTS
We express megadrought risk as a two-dimensional (2D) PDF of both
changes in mean hydroclimate state (denoted ∆m, Materials and
Methods) and changes in hydroclimate variability (ds) relative to the
historical period (1951–2000). This framework reveals that risks are
dominated by changes in the mean state of a given hydroclimate vari-
able (∆m), although there are some exceptions, as seen in the shading of
Fig. 1 and fig. S1. For example, decreases in the mean (Dm < 0) can be
compensated by decreases in variance (ds > 1), maintaining lowmega-
drought risk in the light-colored triangle-shaped region of negative ∆m
(between the dark shading and the dashed line on all panels of Fig. 1).
Likewise, increases in hydroclimate mean values (Dm > 0) do not nec-
essarily correspond to lower megadrought risk if those changes are ac-
companied by increases in variance (dark gray shading to the right of
the dashed line on all panels in Fig. 1). Herein, we will adopt the
language of the IPCC to characterize probabilities (19): The black region
of the 2D PDF in Fig. 1 identifies areas where megadroughts are “vir-
tually certain” (>99% probability of occurrence), whereas the white
region shows combinations of mean state and variability changes that
would make these events “exceptionally unlikely” (<1% probability).
Note that the regions shaded in black depict probabilities in excess of
99.9%andhencewould correspond to a climate that is drier, on average,
than the worst droughts of the past 1000 years (7). For reference, mega-
droughts in the preindustrial era only occurred once or twice per mil-
lenniumon average (2, 8, 20); thus, without climate change, these events
would be “very unlikely” (0 to 10% probability) (8).

Although some studies have relied on precipitation alone to identify
prolonged drought or megadrought conditions (13, 21, 22), our results
show that this approach tends to underestimate risk in a changing cli-
mate (Fig. 1). On each panel, changes in normalized drought indicators
[annually averaged precipitation, June-July-August (JJA) soil moisture
at 2 m and 30 cm, and JJA Palmer Drought Severity Index (PDSI)] are
overlaid on the 2D PDF of megadrought risk, expressed again as a
function of ds and ∆m. We focus on JJA for soil moisture and PDSI
because it is the driest, hottest part of the year inmuch of the Southwest
and also for compatibilitywith paleoclimate reconstructions of JJA arid-
ity (7, 12). Bymidcentury (2051–2080), under a business-as-usual emis-
sions scenario, the “large ensemble” (LENS) from one model (CESM)
simulates increases in annual precipitation, which decreases mega-
drought risk according to estimates solely based on this variable (Fig.
1A, blue circles). TheCMIP5multimodel ensemble shows a similar pat-
tern, although (on average) regional annual precipitation decreases,
slightly increasing megadrought risk (Fig. 1B). Nonetheless, models
within the CMIP5 archive also support decreases in average normalized
annual precipitation of nearly one full SD and increases of more than
1 SD (Fig. 1B and fig. S1). These projected changes encompass mega-
drought probabilities that range fromvirtually certain (>99.9%) to excep-
tionally unlikely (<0.1%) if precipitation alone is used to assess its risk.
Ault et al., Sci. Adv. 2016;2 : e1600873 5 October 2016
Fig. 1. Megadrought risk estimates for the American Southwest shown with
model-projected changes in mean hydroclimate. (A to C) Megadrought risk esti-
mates for the American Southwest (shading) shown with model-projected changes
in mean hydroclimate under the RCP 8.5 (high emissions) scenario for (A) annual pre-
cipitation and JJA soilmoisture (PDSI, 30-cm soilmoisture, and 2-m soilmoisture) in the
CESM LENS, (B) annual precipitation from all CMIP5 models, and (C) JJA soil moisture
indicators derived from a 17-model subset of CMIP5 for which all variables needed to
compute these quantities were available (7). In all panels, the interquartile range of the
ensemble is shown (the full range is shown in the Supplementary Materials). Model-
based variables are normalized to unit variance over a historical reference period
(1951–2000) and compared with midcentury changes (2051–2080). The shading
shows the 2D PDF of megadrought risk for combinations of changes in the mean
(∆m) and variability (ds) of a normalized drought indicator time series [z′(t)].
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In contrast to precipitation, indicators of JJA soil moisture depict a
more consistent picture of drying (Dm < 0) and correspondingly higher
megadrought risks (orange symbols in Fig. 1, A and C). Most simula-
tions in both the CESM and CMIP5 ensembles plot into a region of the
megadrought risk PDFwhere events are virtually certain (>99.9% prob-
ability) bymidcentury (Fig. 1C and figs. S1 and S2).Note that Cook et al.
(7) estimated regional risks to be closer to 80% because that study
derived risks from the CMIP5 ensemble itself (which includes models
that simulate both low and high risks), whereas here we are plotting
where each ensemble member falls in the 2D megadrought PDF. The
contrasting estimates of risk between precipitation and soil moisture
hint at the role that temperature might play in elevating megadrought
probabilities by altering the mean regional moisture balance during cli-
mate change. They further imply that this tendency is generally
independent of the particular soil moisture metric targeted for analysis,
as also shown in earlier studies (7, 23).

