VOLUME 35 JOURNAL OF CLIMATE 1 FEBRUARY 2022

CMIP6 Model-Projected Hydroclimatic and Drought Changes and Their Causes in the
Twenty-First Century?

TIANBAO ZHAO* AND AIGUO DAI®

@ Key Laboratory of Regional Climate-Environment Research for Temperate East Asia, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing, China
® Department of Atmospheric and Environmental Sciences, University at Albany, State University of New York, Albany, New York

(Manuscript received 10 June 2021, in final form 1 November 2021)

ABSTRACT: Drought is projected to become more severe and widespread as global warming continues in the
twenty-first century, but hydroclimatic changes and their drivers are not well examined in the latest projections from
phase 6 of the Coupled Model Intercomparison Project (CMIP6). Here, precipitation (P), evapotranspiration (E), soil
moisture (SM), and runoff (R) from 25 CMIP6 models, together with self-calibrated Palmer drought severity index
with Penman-Monteith potential evapotranspiration (scPDSIpm), are analyzed to quantify hydroclimatic and drought
changes in the twenty-first century and the underlying causes. Results confirm consistent drying in these hydroclimatic
metrics across most of the Americas (including the Amazon), Europe and the Mediterranean region, southern Africa,
and Australia, although the drying magnitude differs, with the drying being more severe and widespread in surface
SM than in total SM. Global drought frequency based on surface SM and scPDSIpm increases by ~25%-100%
(50%-200%) under the SSP2-4.5 (SSP5-8.5) scenario in the twenty-first century together with large increases in
drought duration and areas, which result from a decrease in the mean and flattening of the probability distribution
functions of SM and scPDSIpm, while the R-based drought changes are relatively small. Changes in both P and E con-
tribute to the SM change, whereas scPDSIpm decreases result from ubiquitous PET increases and P decreases over
subtropical areas. The R changes are determined primarily by P changes, while the PET change explains most of the E
increase. Intermodel spreads in surface SM and R changes are large, leading to large uncertainties in the drought
projections.

SIGNIFICANCE STATEMENT: Drought may become more severe and widespread under greenhouse gas
(GHG)-induced global warming in the twenty-first century based on model projections. However, there are still
large uncertainties in projected future drought changes, especially regarding the extent to which drought changes
depend on drought indices and the future emissions scenarios analyzed. The latest projections from CMIP6 models
reaffirm the widespread drying and increases in agricultural drought by up to 200% over most of the Americas
(including the Amazon), Europe and the Mediterranean region, southern Africa, Southeast Asia, and Australia
under moderate-to-high emissions scenarios in the twenty-first century, despite large uncertainties in individual
projections partly due to internal variability. Ubiquitous increases in atmospheric demand for moisture under ris-
ing temperatures and precipitation decreases over many subtropical regions are the main driver of the projected
drying and drought increases.
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1. Introduction (Dai et al. 2018). Historical records of precipitation, stream-
flow, and observation-derived drought indices all show
increased aridity since 1950 over Africa, southern Europe,
East Asia, eastern Australia, northwest Canada, and southern
Brazil (e.g., Dai 2011a,b, 2013a, 2021; Dai and Zhao 2017),
although some of the regional drying trends may be related to
internal multidecadal climate variability (Dai 2021). Model-
simulated soil moisture, runoff, drought indices, and precipi-
tation minus evaporation (P — E) suggest increased risk of
drought over most land areas in the twenty-first century under
greenhouse gas (GHG)-induced global warming (e.g., Wang
Asuonl alint . Jated to thi . lable at 2005; Burke et al. 2006; Burke and Brown 2008; Sheffield and
i strlementl oo lted s ppcr S SIS AL oo 2008, Da 201 11 2013 Wehneret al. 2011 Tylorc
0442.51. 2013; Fu and Feng 2014; Prudhomme et al. 2014; Cook et al.

2014, 2015, 2018, 2020; Dai et al. 2018; Zhao and Dai 2015,

2017; Berg and Hall 2017; Berg et al. 2017; Zhang et al. 2019),
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Drought is among the most damaging natural hazards,
often causing severe losses to agriculture, ecosystems, and
human societies (Easterling et al. 2000; Dai 2011a; Giorgi et al.
2018). Drought can persist for a period of weeks or longer
with reduced precipitation and is often intensified through a
positive feedback loop, in which dry soils and diminished veg-
etation cover can further suppress precipitation through
reduced evapotranspiration and enhanced surface warming
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and increased atmospheric demand for moisture due to increased
water vapor pressure deficit under rising air temperatures (Scheff
and Frierson 2014; Zhao and Dai 2015; Dai et al. 2018). How-
ever, there are large uncertainties in the projected drought and
other hydroclimatic changes over the twenty-first century, partly
because of large internal variability (Dai et al. 2018) and a wide
range of responses to rising GHGs among global climate models
associated with different model physics and varying emissions
scenarios (Knutti and Sedlacek 2013; Cook et al. 2014, 2018,
2020; Berg et al. 2017; Dai et al. 2018; Vicente-Serrano et al.
2020). In particular, the key drivers of the projected hydrocli-
matic and drought changes are not well understood, as most
studies focused mainly on quantifying the changes, rather than
the underlying physical processes.

Many studies show that large increases in evaporative
demand for moisture or potential evapotranspiration (PET) are
a major driver for increased aridity (Feng and Fu 2013; Fu and
Feng 2014; Scheff and Frierson 2014, 2015; Cook et al. 2014;
Zhao and Dai 2015), whereas drought indices based on precipi-
tation alone (such as the standardized precipitation index, SPI)
or P — E cannot account for the increasing evaporative demand
in a warming climate. Thus, it is necessary to use those drought
indices that include the effect of PET, such as normalized soil
moisture content, runoff, and the improved Palmer drought
severity index (PDSI; Palmer 1965; Dai 2011b), to quantify
drought changes under global warming (Dai 2011a). The ubig-
uitous PET increase over global land results mainly from
increased vapor pressure deficit under rising surface air temper-
atures (Scheff and Frierson 2014, 2015; Zhao and Dai 2015) and
small decreases in surface relative humidity over land (Chen
et al. 2020). Over many subtropical areas, such as southern
Europe and southwest North America, reduced precipitation
further increases the risk of drought greatly, and the subtropical
precipitation decrease is attributed to increased drying by subsi-
dence due to increased vertical gradients of specific humidity
(Chou et al. 2009), expansion of the subtropical drying zone
(Lu et al. 2007; Scheff and Frierson 2012), and increased down-
ward motion (Dai et al. 2018).

Zhao and Dai (2015) examined the magnitude and causes of
drought changes over global land under a low-to-moderate
emissions scenario (RCP4.5) from 14 models participated in
phase 5 of the Coupled Model Intercomparison Project
(CMIPS). In contrast to some earlier studies, they found that
the relationship between the self-calibrated PDSI (Wells et al.
2004) with the Penman-Monteith PET (scPDSIpm) and topsoil
moisture content or runoff is similar during the current and
future climates, and the drought frequency change patterns
based on these different drought indices are comparable in the
twenty-first century. However, the magnitude of the drought
change varies substantially among the three drought indices.
Zhao and Dai (2015) also found that the probability distribution
functions (PDFs) of the topsoil moisture, scPDSIpm, and runoff
become wider in the twenty-first century over most land areas
(which include changes in the mean seasonal cycle), contribut-
ing to increased drought events. Zhao and Dai (2017) further
compared the CMIP3 and CMIP5 model-projected drought
changes and found similar long-term changes in global and
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hemispheric drought frequency and drought areas estimated
based on scPDSIpm. Berg et al. (2017) analyzed soil moisture
changes at different depths from 25 CMIP5 models and found
that the drying is most pronounced in the topsoil layer, even in
some regions of the northern mid- to high latitudes where total
soil water may increase presumably due to large precipitation
increases there. Zhang et al. (2019) investigated the reservoirs
(e.g., precipitable water and soil moisture) and water fluxes
(e.g., precipitation P, evaporation E, P — E, and total runoff R)
of the water cycle under the RCP8.5 scenario from 27 CMIP5
models; they found that the water cycle over the global mon-
soon regions will intensify with global warming, and the
increased seasonality and drier soils throughout the year imply
reductions in crop yields and increased flood and drought risks.

