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Exogenous moisture deficit fuels drought risks across China

Gang Wang'**"", Qiang Zhang®"""™, Yadu Pokhrel*, Daniel Farinotti @™, Jida Wang’, Vijay P. Singh®° and Chong-Yu Xu'®

Intensifying droughts under climatic warming are of widespread concern owing to their devastating impacts on water resources,
societies and ecosystems. However, the effects of exogeneous drivers on regional droughts remain poorly understood. Using the
Lagrangian method, atmospheric reanalysis data and climate projections from the Coupled Model Inter-comparison Project phase 6
(CMIP6), we show how exogenous precipitation minus evaporation (PME) deficit drives droughts across China. More specifically, we
demonstrate that four distinct trajectories of such exogenous PME deficit fuel regional droughts. Three of these trajectories relate to
oceanic PME deficit originating from the North Atlantic, eastern Bering Sea and Indian Ocean, and one trajectory characterizes
exogenous terrestrial PME deficit from the Siberian Plateau. We show that during 1980-2020, droughts induced by exogenous PME
deficit account for 45% of all droughts that occurred in China’s coastal region, and for 7% of all droughts in the northwestern
regions. Under climate scenario SSP245 (SSP585), limiting warming to 1.5 °C compared to 2 °C above pre-industrial levels could
avoid 60% (84%) of exogenous drought exposure. This would in turn reduce population exposure by 40% (49%), and economic
exposure by 73% (66%). Our study unravels how exogenous PME deficit drives droughts in China, underscoring the role that
external drivers have on regional droughts and associated future prediction.
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INTRODUCTION

Droughts have become one of the world’'s deadliest and costliest
hazards, imposing far-reaching impacts on global agricultural
production and sustainable development'—3, Recent decades have
witnessed intensifying droughts globally* including China®®, the
southwestern United States’”®, and Europe®. Over the past 50
years, droughts have caused ~650,000 deaths with global
economic losses of about US$124 billion. Within the Sustainable
Development Goals (SDGs) proposed in 2015 by the United
Nations (UN), droughts are directly linked to 9 SDGs, as they
threaten food security, trigger water degradation, cause ecological
crisis, and lead to poverty'®.

While droughts have been a topic of intensive research, most
existing studies have focused on internal hydrometeorological
aspects®''"13, with little attention to the external drivers. In a
recent study, we correlated decreased terrestrial water storage in
the mid-latitude Eurasia to precipitation minus evaporation (PME)
deficit in the low-latitude North Atlantic Ocean'. Building on
those findings, we now show that exogenous PME deficit could
fuel regional drought risks'>6,

Drought can propagate across thousands of kilometers over
land and ocean'>""”. We use monthly PME to track droughts over
medium to long time scales. However, the fractional contribution
of exogenous PME deficit-induced droughts (hereafter referred to
as “exogenous droughts”) to overall droughts remains poorly
quantified'>'8, Here we distinguish exogenous droughts from
endogenous droughts (i.e., droughts originating internally to a
given region) and evaluate the impacts of the two type of
droughts from historical and future viewpoints.

Drought propagation is closely related to anomalous water
vapor transport via large-scale atmospheric circulation’?,
coupled land-atmosphere feedback'®2°2', and surface tempera-
ture field?2. We backtrack the propagation trajectories of PME
deficit, unraveling the sources of PME deficit-droughts and their
impacts on regional drought conditions?. Specifically, we use the
Lagrange technique to backtrack trajectories and categorize the
propagation pathways of exogenous PME deficit using a random
forest model. We develop mechanistic links between sea surface
temperature (SST)'7?2-2* and propagation trajectories of terrestrial
and oceanic PME deficit. We further use different Shared Socio-
economic Pathways (SSPs) to examine future evolutions of
exogenous and endogenous droughts across China and to
quantify population and economic exposure to droughts. We
perform these analyses for different global warming levels (GWLs),
with a specific focus on scenarios implying 1.5°C and 2°C of
warming above pre-industrial levels?®.