Not all variables from all models plot into the portion of the 2DPDF
shown here (fig. S2). For example, onemodel (CanESM2) simulates av-
erage 2-m soil moisture conditions (∆m) that are approximately 3s
wetter by midcentury than over the historical period (1951–2000).
We therefore cannot completely rule out the possibility that moisture
will increase in deeper soil layers despite warming temperatures (22),
but this possibility is inconsistent with near-surface conditions in most
of the models, some of which support mean conditions far worse than
the worst years of drought during the historical period. Moreover,
Ault et al., Sci. Adv. 2016;2 : e1600873 5 October 2016
variables from four models (MIROC-ESM-CHEM 2-m soil moisture,
MIROC-ESM 2-m soil moisture, NorESM1-M 30-cm soil moisture,
andGFDL-CM32-msoilmoisture) fall to levels below−3s (muchdrier),
three of which are associated with the deep soil layer. Nonetheless, these
uncertainties motivate a closer look at the relative contributions of mean
temperature and precipitation change to regional megadrought risk.

Because changes in the mean state largely determine megadrought
risk (Fig. 1), the second 2D PDF that we consider (Fig. 2) is generated
using the JJA PDSI calculated from resampled and rescaled observa-
tional and reanalysis data over a wide range of plausible changes in
mean precipitation and temperature (Materials and Methods). These
values are “plausible” in the sense that they are supported by the range
of estimates derived from the CMIP5 ensemble (Materials and
Methods). This PDF shows a strong risk dependence on both variables,
with decreasing precipitation and/or increasing temperature linked to a
higher probability of megadrought (Fig. 2). At a constant temperature
relative to the 1951–2000 baseline (DT = 0), reductions in precipitation
are associated with increases in risk. Likewise, increases in temperature
elevate risk if precipitation is held constant (for example,DP= 0%). This
effect is stronger for higher regional temperature change, such that even
without any reduction in precipitation, the probability of megadrought
is close to 100% if Southwest temperatures rise by 5°C or more, a pos-
sibility encompassed by the CMIP5 multimodel distribution under
business-as-usual forcing (Fig. 2C). Moreover, the general characteris-
tics of this 2DPDF, including its strong dependence on temperature, are
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Fig. 2. Megadrought risk expressed as a function of bothmeanprecipitation and temperature for theAmerican Southwest comparedwith projected changes in temperature and
precipitation. (A)Megadrought risk expressedas a functionof bothmeanprecipitationand temperature for theAmericanSouthwest (shading) comparedwithprojectedchanges in temperature
andprecipitation (symbols) for twoscenarios: RCP2.6 (lowemissions,blue triangles)andRCP8.5 (highemissions, redcircles).CMIP5estimatesofchangeareexpressedas thedifferencebetweenthe
historical referenceperiod (1951–2000)andthemidcenturyaverage (2051–2080). Themegadrought risksurface (shading) is theaverageofall2DPDFscalculatedateachgridpoint in theSouthwest
for each combination of temperature and precipitation change. JJA PDSI is used as the reference normalized drought indicator time series [z′(t)]. The vertical dashed line marks no change in
precipitation. (B)Marginaldistributionofprecipitationchange inCMIP5models, binnedat 5% intervals from−30 to+30%ofhistorical climatology. (C)Marginal distributionof temperature changes,
binned at 0.5°C intervals from zero to six.
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robust even if temperature and precipitation only change during certain
seasonal windows (fig. S3).