Recently, Cook et al. (2020) further investigated drought
and mean hydroclimatic changes (in P, R, and soil moisture
SM) in the twenty-first century under three Shared Socioeco-
nomic Pathways (namely, SSP1-2.6, SSP2-4.5, and SSP3-7.0;
Meinshausen et al. 2020) using simulations from 13 CMIP6
models (Eyring et al. 2016). They found that the drying and
drought frequency increases based on soil moisture and run-
off changes are more robust, spatially more extensive, and
more severe than those based on precipitation change. How-
ever, they did not examine scPDSIpm-based drought changes
using the CMIP6 simulations, nor did they investigate the
major drivers of the drought and hydroclimatic changes in the
CMIP6 models. In particular, it is unclear whether the flatten-
ing of the histograms, with increased standard deviations
(SDs) and reduced peak frequencies in addition to a shift in
the mean, of the scPDSIpm, topsoil moisture, and runoff
found in CMIPS models (Zhao and Dai 2015) is evident in the
new CMIP6 projections.

In this study, we further assess the magnitudes, spatial pat-
terns, and causes of the mean changes in hydroclimatic fields
and in agricultural and hydrological droughts in the twenty-
first century based on the scPDSIpm, surface and total soil
moisture content, and surface and total runoff from simula-
tions by 25 CMIP6 models under a low-to-moderate scenario
(SSP2-4.5) and a high emissions scenario (SSP5-8.5) available
at the time we started the analysis. Following Zhao and Dai
(2015), we focus on the changes in the histograms of the
hydroclimatic variables and the key drivers of the changes.
Different from Zhao and Dai (2015), we compare the changes
under the two different scenarios, in surface and total soil
moisture, and in surface and total runoff, examine drought
duration changes (not analyzed in Zhao and Dai 2015), and
present a more comprehensive analyses of the mean changes
in these hydroclimatic fields. The comparison between surface
and total soil moisture changes is of interest because Berg
et al. (2017) found reduced drying in subsurface layers in
CMIP5 models, which suggests that surface drying caused by
increased PET may take a long time to penetrate into deeper
layers.

The paper is organized as follows: section 2 describes the
model data and analysis method. Hydroclimatic and drought
changes in the twenty-first century over global land and in
several hotspot regions are discussed in section 3. In section 4,
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TABLE 1. A list of the CMIP6 models used in this study. Only one run (rliplfl) was used for each model. Data from the large

ZHAO ET AL.

ensemble of the 50-member runs (including soil moisture and runoff) from CanESMS5 were also analyzed.

Model name

Modeling center

LonX lat dimensions

References®

ACCESS-CM2 CSIRO-ARCCSS 144 X 72
ACCESS-ESM1-5 CSIRO 144 X 72
AWI-CM-1-1-MR">¢4¢  AWI 144 x 72
BCC-CSM2-MR BCC 320 X 160
CanESM5 CCCma 128 X 64
CESM2 NCAR 288 X 192
CESM2-WACCM NCAR 144 X 72
CMCC-CM2-SR5 CMCC 288 X 192
EC-Earth3 EC-EARTH consortium 256 X 128
EC-Earth3-Veg EC-EARTH consortium 192 X 96
FGOALS-f3-L CAS 128 X 60
FGOALS-g3 CAS 192 X 145
GFDL-CM4 GFDL 288 X 180
GFDL-ESM4¢ GFDL 288 X 180
INM-CM4-8° INM 192 X 145
INM-CMS5-0° M 192 X 145
IPSL-CM6A-LR IPSL 96 X 95

KACE-1-0-G® NIMS-KMA 192 X 144
MIROC6 MIROC 256 X 128
MPI-ESM1-2-HR MPI-M 256 X 128
MPI-ESM1-2-LR MPI-M 256 X 128
MRI-ESM2-0 MRI 320 X 160
NorESM2-LM NCC 144 % 96
NorESM2-MM NCC 320 X 160
UKESM1-0-LL MOHC 192 X 144

Dix et al. (2019a,b)
Ziehn et al. (2019a,b, 2020)
Semmler et al. (2018, 2019)

Wu et al. (2018), Xin et al. (2019)

Swart et al. (2019a,b,c)
Danabasoglu (2019a,b)
Danabasoglu (2019¢,d)

Lovato and Peano (2020a,b)
EC-Earth Consortium (2019a,b)
EC-Earth Consortium (2019¢c,d)

Yu (2019a,b)
Li (2019a,b)
Guo et al. (2018a,b)

John et al. (2018), Krasting et al. (2018)

Volodin et al. (2019a,b)
Volodin et al. (2019¢,d)
Boucher et al. (2018, 2019)
Byun et al. (2019a,b)

Tatebe and Watanabe (2018), Shiogama et al. (2019)
Jungclaus et al. (2019), Wieners et al. (2017)

Wieners et al. (2019a,b)
Yukimoto et al. (2019a,b)
Seland et al. (2019a,b)
Bentsen et al. (2019a,b)

Good et al. (2019), Tang et al. (2019)

? These references are listed in the supplemental material.
® Top-10-cm soil moisture data were unavailable.

¢ Total moisture data were unavailable.

9 Surface runoff data were unavailable.

¢ Total runoff data were unavailable.

the magnitude and causes of the future hydroclimate and
drought changes are examined. A summary and conclusions
are presented in section 5.

2. Data and method
a. Model data and drought definition

We analyzed monthly data from all-forcing historical simu-
lations from 1850 to 2014 and the twenty-first century projec-
tions from 2015 to 2100 from 25 CMIP6 models (one run per
model) available at the time we started the analysis (Table 1)
under two emissions scenarios: the SSP2-4.5 (global radiative
forcing of 4.5 W m™2 by 2100, middle-of-the-road pathway,
slightly higher than ~4.0 W m~? for RCP4.5) and SSP5-8.5
(8.5 W m™? forcing, high-end forcing pathway). The variables
used in this study include precipitation (P), surface air tem-
perature (7), net radiation (including net surface longwave
radiation LW and shortwave radiation SW), specific humidity
(9), wind speed (WS), air pressure, top-10-cm-layer soil mois-
ture content (SM), total SM, surface runoff (R), total R, and
evapotranspiration (E). However, some of these variables
may not be provided by some models for all the simulations.
For example, the top-10-cm SM and the total SM were avail-
able only from 22 and 23 models, while surface R and total R
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were available from 23 and 24 of the models, respectively. We
used all the available models in the multimodel ensemble
mean to increase its representativeness and minimize the
internal noise. The incomparability resulting from the small
change in the number of models should be small.

Following Zhao and Dai (2015), all model data were first
regridded onto a 2.5° latitude X 2.5° longitude grid using a
scheme that conserves the quantity locally and globally before
further analysis. The monthly scPDSIpm (Dai 2011b) along
with the PET based on the Penman—-Monteith equation (Shut-
tleworth 1993) were computed for each of the 25 model runs
using the regridded model data. The regridded model data
and the offline-calculated scPDSIpm and PET were simply
averaged over all the models (one run per model) to derive
the multimodel ensemble mean (MMM). For the scPDSIpm
calculation, the 1950-79 was used as the calibration period in
order to avoid including the large anthropogenic climate
change since 1980 as part of the natural variability used in the
calibration (Dai 2011b, 2013a; Dai and Zhao 2017). For all
the variables, the 1970-99 mean was used as the reference
baseline and subtracted from the monthly data at each grid
box before regional averaging and other analysis.

Before analyzing changes in drought frequency, duration,
and area, which represent changes in dry extremes, we also
examined the mean changes in several hydroclimatic fields,
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including P, E, SM, R, and scPDSIpm, as well as the changes
in their PDFs. A decease in the mean of P, SM, R, and
scPDSIpm would suggest a drying trend toward more arid
conditions, and imply increased risks of drought. However,
although the mean and extreme (e.g., drought) changes are
related, the two are not the same, as noticed previously (Dai
et al. 2018). Here, we use “drying” to refer to a mean change
toward a drier condition, and “increases in drought” to refer
to increases in the occurrence of drought events, which are
represented by the left tail of the PDFs of the drought indices.

To improve the spatial comparability of drought frequency,
we defined a drought event as a period of consecutive months
with local monthly drought index below the value correspond-
ing to the 20th percentile of the current (1970-99) climate,
which corresponds to the moderate drought examined in
Zhao and Dai (2015). The SM and R anomalies were normal-
ized by local SD of the 1970-99 period (separately for each
month) for each model before being used to define agricul-
tural and hydrological drought based on the 20th percentile,
respectively. In addition, we calculated the mean drought
duration (in months) locally as the consecutive months under
drought conditions averaged over all drought events. The
drought frequency and mean duration based on the
scPDSIpm, normalized SM and R indices were first derived
for each model run and then averaged over the models to
derive their MMM changes.