Being located in the East Eurasian monsoon zone, China is
afflicted by frequent droughts>®, with profound implications on its
vast agricultural systems and other economic activities?®%’. For
example, the severe drought in Yunnan in 2010 triggered drinking
water shortage for 8.1 million people and the loss of an estimated
$2.5 billion worth of grain production?*?, while the drought in
northern China in 2015 afflicted 21 million people and caused
direct economic losses of $1.84 billion®°. Mitigation of and
preparedness for droughts are mostly done at the regional scale,
rarely accounting for the impacts of exogenous droughts®''~'3,
Here, we unravel the impacts of exogeneous drivers on droughts
across China, providing understanding and shedding light on
regional drought risk evaluation under warming climate.
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RESULTS
Exogenous droughts in China over the past 40 years

Distinguishing exogenous droughts from internally-originated
droughts is a prerequisite for better understanding the drivers
of regional drought conditions. Here we identify 57 exogenous
droughts and 488 endogenous droughts that occurred during
1980-2020 (Fig. 1 and Supplementary Figs. 1, 2). We distinguish
four propagation routes toward China from 57 trajectories of
exogenous droughts by using a K-means clustering technique (see
Methods). The west route starts from the mid-low latitude Atlantic
and propagates eastward towards Europe, then Kazakhstan finally
reaching northwestern China. The PME deficit propagating along
this route amplifies droughts over the Xinjiang Province, China.
The north route extends southward from Central Russia, over
Mongolia, to northwestern China. Its PME deficit impacts Inner
Mongolia and the Heilongjiang Province. The east route propa-
gates westwards from the North Pacific, across the East China Sea,
to coastal regions of Eastern China. The PME deficit propagating
along this route exacerbates droughts over the East Coast of
China. The south route, finally, originates from the South China
Sea and propagates northwards across the Northern Indian Ocean,
the Qinghai-Tibet Plateau (QTP), and eventually to southeastern
China. The PME deficit propagating along the south route affects
droughts over southeastern and southern China, whereas the
Eurasian drylands are dominated by the west and north PME
deficit propagation routes>°.

The four PME deficit propagation routes explain 21 terrestrial
exogenous droughts and 32 oceanic exogenous droughts,
accounting for 37% and 56% of China’s total exogenous droughts
from 1980 to 2020, respectively. The coastal regions of eastern
China are most populous with highly-developed economies,
constituting 57% of China’s gross domestic product in 2018332,
However, oceanic exogenous droughts heavily affect these coastal
regions, with 45% of the total droughts being of exogenous origin
(Supplementary Fig. 1). Meanwhile, we identify a corridor, about
1500 km in length and stretching along the mainstem of the
Yangtze River (Supplementary Figs. 2-4), which is dominated by
exogenous droughts. We ascribe this dominance to the oceanic
PME deficit from the Pacific Ocean, i.e., a deficit propagating along
the east route (see above).

While the drought frequency is higher in central China, the total
drought exposure (i.e., the duration of the droughts) is greater in
southeastern China and QTP (Supplementary Fig. 5). Exogenous
drought occurs most frequently in southeastern and southern
China, resulting in a higher drought exposure (Fig. 1) and a strong
correlation between exogenous drought exposure and fre-
quency'®. Moreover, exogenous droughts tend to last longer,
and to clusters over extensive areas (Fig. 1, Supplementary Fig. 3).
This is in contrast to endogenous droughts, which mainly afflict
the QTP and northwestern China (Supplementary Fig. 4).

Water vapor anomalies and propagation trajectories of
exogenous droughts

External, intense water vapor deficit prompted a record-breaking
summer drought in southwest China in 2011, causing significant
loss to the society and economy®:. Analyzing water vapor
anomalies and relevant propagation trajectories, we find traces
of exogenous influence for this event. In particular, we identify an
exogenous driver for the drought occurring between April 2011
and June 2011, (Fig. 2, Supplementary Figs. 6-9). We observe high
pressure in eastern China, and at the same time, dry updraft
induced by warming SST in the northern Pacific Ocean are
transported, until subsidence near China with cooling SST3*3°.
This process resulted in abnormally low high-altitude potential
height, which triggered the westward spreading of dry airmasses
during the initial period of the 2011 droughts (Supplementary
Figs. 6-9). In April 2011, the moisture deficit (P-E below the 20%
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threshold) over the ocean triggered the drought. Anomalously
high pressure later drove a westward movement of the airmasses
of the lower atmosphere (Supplementary Fig. 9). In May, air
masses over the upper atmosphere carry dry air and move
landwards. Given the landfalling of dry airmasses, these dry
airmasses can subside due to the boosting of anomalously high
pressure. We view that the decrease in water vapor transport and
ocean-atmosphere coupling is the main physical mechanism
behind the 2011 drought genesis and propagation (Fig. 2).