Model-based projections of mean Southwest temperature and pre-
cipitation change are plotted as symbols in Fig. 2A (model IDs are
provided in fig. S1). Becausemegadrought risk largely depends on these
mean changes, we evaluate the effect of climate mitigation on mega-
drought risk. We consider the two experiments that bracket a large
number of possible mitigation outcomes from the “low-emission” Rep-
resentative Concentration Pathway 2.6 (RCP 2.6) (blue triangles) to the
“high-emission”RCP8.5 (orange circles) scenarios.Marginal distributions
of mean precipitation and temperature change from the CMIP5 archive
are also shown in Fig. 2 (B and C, respectively). There is clearly more am-
biguity about the direction and magnitude of precipitation change in the
Southwest as compared to temperature: The distribution of RCP 2.6 pre-
cipitation is nearly unchanged from the historical period (median precip-
itation change of +0.7%),whereas theRCP8.5 scenario is onlymoderately
drier (median of −3%), albeit with greater spread (Fig. 2, A and B).

In contrast to precipitation, the temperature distributions are uni-
versally of the same sign (positive), but the RCP 2.6 and RCP 8.5 scenar-
ios are distinct from one another (Fig. 2C). It is clear that the combined
projections of DT and DP from the two scenarios do not overlap appre-
ciably because RCP 8.5 projects a higher regional temperature change
than RCP 2.6. These warmer temperatures shift the entire RCP 8.5
distribution into a region of the 2D PDF where megadrought risks
are much higher. Even in the case where one model (CanESM2; fig.
S2) predicts a 30% increase in precipitation, this amount is insufficient
to overcome the effects of higher temperature—the projection still plots
into a region of elevated megadrought risk (30 to 40%) despite the pre-
cipitation increase. On the other hand, some RCP 2.6 simulations proj-
ect a net increase of precipitation (blue triangles to the lower right of the
gray shading in Fig. 2A), and these simulations map onto a region of
megadrought risk that is either similar to (5 to 10%) or lower than
(<1%) the preindustrial period (8). This reduction in risk occurs largely
Ault et al., Sci. Adv. 2016;2 : e1600873 5 October 2016
because increases in precipitation are accompanied by onlymodest tem-
perature shifts that stay below 2°C.

In Figs. 3 and 4, we further highlight the role that temperature plays
in “loading the dice” to make megadroughts more probable through its
effect on themoisture balance of the region. In Fig. 3,megadrought risks
estimated for fixed values of mean precipitation change are shown with
the median temperature increases simulated by RCP 2.6 (1.9°C) and
RCP 8.5 (4.5°C) over the period 2051–2100 compared to 1951–2000.
Here, we focus on the second half of the 21st century to emphasize
the outcomes ofmitigation onmean regional temperature. Two features
of Fig. 3 are important to note. First, unlessmeanprecipitation increases,
megadroughts are likely (>66% probability) to occur for a regional tem-
perature change above 2°C (dashed line). Second, median regional
warming simulated for RCP 8.5 (4.5°C; dotted line) would make mega-
droughts very likely (>90% probability) by the end of the century if
average precipitation does not increase. This risk remains above 50%
unless precipitation increases by 10 to 20%, which is not typical of
models in the CMIP5 archive. These estimates of risk would be even
higher, and the required increases in precipitation would be even
greater, if regional warming exceeds 4.5°C, which itself is a possibility
supported by many of the individual model simulations (Fig. 2C).