Besides examining global maps and time series of global aver-
ages, histogram changes are also investigated for four hotspot
regions outlined in Fig. 1a of Zhao and Dai (2015). They are the
western United States (31.25°-48.75°N, 121.25°-103.75°W),
southern Europe (38.75°-51.25°N, 11.25°W-28.75°E), southern
Africa (33.75°-16.25°S, 13.75°-33.75°E), and the Amazon
(11.25°S-1.25°N, 76.25°-48.75°W). PDFs were derived for each
model by spline-fitting the histograms of the occurrence fre-
quency estimated using local monthly anomalies (relative to
1970-99 monthly climatology but with the annual-mean change
being removed) from all grid cells within each of the four hotspot
regions for the present (1970-99) or future (2070-99) periods.
The monthly anomalies of the soil moisture and runoff were nor-
malized at each grid box by the SD of the 1970-99 period (sepa-
rately for each month) before estimating the histograms. The
PDFs for individual models (without annual-mean change)
were then averaged over the models to derive the multimo-
del ensemble mean PDFs. The removal of the annual-mean
change ensures that different climate responses to the same
forcing among different models would not increase the
spread of the multimodel averaged PDFs, while the inclu-
sion of the future change in the mean annual cycle in the
PDF calculation makes it consistent with the calculation of
future drought changes that are based on the anomalies rel-
ative the current monthly climatology. As in Donat and
Alexander (2012), the significance in the PDF changes
between the two time periods were tested using a Student’s
t test (to test if the sample means are different) and F test
(to test whether the sample variances are drawn from differ-
ent populations). Besides the single run from 25 CMIP6
models, the 50-member ensemble runs from CanESMS5
under SSP-4.5 and SSP5-8.5 were also analyzed to
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investigate the PDF changes in soil moisture and runoff
over the four hotspot regions.

b. Attribution analysis

In this paper, we perform analyses similar to those done by
Zhao and Dai (2015) to attribute the scPDSIpm changes to indi-
vidual drivers in the twenty-first century under two emissions sce-
narios. Here, we briefly summarized this attribution analysis. The
scPDSIpm from 25 model runs were first computed separately
for each case in which only one forcing factor was allowed to
change (from 1900 to 2100) while all others were kept at the val-
ues of the 1950-79 monthly climatology for years outside
1950-79 (i.e., during the 1950-79 calibration period, all variations
were allowed and thus it is the same for all cases). Thus, the
scPDSIpm was computed for one all-forcing case (i.e., all varia-
bles allowed to change), and five individual forcing cases (for
changes in P, T + g, LW, SW and WS alone), leading to a total
of 150 different PDSI datasets (6 for each model) for each sce-
nario. Each of these cases was then ensemble-averaged over the
25 models, and the ensemble mean differences between the cur-
rent (1970-99) and future (2070-99) periods were used to esti-
mate the mean contributions from the individual forcing factors.
This is equivalent to examine the contribution in each model and
then average the contributions over the models because of the
linearity in the averaging.

To attribute changes in the top-10-cm and total SM, surface
and total R, and F, Zhao and Dai (2015) considered precipitation
as the primary driver because it is determined mostly by atmo-
spheric processes that are largely independent of local £ and
R. However, it is difficult to accurately quantify the contribu-
tions from individual drivers because of the intercorrelations
among these variables. Here, the attribution to each driver is
estimated approximately using the surface water balance equation:
dSM/dt = P — E — R. Zhao and Dai (2015) used a progressive
regression method to estimate the contributions from individual
drivers to the future changes for the top-10-cm SM, total R, and E.
It seems that the future changes, especially in top-10-cm SM, were
attributed more to the P than the E changes based on this method.
In this study, we utilized a similar but more physically sound
method to attribute the changes in surface and total SM, surface
and total R, and E to individual drivers, with the following equa-
tions based on water-balance considerations:

ASM = alAP - blAE - ClAR, (1)
AR = azAP - bgAE, (2)
AE = a3APET + b3ASM[, (3)

where A denotes the change from 1970-99 to 2070-99 expressed
in percent of the CMIP6 MMM for 1970-99. The attribution was
done separately for each model run, and then the attributed
change was averaged over all models to derive the attributed
change shown in Figs. 11-15. Equation (1) assumes that soil
water storage increases with P, but decreases with £ and R; Eq.
(2) says R increases with P but decreases with E, with the effect
of ASM being ignored in Eq. (2) as it is small compared with the
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FIG. 1. CMIP6 multimodel ensemble mean changes (in % of the MMM for 1979-99) from 1970-99 to 2070-99 under the (left) SSP2-4.5
and (right) SSP5-8.5 scenario for annual land (a),(b) precipitation (AP); (c),(d) evapotranspiration (AE); and (e),(f) their differences
[A(P — E)] averaged over 25 CMIP6 models. The A(P — E) is comparable with the total R change (Figs. 2g,h) with a pattern correlations
of 0.75 and 0.80 under the two scenarios. The stippling indicates at least 80% of the models agree on the sign of change. The pattern corre-

lation (r) between the two scenarios is also shown in the right panels.

P and FE flux changes integrated over a 30-yr period (which is
supported by the similarity between the model-projected R and
P — E changes; cf. Figs. le,f and 2g,h ). Equation (3) assumes
that the E change is positively driven by PET (atmospheric
demand) and total SM (SM,, water supply) changes. Tests
showed that adding surface SM to Eq. (3) made little difference
because of their similar change patterns (Fig. 2). The ay, by, cy;
a, by; and a3, b coefficients were determined through iterations
at each grid box: each of them was allowed to vary indepen-
dently from 0.0 to 1.0 with an interval of 0.05 [e.g., this yielded
21 X 21 X 21 = 9.3 X 10° combinations for Eq. (1)], the resul-
tant changes for SM, R and E were compared with those pro-
jected by the CMIP6 models, and the combination of the
coefficients that yielded the minimum deviation from the
CMIP6 model-projected change was chosen as the best fit and
used to attribute the contributions from the changes in individ-
ual drivers. Except for the iterative procedure, Egs. (2) and (3)
for the (surface and total) R and E used here are similar to
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those of Zhao and Dai (2015). Because of the use of the mini-
mum deviation at each grid box, the attributed changes are
more comparable with the model-projected changes with higher
pattern correlations than those in Zhao and Dai (2015).

We realize that SM can cause variations in P, E, or R, so
that some of the variations in P, E, or R is an effect, not a
cause, of the SM variations. This suggests that Eq. (1) may
overestimate the contributions of the P, E, or R to SM’s
variations if it were applied to their year-to-year varia-
tions. The same issue may also exist for the long-term
changes among them; that is, some of the future changes in
P, E, or R may be a result, rather than a cause, of the SM
change. The issue also applies to Eq. (3), as the E change
could affect the SM change; however, the R change should
have little impact on the P or E changes in Eq. (2). This
suggests that such an approach may overestimate the con-
tributions from the drivers for the SM and E changes.
However, the use of the minimum deviation in our
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FIG. 2. CMIP6 multimodel ensemble mean changes (in % of the MMM for 1979-99) from 1970-99 to 2070-99 under the (left) SSP2-4.5
and (right) SSP5-8.5 scenario for annual (a),(b) top-10-cm soil moisture (SM); (c),(d) total SM; (e),(f) surface runoff (R); (g),(h) total R;
and (i),(j) scPDSIpm. The scPDSIpm was computed for each model and averaged over 25 CMIP6 models, of which only 22 models had
data for top-10-cm SM, 23 for total SM, 23 for surface R, and 24 for total R that were used in the ensemble averaging in this and other fig-
ures. All changes are in % of the MMM for 1970-99, except for scPDSIpm, which is in absolute change. Note a scPDSIpm value below —3
is considered as severe drought for today’s climate. The stippling indicates at least 80% of the models agree on the sign of change. The pat-
tern correlation (r) between the two scenarios is also shown in the right panels.
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iterations to derive the coefficients in Eqgs. (1)—(3) should
minimize this overestimation of the contributions. Given
that it is difficult to separate such interdependence among these
coupled fields, and that the attributed changes by Eqgs. (1)—(3) gen-
erally match the model-projected changes quite well with little
overestimation, we used Egs. (1)~(3) to make an approximate
attribution of the projected changes in SM, R, and E to the
changes in the other physically related variables, while recognizing
the limitations of this analysis.

3. Hydroclimatic and drought changes

As pointed out by Cook et al. (2020), strong warming is evi-
dent across the twenty-first century in the CMIP6 model simula-
tions (see Fig. S1 in the online supplemental material). The
warming differs among the two scenarios; even within the same
scenario, the spread increases with time, with a median warming
of 3.0 and 4.9 K under the SSP2-4.5 and SSP5-8.6 scenario,
respectively, in the late twenty-first century (2070-99) relative to
the 1851-80 mean. The large spreads across model simulations
result in significant overlap between the two scenarios.

a. Hydroclimatic mean changes

Before we examine the drought changes, which represent
changes in dry extremes, we first briefly discuss the mean
changes in major hydroclimatic fields from 1970-99 to
2070-99. Annual P is projected to increase by 10%-30%
under SSP2-4.5 across many land areas over Eurasia, North
America, central and northern Africa, and southeastern
South America, with larger increases (up to 40%—-60%) under
SSP5-8.5 (Figs. la,b). In contrast, annual P declines (by
5%-10% under SSP2-4.5 and up to 30% under SSP5-8.5 in
southwest North America, Central America, central to
northern South America, the Mediterranean region, southern
Africa, and Australia. These drying land regions are part of
the larger subtropical drying zones that extend to the oceans
(Collins et al. 2013; Dai 2021) and are likely caused by several
factors (Dai et al. 2018), including increased drying by subsi-
dence due to increased vertical gradients of specific humidity
(Chou et al. 2009), increased vertical motion (Dai et al. 2018),
and expansion of the subtropical drying zones (Lu et al. 2007,
Scheff and Frierson 2012). Except for a larger magnitude
under the SSP5-8.5 scenario, the P change patterns under
both emissions scenarios are highly consistent (Figs. 1a,b).
They are also roughly consistent with the results seen in previ-
ous CMIP3 and CMIP5 models (e.g., Hoerling et al. 2012;
Knutti and Sedlacek 2013; Seth et al. 2013; Lee and Wang
2014; Zhao and Dai 2015; Ting et al. 2018; Seager et al. 2019;
Dai 2021), although there are some uncertainties regarding
the sign of the P change over northern Australia and a few
other transition zones. The large P increases over East Africa
appear to be part of a large zone with increasing rainfall asso-
ciated with enhanced moist convection in the intertropical
convergence zone (ITCZ) from Africa to the Indian Ocean,
while the large percentage increase over northern Africa is
partly due to the low climatological P there.
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The pattern and magnitude of the E change under both sce-
narios (Figs. lc,d) closely follow those of the P change
(Figs. 1a—d), and they are very similar to those projected by
CMIPS models (Collins et al. 2013; Zhao and Dai 2015). The
change of the precipitation minus evaporation [i.e., A(P — E)]
flux (Figs. le,f) suggests decreased runoff (by 5%-30%)
largely over areas with P decreases but with more widespread
decreases in North America, Europe, and western Asia. Such
spatial pattern and magnitude in A(P — E) mainly reflect the
changes in total R (Figs. 2g,h, with pattern correlations of 0.75
and 0.80 under SSP2-4.5 and SSP5-8.5, respectively) rather
than changes in surface R. Elsewhere, annual runoff changes
(Figs. 2e-h) are closely tied to annual P changes, as noticed
previously (Cook et al. 2020).

Driven by large PET increases (Zhao and Dai 2015), sur-
face (top 10 cm) SM (Figs. 2a,b) displays widespread drying
by 4%-10% (5%-15%) under SSP2-4.5 (SSP5-8.5) over most
land areas, including Europe, the Americas, Southeast and
northern Asia, Australia, and southern Africa. Only East
Africa, parts of northern Africa, the Middle East, central
Asia, and India see significantly increases in surface SM. In
contrast, total SM (Figs. 2¢,d) shows less widespread drying
than surface SM, with decreases mainly over most South
America (except its southeast), Central America, southern
North America, the Mediterranean region, southern Africa,
and most Australia. As atmospheric demand for moisture
directly affects surface soil moisture, it is expected that
increases in PET would have a larger drying effect on the sur-
face layer than on subsurface layers. It may also reflect
reduced sensitivity of deeper SM to increased evaporative
demand because of stronger controls on subsurface SM by
vegetation processes (e.g., increased water use efficiency
under higher atmospheric CO, levels) (Swann et al. 2016;
Berg et al. 2017), although the role of rising CO,’s effect on
plants is found to be small in a recent study by Scheff et al.
(2021).

On a long-term (e.g., 30-yr mean) basis, total R is close to P
— FE as land water storage changes are relatively small com-
pared with the 30-yr integrated flux changes (Trenberth et al.
2007). This leads to their similar change pattern and magni-
tude (cf. Figs. 2g,h and 1e,f), with large increases (10%-40%
under SSP2-4.5 and 20%-60% under SSP5-8.5) over most
Asia and Africa (except southern Africa), northern Europe,
Alaska, and southeast South America. In contrast, surface
runoff shows more widespread decreases over Europe and
western Asia, most North America (except its southern part),
but increases over most Australia (Figs. 2e.f). The inconsis-
tent between the regional changes in surface and total R and
between P and R changes indicate that annual precipitation
changes do not directly translate into R changes for many
regions, where E, SM, or precipitation frequency changes also
matter for R changes. The total R change patterns are broadly
comparable to those seen in CMIP5 models (Collins et al.
2013; Zhao and Dai 2015), while surface R was not examined
closely in previous studies.

The scPDSIpm change patterns (Figs. 2i,j) generally follow
those for surface SM (Figs. 2a,b), except for northern Asia
and Alaska. The scPDSIpm suggests drier future conditions
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respectively.

over most of the Americas, Europe, southern Africa, Australia,
and Southeast Asia. The drying over Southeast Asia is seen in
both surface SM and scPDSIpm, even though precipitation
increases there (in all seasons, Dai 2021), presumably most of
the P increase led to R increases rather than increases in surface
SW. These scPDSIpm change patterns are comparable to those
seen in CMIP3 (Dai 2013a; Zhao and Dai 2017) and CMIP5
models (Zhao and Dai 2015, 2017).

Averaged over global (60°S-75°N) land areas, the ensem-
ble-mean P, E, and (surface and total) R (Fig. 3) all show sim-
ilar percentage increases of 4%-5% (10%-15%), while the
surface SM decreases by about 3% (5%) by the end of the
twenty-first century under the SSP2-4.5 (SSP5-8.5) scenario.
In contrast, the total SM does not change significantly over
the twenty-first century (Fig. 3d). Figures 3a and 3b further
shows that the variations and long-term changes of the global-
mean land P and E are highly consistent with each other
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under both scenarios (with a correlation of ~0.99 with trends
and 0.79 and 0.88 after linear detrending during 1950-2100
under the two scenarios), suggesting that land FE is controlled
mainly by P. Large spreads exist among the individual model
simulations even within a given scenario as pointed out by
Cook et al. (2020), and the spread is especially large in the
SM and R changes under SSP5-8.5. The very large spread in
the normalized surface R is partly due to its small 1970-99
mean value used in the normalization. The spreads represent
uncertainties associated with the forced response to future
forcing and the effect of internal variability in individual
simulations.

Largely consistent with Cook et al. (2020), drought
responses to warming are highly season dependent, and the
drought changes based on the drought metrics across most of the
Northern Hemisphere midlatitudes are more severe and wide-
spread in the warm season (April-September) than in the cold
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season (October—-March). In particular, the large drying in sur-
face SM and R, and scPDSIpm in the warm season contributes
the most to annual drought changes (see Figs. S2 and S3).

b. Changes in PDFs

Changes in the PDFs or their empirical estimates (i.e., histo-
grams) are often used to quantify large changes in the frequency
of extreme events resulting from a relatively small change in the
PDF of a climate variable. Zhao and Dai (2015) showed that the
histograms of the scPDSIpm, surface SM, and total R from
14 CMIP5 models are projected to flatten (besides a shift in the
mean) over most land areas, with increased SDs and reduced
peak frequency of occurrence. Cook et al. (2020) examined the
robustness of the changes in the return frequency of meteorologi-
cal, agricultural, and hydrological droughts based on 13 CMIP6
model simulations. Here, we analyze the simulations from 25
CMIP6 models to quantify the PDF changes for the scPDSIpm,
surface and total SM, and surface and total R between the cur-
rent (1970-99) and future (2070-99) periods. To ensure that the
different annual-mean changes due to different climate sensitivi-
ties to future climate forcing among different models would not
increase the spread of the future PDFs, we removed the annual-
mean of the future period (2070-99) before computing the future
PDFs for each model, and the PDFs were then averaged over all
the models in Fig. 4. The standard deviation and peak frequency
changes were similarly computed in Figs. 5 and 6 . In these calcu-
lations, the future change in the annual cycle is included. This is
also the case for our calculations of the future drought events,
which are based on the future anomalies relative to current
monthly climatology.