Whereas the estimates above are based on the average 2D PDFs of
megadrought risk for the entire American Southwest, our approach
allows us to make similar estimates for each grid point in the domain
(Fig. 4, A to C). These estimates are not based on CMIP5 output but
instead are derived from probabilistic modeling of megadrought risk
as a function of rescaled historical temperature and precipitation cli-
matologies. Our results clarify the effects of these two variables on PDSI
throughout the region. For temperature change below 1° and no change
in precipitation, most of the domain is exposed to levels of risk below
20% (yellow regions in Fig. 4, A to C). As temperatures reach 2°C and
above, increasing fractions of the domain see megadrought risks above
90%, with nearly the entire domain doing so at 6°C of warming.
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Fig. 3. Megadrought risk estimates for fixedmean precipitation changes, shown as a function of mean annual temperature and comparedwith CMIP5 projections of
meanwarming from2051 to2100 compared to1951 to2000.Contours show risks for constant levels ofmeanprecipitation change (DP), derived from the 2DPDF in Fig. 2. The
dashed lines denote themedianwarming (again comparing 2051–2100 to 1951–2000) fromRCP 2.6 (1.9°C) and RCP 8.5 (4.5°C) and their corresponding risks assuming no change
in precipitation (DP = 0%).
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For each warming threshold in Fig. 4 (A to C), we have also cal-
culated the amount by which precipitation would need to increase to
keepmegadrought risks below 50% (Fig. 4, D to F, blue shading). For
levels of warming below 2°C, most of the region would only need
modest (<10%) increases in precipitation to keep megadrought risk
levels under this threshold. As warming reaches 4°C, increases of 10
to 30% are needed throughout Nevada and the four-corner region,
and at 6°C, these required increases reach 40 to 50%. For reference,
the changes in precipitation projected by the RCP 8.5 CMIP5 multi-
model ensemble mean at each level of warming (for example, 2°, 4°,
and 6°C) are shown in contours on Fig. 4 (D to F). These projected
precipitation changes are negative (dashed contours) for much of the
domain, with the CMIP5 ensemble average predicting a 5 to 15% re-
duction in precipitation in the southernmost areas considered here for
levels of warming between 2° and 6°C. Furthermore, projected precip-
itation change is close to zero, on average, in regionswhere a 40 to 50%
increase is needed to keep risks below 50% by the end of the century
when warming levels approach 6°C.
DISCUSSION
Our findings have important implications for both mitigation and
adaptation.With regard to mitigation, the dependence of megadrought
Ault et al., Sci. Adv. 2016;2 : e1600873 5 October 2016
risk on mean temperature highlights a relative advantage of keeping
GHGemissions low. In a business-as-usualworld (RCP8.5), rising tem-
peratures alone are sufficient todrivemegadrought risks tounprecedented
levels. On the other hand, if regional warming remains below 2°C, mega-
drought risks will correspondingly remain below 66% for a wide range of
precipitation changes [for example, below the IPCC-defined threshold for
likely (19)]. Further emission reductions, and hence smaller temperature
increases, would have even greater benefits in reducing megadrought
risks, thus highlighting the fact that global efforts aimed at mitigating cli-
mate change through GHG emission reductions will also help minimize
prolonged drought probabilities (24).

Our results also provide insight into howmuch additional moisture
supply is needed in the Southwest on average to keepmegadrought levels
below certain thresholds. In our case, we again focus on the 50% thresh-
old, though, in principle, this could be lowered.We find that even for this
fairly high tolerance of risk, most of the region would need to see at least
a 40 to 50% increase in precipitation (Fig. 4, D to F, shading), which,
according to the CMIP5 projections, is unlikely for the area (Fig. 4, D
to F, contours) (8, 25). A constellation of adaptation policies, such as
demand reduction and increased efficiency strategies, interbasin water
transfers, shifts to groundwater reliance, increased surface irrigation,
and other management measures, could serve to offset some of this
increased moisture requirement. However, the feasibility, sustainability,
Fig. 4. Maps of megadrought risk for the American Southwest under different levels of warming, and the required increase in precipitation to compensate for that
warming. (A toC) Maps ofmegadrought risk for the entire American Southwest domain at constant (historical) precipitation climatology (DP= 0%) and various levels ofwarming.
These estimates are based on theMonte Carlo procedure of observational and reanalysis data, not on CMIP5 (seeMaterials andMethods). (D to F) Increases in precipitation (blue
shading) needed to maintain megadrought risks below 50% for different levels of regional warming. Contours map the projected changes in precipitation derived from the
multimodel CMIP5 mean and are shown for reference at each level of temperature change.
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