Figure 4 shows the multimodel average of the PDFs esti-
mated for individual model runs using monthly anomalies
(relative to 1970-99 monthly climatology but with the future
annual-mean removed) of the scPDSIpm, normalized surface
and total SM and R over four selected regions (i.e., the
western United States, southern Europe, southern Africa, and
the Amazon) as outlined in Fig. 1a of Zhao and Dai (2015).
The multimodel-ensemble mean PDFs largely follow Gauss-
ian distributions, although they are non-Gaussian for some
individual models (Figs. S5 and S6). In additional to a mean
shift (mainly to the left, i.e., decrease), the future PDFs flatten
under both scenarios (but more so under SSP5-8.5) with a
reduced peak frequency and an increased spread for all the
regions, especially for the Amazon and for total SM (Fig. 4).
This implies a larger increase in total-SM-based drought
(Figs. 4ij) than that based on the other variables in these
regions (consistent with Fig. 7). PDFs based on data from
individual models (Figs. S4-S6) also show similar flattening.
We have also investigated the PDFs changes for soil moisture
and runoff from the 50 ensemble runs by CanESMS, and
obtained similar results (Fig. S7). This suggests that the flat-
tening and increased spread of the future PDFs are real and
not due to our data processing. These PDF changes are con-
sistent with those from the CMIPS simulations reported by
Zhao and Dai (2015), who did not analyze total SM and sur-
face R.
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Figures 5 and 6 further suggest that the PDF flattening for
the drought indices are widespread and more severe under
SSP5-8.5, with increased SD and reduced peak frequency of
occurrence over global land (except southern Africa and a few
other regions for the scPDSIpm case, similar for CMIP5, see
Zhao and Dai 2015). The flattening is most pronounced over
the northern high latitudes, northern Africa, and the Middle
East for all the hydroclimatic fields. In particular, the SD and
peak-frequency changes based on both surface and total R are
especially large, although this is not evident for the four regions
shown in Fig. 4.

Our calculations showed that the PDF flattening revealed
by Figs. 4-6 results, to a large extent, from the future change
in the mean annual cycle, as the flattening weakens or disap-
pears when the future change in the mean annual cycle is
excluded by removing the future monthly climatology from
the data before computing the PDFs, SD, and peak frequency
(Figs. S8-S10), although significant flattening still exists in the
PDFs for surface and total runoff even after the removal of
the future mean annual cycle. The normalized soil moisture
and runoff decreases more in July than January over most of
the northern latitudes and central-northern Africa; while the
scPDSIpm decreases more July than January over most South
America, central-southern Africa, Australia, the Pacific coasts
of North America, the Middle East, and the Mediterranean
region, and shows opposite changes over central-eastern Asia,
northern Africa, northern South America, and central North
America (Fig. S11). Since future drought events are defined
using anomalies relative to current monthly climatology, the
future change in the mean annual cycle is relevant for drought
changes and thus should be included in the PDF analyses. Sys-
tematic flattening of the PDFs, combined with a decrease in
the mean, would lead to large increases in drought events,
which are represented by the left tails of the PDFs shown in
Fig. 4.

Chen et al. (2019) showed that the PDFs of daily surface air
temperatures in the twenty-first century would flatten over
most of the globe except for winter northern mid- to high lati-
tudes, while the seasonal amplitude of the surface air temper-
atures would increase at low latitudes but decrease at high
latitudes. These PDF and seasonal changes at northern high
latitudes are related to reduced variability associated with
decreased sea ice variability and meridional thermal advec-
tion (Dai and Deng 2021). However, it is unclear whether and
how these temperature changes are related to the hydrocli-
matic distribution changes shown in Figs. 4-6.

c¢. Changes in drought frequency, duration, and area

Figure 7 shows the drought frequency changes from
1970-99 to 2070-99 based on five drought measures. It is clear
that the spatial pattern and magnitude of the drought fre-
quency changes are broadly comparable among the estimates
based on scPDSIpm, surface and total SM, with widespread
increases (by 25%-100% under SSP2-4.5 and 50%-200%
under SSP5-8.5) over the Americas, Europe, southern and
northern Africa, Australia, and most of Asia (Figs. 7a-f),
while the R-based estimates show widespread decreases in
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from all grid cells within each region from individual model runs during 1970-99 (blue) and 2070-99 under the SSP2-4.5 (green) and SSP5-
8.5 (red) scenario for (a)-(d) scPDSIpm; (e)-(h) top-10-cm soil moisture; (i)—(1) total soil moisture; (m)-(p) surface runoff; and (q)—(t)
total runoff over (a),(e),(i),(m),(q) the western United States; (b),(f),(j),(n),(r) southern Europe; (c),(g),(k),(0),(s) southern Africa; and
(d),(h),(1),(p),(t) the Amazon. The solid (dashed) colored lines represent the future PDFs without (with) the future annual-mean change
(estimated separately from the mean change and then added to the solid lines to derive the dashed lines). The monthly anomalies for both
periods of the soil moisture and runoff were normalized at each grid box to be in units of the SD of the 1970-99 period before estimating
the PDFs. The colored numbers on each panel are the SD of the PDFs for 1970-99 (blue) and 2070-299 under the SSP2-4.5 (green) and
SSP5-8.5 (red) scenario. The vertical black solid (dashed) lines are the 10th (20th) percentile of the historical PDF. Student’s ¢ test and
F test indicate the future changes in the mean and variance of the PDFs are significant at the 5% level for all the cases.
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FIG. 5. CMIP6 multimodel ensemble mean changes from 1970-99 to 2070-99 under the (left) SSP2-4.5 and (right) SSP5-8.5 scenario in
the SD of (a),(b) scPDSIpm; normalized (c),(d) top-10-cm and (e),(f) total soil moisture; and normalized (g),(h) surface and (i),(j) total
runoff. The SD changes were first calculated for each model in units of the 1970-99 SD and then averaged over all the models. The pattern
correlation (r) between the two scenarios is also shown in the right panels. The stippling indicates at least 80% of the models agreeing on
the sign of change.
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FIG. 6. CMIP6 multimodel ensemble mean changes from 1970-99 to 2070-99 in the peak frequency (in % of time) of the histograms of
monthly anomalies under the (left) SSP2-4.5 and (right) SSP5-8.5 scenario for (a),(b) scPDSIpm; (c),(d) top-10-cm soil moisture; (e),(f)
total soil moisture; (g),(h) surface runoff; and (i),(j) total runoff. The peak frequency was first estimated for each model based on the local
PDFs derived using cubic spine fitting to the local histograms over the 30-yr periods and then averaged over all the models. The pattern
correlation (r) between the two scenarios is also shown in the right panels. The stippling indicates at least 80% of the models agreeing on
the sign of change.
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FIG. 7. CMIP6 multimodel ensemble mean changes (in % of the MMM for 1979-99) from 1970-99 to 2070-99 in the drought frequency
under the (left) SSP2-4.5 and (right) SSP5-8.5 scenario, with drought defined locally as months with an anomaly (relative to 1979-99
monthly climatology) below the 20th percentile of the 1970-99 period based on (a),(b) scPDSIpm; (c),(d) normalized top-10-cm soil mois-
ture [i.e., in units of STD of 1970-99, same for (e)-(j)]; (e),(f) normalized total soil moisture; (g),(h) normalized surface runoff; and (i),(j)
normalized total runoff from individual model runs. The drought frequency change was calculated for each model run first and then aver-
aged over all the models to derive the ensemble mean change shown here. The pattern correlation (r) between the two scenarios is also
shown in the right panels. The stippling indicates at least 80% of the models agreeing on the sign of change.
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FI1G. 8. CMIP6 multimodel ensemble mean of the drought duration (month) for the (left) historical period (1970-79) and the duration
changes from 1970-99 to 2070-99 under the (central) SSP2-4.5 and (right) SSP5-8.5 scenario based on monthly anomalies (relative to the
1970-99 mean) of (a)—(c) scPDSIpm; (d)—(f) normalized top-10-cm SM; (g)—(i) normalized total SM; (j)—(1) normalized surface R; and
(m)—(p) normalized total R from individual model runs. The drought duration is defined locally as a period of consecutive months with the
monthly anomalies below the 20th percentile of the 197099 period. The mean duration and its change were calculated for each model run
first and then averaged over all the models to derive the ensemble mean shown here. The pattern correlation (r) between the two scenarios
is also shown in the right panels. The stippling indicates at least 80% of the models agreeing on the sign of change. Note the duration and
duration changes for total SM in (g)—(i) are multiplied by a factor of 0.2 in order to use the same color bar.

drought frequency over Asia and central-northern Africa
(Figs. 7g—j). Figures 7a and 7c are comparable to Figs. 8b and
8d of Zhao and Dai (2015) derived from CMIP5 models using
similar measures, except that the CMIP6 results show more
decreases over east-central Africa, the Arabian and Indian

southwest North America, the Mediterranean region, south-
ern Africa, and Australia (Figs. 7c—f), even though the mean
of total SM decreases less than surface SM over these regions
(Fig. 2). This results from the larger PDF flattening in total
SM than in surface SM (Figs. 4-6), and shows that a smaller

Peninsulas, and the scPDSIpm from CMIP5 models show
decreased drought frequency over northern northeastern
Asia, Alaska, and northern Canada. In particular, the total
SM-based drought frequency increases more than that based
on surface SM over South America, Central America,
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decrease in total SM, as reportedly by Berg et al. (2017), does
not necessarily mean fewer droughts. The drought frequency
based on the normalized surface and total R shows similar
change patterns with relatively small changes (within *5%
under SSP2-4.5 and *5%-20% under SSP5-85) over most
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land areas with increased frequency over most South Amer-
ica, and the change patterns generally follow the mean
changes in R (Figs. 2e-h). In contrast, the CMIP5 models
(Fig. 8f of Zhao and Dai 2015) show more widespread
increases in total R-based drought frequency over Africa and
Asia. In general, the increases in drought frequency in the
twenty-first century based on the scPDSI, SM, and R all are
robust across many drying regions, including most North
America (except its high latitudes), Central and South
America (except southeast South America), Europe and the
Mediterranean region, southern Africa, Australia, and most
of Asia (except India, the southern Arabian Peninsula, and
the R-based cases). These results largely confirm the findings
of Cook et al. (2020), and are roughly consistent with those
from the CMIP5 model simulations (Zhao and Dai 2015),
except that our SM-based drought increases are more wide-
spread than those for extreme drought events shown by Cook
et al. (2020) and that our R-based drought frequency shows
more widespread decreases over central and northern Africa
and Asia than those from the CMIP5 models (Zhao and Dai
2015).

Figure 8 shows that the change patterns in drought duration
are very similar to those for drought frequency, with increased
duration (by 0.2-3.0 months under SSP2-4.5 and 0.5-5.0 months
under SSP5-8.5 based on scPDSIpm or surface SM) over most
of the America, Europe, the Mediterranean region, southern
Africa, Australia, and most Asia (except for India and the
southern Arabian Peninsula for the SM case). This is expected
because by definition the drought duration (D) is related to
drought frequency (F): D = F X T/N, where T'is the time period
examined and N is the number of separate drought events
within this period. Nevertheless, the duration change still pro-
vides helpful information as it shows on average how much lon-
ger future drought events will become. Similar to the frequency
change, the R-based duration increases are smaller and less
widespread than those based on the scPDSIpm and SM. The
duration increases based on total SM are particularly large (by
10+ months) over many of the drying regions (Figs. 8h-i).

For global land (60°S-75°N) as a whole, the percentage area
under drought conditions based on the scPDSIpm is projected
to increase from 20% to about 28% (35%) under the SSP2-4.5
(SSP5-8.5) scenario from 1950 to 2100, along with the increases
in areas under agricultural droughts defined by the normalized
SM to 30%-35% (33%-39% ) for SSP2-4.5 (SSP5-8.5) with sur-
face SM indicating the largest increase (Figs. 9a,b). The areas
under hydrological drought increase only slightly, from ~20%
to ~25%-26% under SSP5-8.5 (Fig. 9b); this is especially true
for the Southern Hemisphere warm season (Figs. 9e.f). In con-
trast, the Northern Hemisphere warm season sees larger
increases in the areas under drought than for the global mean
and annual mean (Figs. 9a-d). Furthermore, drought areas
seem to be more stabilized after about 2060s under SSP2-4.5
than SSP5-8.5 over global land and the Northern Hemisphere,
as atmospheric CO, is stabilized after about 2060 under SSP2-
4.5 (Meinshausen et al. 2020). Besides the relatively larger mag-
nitude under the higher emissions scenario SSP5-8.5, the tem-
poral evolution of the drought areas under SSP2-4.5 from the
25 CMIP6 models are broadly consistent with those under the
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RCP4.5 scenario from 14 CMIP5 models (Zhao and Dai 2015).
This is, in part, because the SSP2-4.5 scenario is closely compa-
rable to the RCP4.5 scenario that stabilizes at ~4 W m™ > after
about 2065 (van Vuuren et al. 2011). The drought area changes
based on scPDSIpm are also largely consistent with those from
12 CMIP3 model simulations under the moderate A1B scenario
(Zhao and Dai 2017).

The above results overall suggest that the spatial patterns of
the drought changes from 1970-99 to 2070-99 based on the
scPDSIpm and normalized surface and total SM anomalies are
broadly comparable with increased drought frequency over most
land areas except central-eastern Africa, India, and a few other
regions, and with noticeable differences in their change magni-
tude especially under SSP5-8.5. On the other hand, the R-based
drought changes show smaller magnitudes and more widespread
decreases in drought frequency over central-northern Africa and
Asia than the scPDSIpm and SM-based estimates and the
CMIP5 models (Zhao and Dai 2015). The increases in drought
frequency, duration, and areas are largest for the normalized sur-
face SM-based agricultural drought, closely followed by those
based on the total SM and scPDSIpm, while those for R-based
hydrological drought change little in the twenty-first century. The
differences of the agricultural and hydrological drought changes
between the CMIP6 and CMIPS models (e.g., Zhao and Dai
2015) result mainly from their differences in precipitation
changes, especially over the margins of the subtropical regions
(e.g., central-northern Africa, cf. our Figs. la,b and Fig. 1 of
Zhao and Dai 2015). Our results largely reaffirm conclusions of
Cook et al. (2018), who found that soil moisture and runoff-based
drying in 13 CMIP6 models is more robust, spatially extensive,
and severe than that based on precipitation, even in regions
where precipitation responses are not robust. This is mainly due
to the drying effect associated with rising surface temperatures,
as well as the PDF flattening discussed above. We perform an
attribution analysis to further reveal the contributions from indi-
vidual factors to the projected hydroclimatic changes.

4. Attribution of the future hydroclimatic changes
a. Attribution of scPDSIpm changes

Figure 10 shows the individual contributions to the pro-
jected scPDSIpm change under SSP2-4.5 and SSP5-8.5 from
changes in precipitation (P), near-surface air temperature and
specific humidity (7 + ¢q), surface net longwave radiation
(LW) and shortwave radiation (SW), and surface wind speed
(WS). The sum (Figs. 10k,l) of the contributions from all the
individual factors highly agrees with the projected changes
with all factors included at the same time (Figs. 2i,j), with a
pattern correlation of 0.96 under both scenarios. This suggests
that our method to estimate the individual contributions
works well. It is clear that the scPDSIpm change over most
global land results mainly from changes in P and (T + g), fol-
lowed by changes in SW, with small contributions from
changes in LW and WS (Figs. 10e.f,i,j). Precipitation increases
cause the scPDSIpm to increase by 1-2 (1-5) units under the
SSP2-4.5 (SSP5-8.5) scenario over most of Eurasia, North
America except its southwest, and central-northern Africa,
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FIG. 9. Multimodel ensemble mean of the percentage changes in drought areas under the (left) SSP2-4.5 and (right) SSP5-8.5 scenario
over (a),(b) global land area (in % of the total land area between 60°S and 75°N) for the annual mean; (c),(d) Northern Hemisphere land
for warm season from May to September; and (e),(f) Southern Hemisphere land for the warm season from November-March. A drought
event is defined at each grid as a month whose scPDSIpm, top-10-cm SM, total SM, surface R, or total R is below the 20th percentile of

the 1970-99 period.

whereas P decreases lead to scPDSIpm decreases (i.e., drying)
by about 0.5-1 (1-3) units over southwest North America,
Central America, most of South America except its southeast,
southern Africa, the Mediterranean region, and Australia
(Figs. 10a,b). In contrast, surface warming and the associated
increases in surface vapor pressure deficit (VPD) lead to ubig-
uitous decreases of scPDSIpm by 0.25-2.0 (0.5-3.0) units
under SSP2-4.5 (SSP5-8.5), especially over the northern high
latitudes and inland of South America (Figs. 10c,d). Changes
in surface net SW has considerable drying effects over the
northern high latitudes (Figs. 10g,h).

The total effects of these changes, primarily from P and
(T + q), result in drying over most of the Americas, Europe,
southern Africa, and Australia (Figs. 10k,]). These drying pat-
terns are consistent with those from CMIPS models (Zhao
and Dai 2015). While surface warming and the associated
VPD cause widespread drying (Figs. 10c,d), the wetting effect
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from increased P offsets this drying over Asia, central-
northern Africa, and Alaska, leading to severe drying mainly
over the regions with decreasing precipitation (Figs. 10k,l).

b. Attribution of surface and total soil moisture changes

Figure 11 shows the changes (in % of the MMM for
1970-99) in top-10-cm-layer soil moisture (ASM) from
1970-99 to 2070-99 due to changes in precipitation (AP),
evapotranspiration (AE), and surface runoff (AR) based on
Eq. (1). Our previous study (Zhao and Dai 2015) attributed
all the SM variance or changes associated with both P and E
to P only (as P being considered as the primary driver). This
may lead to overestimates of the contributions from AP.
Compared with the CMIP5 results of Zhao and Dai (2015),
increased E leads to more drying over many land areas in
Eurasia, northern Africa, and North America in Fig. 11, which
is more reasonable physically.
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FIG. 10. Attribution of the annual scPDSIpm changes from 1970-99 to 2070-99 under the (left) SSP2-4.5 and (right) SSP5-
8.5 scenario to changes in an individual factor with all other variables set to the mean value of 1970-79 for decades outside
the calibration period (1950-79). The individual forcing cases were done for each model run and the 2070-99 minus 1970-99
difference was averaged over the models to derive the changes shown here. The individual drivers include changes in (a),(b)
precipitation (AP); (c),(d) near-surface air temperature and specific humidity [A(7 + g)]; (e),(f) net surface longwave radia-
tion (ALW); (g),(h) net surface shortwave radiation (ASW); and (i),(j) near-surface wind speed (AWS). (k),(1) The sum of
the scPDSIpm changes induced by all the factors (All), which are comparable with the actual scPDSIpm change (Figs. 2ij)
with a pattern correlation (r1 and 12) of 0.96, as well as a global mean bias of —0.01 and —0.02 under both scenarios, respec-
tively. The stippling indicates at least 80% of the models agreeing on the sign of change. The pattern correlation (r) between
the two scenarios is also shown in the right panels.
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Figure 11 shows that both AP and AE are important drivers
of surface SM changes, with opposite effects over most land
areas. The AP accounts for most of the surface SM decreases
over the Mediterranean region, southern Africa, southwest
North America to central South America, and Australia,
while it increases SM over the rest of the world (especially
over east-central Africa, India, and central Asia) that is par-
tially offset by negative contributions from increased E
(Figs. 11a—d). Increased surface R offsets some of the SM
increases caused by increased P over east-central Africa and
South Asia. The combined contributions from these factors
(Figs. 1l1gh) are comparable with the model-projected
changes shown in Figs. 2a,b, with a pattern correlation of
0.97-0.98 and a slight positive mean bias of 0.4%-0.6%, which
is the difference of the global mean between Figs. 11g,h and
2a,b.

For total soil moisture changes (Fig. 12), the contributions
from the AP, AE, and total AR are roughly similar to their
contributions to surface ASM, again with the largest and often
opposite contributions from the P and E changes. The contri-
butions from AR are relatively small, and both the drying and
wetting magnitudes for total SM are smaller than those for
surface SM (Figs. 11 and 12). The combined contributions
(Figs. 12g,h) are also comparable to the model-projected
changes (Figs. 2c,d), with a pattern correlation of 0.95-0.98
and a small negative mean bias of —0.2% to —0.3%.

c¢. Attribution of surface and total runoff changes (AR)

Although runoff changes are tied closely to precipitation
changes, the negative impact of increased E on future runoff
is nonnegligible (Zhao and Dai 2015). This is also true in our
analysis here: Figs. 13 and 14 show that while increased
P leads to more surface and total R over many land areas over
Eurasia, Africa, and North America (except the subtropical dry-
ing regions), increased E offsets some of the R increases over
these regions. The sum of their contributions is comparable to
the model-projected runoff changes shown in Fig. 2, with a pat-
tern correlation of ~0.94 and a negative global mean bias of
—2% to —4%. Thus, our attribution method seems to work well.

d. Attribution of evapotranspiration changes (AE)

Evapotranspiration (E), a main component of the water
cycle, is an important driver of agricultural and hydrological
droughts. It is affected by atmospheric demand for moisture
(often measured by PET) and water supply by soils (espe-
cially from top-layer soil moisture). Thus, we attribute E
changes (AE) to changes in both PET and surface and total
soil moisture, which seems to reproduce well the model-
projected AE shown in Figs. 1c and 1d, with a pattern correla-
tion of 0.91-0.92 and a negative mean bias of —3.4% to
—45% (Figs. 15e.f). Figure 15 shows that increased PET
associated with rising temperatures leads to ubiquitous E
increases over land, especially over the northern high lati-
tudes (by 20%-40%), while the SM changes lead to E reduc-
tion by 5%-20% over most of the Americas, southern Africa,
Australia, Southeast Asia, Europe, and the Mediterranean
region. Consistent with the CMIPS5 results of Zhao and Dai
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(2015), Fig. 15 suggests a larger contribution from APET
changes than ASM to future E changes over the northern
mid- to high latitudes.

5. Summary and remarks

In this study, we investigated the hydroclimatic and drought
changes and their key drivers over global land by the late
twenty-first century projected by 25 CMIP6 models under a
moderate (SSP2-4.5) and a high (SSP5-8.5) emissions sce-
nario. We first examined and compared the multimodel
ensemble mean (MMM) change patterns in annual precipita-
tion (P), evapotranspiration (E), surface (top 10 cm) and total
soil moisture (SM), surface and total runoff (R), and self-
calibrated Palmer drought severity index with Penman-Monteith
PET (scPDSIpm), and then the changes in agricultural and
hydrological drought characteristics (frequency, duration, and
area) defined by scPDSIpm, SM, and R from the current
(1970-99) to future (2070-99) periods. We then examined the
contributions from the key drivers to the future hydroclimatic
changes under the two emissions scenarios, which show similar
change patterns with larger magnitudes under SSP5-8.5. The
main findings are summarized as follows.

The MMM change patterns for annual P, E, surface and total
SM and R, and scPDSMpm are broadly comparable to those
of CMIP5 models (Collins et al. 2013; Zhao and Dai 2015),
with increased P and E (by 5%-50%) over most Eurasia,
North America, and Africa, except for the Mediterranean
region, southern Africa, and northwest North America—Central
America-northern South America, where P and E decrease.
Decreased P is projected over most Australia where E changes
are small. Widespread decreases in surface SM are seen over
most of the Americas, Europe, Australia, southern Africa,
Southeast and north Asia, likely due to ubiquitous PET increases
and decreased P over many subtropical regions under global
warming. Total SM shows less widespread drying than surface
SM, with decreases mainly over southwest North America, Cen-
tral America, most of South America, the Mediterranean region,
southern Africa, and Australia. Surface and total SM increase
over East and Central Africa, India, and the Arabian Peninsula.
Total runoff changes are comparable to CMIP5 results (Zhao
and Dai 2015), with large increases (by 20%-60%) over East
and Central Africa, the Arabian Peninsula, India, central and
eastern Asia, Alaska, and southeast South America, but
decreases over the Mediterranean region, central North America,
Central America, central and northern South America, and south-
ern Africa. Changes in surface runoff are comparable with the total
runoff changes, except for more widespread decreases over Europe
and western Asia and central North America. The scPDSIpm
mean changes generally follow those of surface SM, except for
some wetting over northern high latitudes that are absent in surface
SM. The scPDSIpm changes are also broadly comparable to those
from CMIP5 models (Zhao and Dai 2015).

Besides the mean changes, there is also widespread flattening
of the probability distribution functions (PDFs) of the
scPDSIpm, surface and total SM and R by the late twenty-first
century under both the SSP2-4.5 and SSP5-8.5 scenarios, similar
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FIG. 11. Attribution of the top-10-cm-layer annual soil moisture (SM) changes (in % of the MMM for 1970-99) from 1970-99 to
2070-99 under the (left) SSP2-4.5 and (right) SSP5-8.5 scenario to changes in (a),(b) precipitation (AP); (c),(d) evapotranspiration (AE);
(e),(f) surface runoff (ASR); and (g),(h) the sum of the AP, AE, and ASR contributions (All). The attribution was done for each model,
and then averaged over the 21 models. The pattern correlation (r) between the two scenarios is also shown in the right panels. The pattern
correlations (r1 and r2) between the total attributed and model-projected changes are shown in (g) and (h), and the global mean of the
total attributed changes shown in (g) and (h) is more than that of the model-projected SM changes (shown in Figs. 2a,b) by 0.4% and
0.6%, respectively, under SSP2-4.5 and SSP5-8.5. The stippling indicates at least 80% of the models agreeing on the sign of change.

to those seen in CMIP5 models (Zhao and Dai 2015). The flat-
tening is most pronounced over the northern high latitudes,
northern Africa, and the Middle East for all the hydroclimatic
fields. In particular, the SD increase and peak-frequency
decrease based on both surface and total R are especially large.
Such PDF flattening, combined with any mean decreases, would
lead to large increases in drought events. To a large extent, the
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PDF flattening results from future changes in the mean annual
cycle, although it is unclear whether and how it may be linked to
the PDF flattening and the annual cycle change in surface air
temperatures (Chen et al. 2019).

Agricultural drought frequencies defined using the current
(1970-99) 20th percentile of the scPDSIpm and SM anomalies
suggest widespread increases by ~25%-100% (50%-200%)
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FIG. 12. As in Fig. 11, but for attribution of total soil moisture (SM) annual changes. The global mean of the total attributed changes is less
than that of the model-projected SM changes (shown in Figs. 2¢,d) by 0.2% and 0.3%, respectively, under SSP2-4.5 and SSP5-8.5.

under the SSP2-4.5 (SSP5-8.5) scenario by the late twenty-first
century over most land areas (except East Africa, parts of North
Africa, and India). The largest drought frequency increases are
seen over the Amazon and northern South America, Europe
and the Mediterranean region, southern Africa, North America,
Central America, Southeast Asia, and Australia. Along with the
increased frequency, the duration of the agricultural droughts
based on scPDSIpm or surface SM would also increase by
0.2-3.0 (0.5-5.0) months by the late twenty-first century under
the SSP2-4.5 (SSP5-8.5) scenario. These drought increases result
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from both a mean shift (toward drier conditions) over many sub-
tropical areas and the widespread PDF flattening. Changes in the
frequency and duration of the runoff-based hydrological drought
are smaller and less widespread, but increases are still consider-
able and robust over most of the Americas, Europe, and south-
ern Africa. The global percentage area under agricultural
drought conditions based on scPDSIpm is projected to increase
from 20% to about 28% (35%) under the SSP2-4.5 (SSP5-8.5)
scenario from 19502100, compared with the increases to
30%-35% (33%-39%) based on normalized SM with surface
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F1G. 13. As in Fig. 11, but for attribution of surface runoff (R) annual changes due to (a),(b) AP; (c),(d) AE; and (e),(f) their sum. The
global mean of the total attributed changes with is less than that of the model-projected surface R changes (shown in Figs. 2¢.f) by 2.3%

and 3.1%, respectively, under SSP2-4.5 and SSP5-8.5.

SM indicating the largest increase. Global areas under hydrologi-
cal drought would increase only slightly, from ~20% to
~25%—-26% under the SSP5-8.5 scenario.

Our attribution analysis suggests that the scPDSIpm decrease
(i.e., drying) results mainly from increased surface vapor pressure
deficits (which increase PET) over the globe, with additional
weak drying from increased solar radiation over most of the
Anmericas, Europe, Africa, and Australia, while P increases over
most Eurasia, North America, and Africa (except for the sub-
tropical drying regions) lead to increased scPDSIpm (ie., wet-
ting). Changes in both surface and total SM are attributed mainly
to P and E changes, while the surface and total R changes are
determined primarily by the P changes with some drying effect
from increased £ mainly over northern mid- to high latitudes.
Large E changes are attributed primarily to increases in atmo-
spheric demand of moisture (i.e., PET), with some negative
effect from decreases in surface soil moisture over the Americas,
Europe, southern Africa, and Australia.

Despite the recent developments in climate models since
CMIPS, our CMIP6 results are largely consistent with the
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CMIPS model results reported previously (Zhao and Dai 2015;
Berg et al. 2017; Zhao and Dai 2017; Dai et al. 2018). This sug-
gests that the widespread drying and increases in agricultural
droughts over most of the Americas (including the Amazon),
Europe and the Mediterranean region, southern Africa,
Southeast Asia, and Australia are robust response to the warm-
ing under moderate-to-high emissions scenarios. Similar to
CMIPS results, the increase in drought events (i.e., extremes)
results from both the decrease in the mean (i.e., drying) and the
flattening of the PDFs (i.e., increased variability, mainly due to
increased annual cycle) of the aridity metrics. Our results also
reaffirm the conclusions based on 13 CMIP6 models by Cook
et al. (2020), who highlighted many of the same regions that are
most likely to be at risk of increased drought in the twenty-first
century and areas where hydroclimatic changes are either small
or indicate wetter conditions (e.g., over East Africa and India).
The more widespread drying suggested by surface SM than total
SM is also in agreement with Berg et al. (2017) and Cook et al.
(2020), likely due to the larger impact of the increased PET on
surface SM and stronger controls by vegetation on subsurface
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FIG. 14. As in Fig. 13, but for attribution of total runoff (R) annual changes. The global mean of the total attributed changes is less than
that of the model-projected R changes (shown in Figs. 2g,h) by 2.6% and 3.8 %, respectively, under SSP2-4.5 and SSP5-8.5.

soil moisture. We noticed, however, that the soil moisture and
runoff changes vary greatly among individual CMIP6 model sim-
ulations, especially over central and northern Africa, likely partly
due to realization-dependent internal variability associated with
precipitation (Dai and Bloecker 2019). This also highlights the
need for offline calculations of different aridity measures for
quantifying future hydroclimatic changes (Prudhomme et al
2014).

We also noticed that, while the broad drying patterns are
very similar between CMIP6 and CMIP3 or CMIP5 models
(e.g., Wang 2005; Burke et al. 2006; Burke and Brown 2008;
Sheffield and Wood 2008; Dai 2011a, 2013a; Taylor et al.
2013; Prudhomme et al. 2014; Berg et al. 2017; Cook et al.
2014, 2018; Zhao and Dai 2015, 2017), the increases in soil
moisture and runoff over East and central-northern Africa,
India, and the Arabian Peninsula are larger and more wide-
spread in CMIP6 than CMIP5 projections. The exact cause of
this difference requires further investigation. Furthermore,
precipitation and other hydroclimatic changes over northern
Australia and other transition zones between the subtropical
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dry zone and the lower/higher latitudes can be highly model
dependent and uncertain. However, the widespread flattening
of the probability distribution functions and thus increased
variability for all the hydroclimatic fields appear to be a
robust response to GHG-induced global warming in both the
CMIP5 and CMIP6 models, but its underlying cause needs
further investigation.
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FIG. 15. As in Fig. 11, but for attribution of annual evapotranspiration (E) changes due to changes in (a),(b) PET and (c),(d) total soil
moisture (SM). The global mean of the total attributed changes is less than that of the model-projected E changes (shown in Figs. 1c,d) by

2.7% and 3.4%, respectively, under SSP2-4.5 and SSP5-8.5.

Data availability statement. All the model data were down-
loaded from the CMIP6 data archive (https://esgf-node.llnl.gov/
search/cmip6/). The scPDSIpm data were available from http://
www.atmos.albany.edu/facstaff/adai/data/PDSI-CMIP6/.
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