To unravel the relations between PME deficit, large-scale
climate variability, and SST'*3¢, we quantify the effects of SST
anomalies in the area 20°S-45°N on PME (between 60°E-145°E, 0°-
60°N) during the period 1980 to 2020. We do this by using the
Maximum Covariance Analysis (MCA) method (Fig. 3). The first
leading MCA mode (MCAT1), which we relate to SST, explains 47%
of the variance in the PME variability. Indeed, the normalized PME
in the first mode agrees with the SST anomaly in time (correlation
= 0.73 for time lags of 2-3 months) (Fig. 3c). Moreover, the spatial
pattern of the Pacific SST matches well with that of the El Nifo
Southern Oscillation (ENSO), and the Nifio SST index 3.4 correlates
strongly (correlation = 0.90) with the temporal coefficient of the
first leading mode. We interpret this as an indication for the
remarkable impacts that Pacific SST can have on precipitation
variations over China*’. Also, the time series of the Pacific Decadal
Oscillation (PDO) agrees with SST anomalies (correlation = 0.9).
Following earlier works, we interpret this as an indication for the
fact that the interannual relationship between ENSO and the
regional climate can be mediated by the PDO phase®®. The
propagation of dry airmasses during negative PDO phases, which
are characterized by warm North Pacific SSTs, is consistent with
the SST patterns of the exogenous drought landfalls in 2011.

Projected exogenous droughts under additional 1.5 °C and
2 °C of warming

Based on multi-model ensembled CMIP6 data, we track 647 and
662 trajectories projected for exogenous drought at GWL 1.5°C
and 2.0°C above pre-industrial levels, respectively (Fig. 4 and
Supplementary Fig. 10). The 647 projected trajectories of
exogenous drought at GWL1.5 °C under SSP585 scenario can be
grouped into 4 clusters (Fig. 4). In Cluster 1 (202 trajectories, i.e.,
31% of the total), exogenous droughts originate from the Pacific
Ocean and land in China, impacting coastal regions of eastern
China and decreasing terrestrial water storage in southern
China®®3°, In Cluster 2 (170 trajectories, 26%), exogenous droughts
mainly originate from the drylands of northern Asia, propagate
into China via Mongolia, and thus afflict Inner Mongolia and parts
of China. In Cluster 3 (128 trajectories, 19%), exogenous droughts
propagate along a route spanning from the Atlantic, over the
Mediterranean, to the Caspian Sea. This mainly happens within a
mid-low latitude belt (10°N-50°N) and primarily affects western
China. In Cluster 4 (162 trajectories, 24%), finally, trajectories are
concentrated over Southeast Asia and the corresponding coastal
regions, mostly afflicting Southwest China. In general, the
trajectories of exogenous drought at GWL 2.0°C are similar to
those at GWL 1.5°C, although there is a visible tendency for the
trajectories to affect larger areas (Supplementary Fig. 11).

Future exogenous droughts tend to have more influence on
southern China than on western China (Figs. 1, 4). Compared to
present-day climatic conditions (1975-2014), China is expected to
suffer from increased drought exposure, mostly resulting from a
lengthened drought duration and an increase in the area
impacted by the droughts (Supplementary Figs. 12, 13). We also
note an increase in the exposure resulting from exogenous
droughts when compared to endogenous droughts (Fig. 4,
Supplementary Figs. 14-17). Specifically, for GWL 1.5°C, the
exogenous drought exposure across China is expected to increase
by around 8% (95% confidence interval when considering both
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Fig. 1 Exogenous droughts in China during 1980-2020. Spatial distribution of exogenous droughts exposure from ocean and land (a), from
land (c), and from ocean (d). Spatial distribution of exogenous droughts frequency (e) and extent (f) from ocean and land. Panel b provides a

count of different types of droughts. Abbreviations are as follows: Ex_ocean = exogenous droughts from the ocean. En_coastal =
endogenous droughts in coastal China. Ex_land = exogenous droughts from land. Ex_total: total exogenous droughts.
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Fig. 4 Changes in exogenous drought and impacts at different GWLs under the SSP585 scenario. a Main routes of exogenous droughts at
GWL 1.5°C. Colored lines show results of the k-means clustering while colored regions show the areas affected by exogenous drought
transport. b Changes in exposure at different GWLs across China. Drought exposure is given as the average number of months per year that
are exposed to drought. Population exposure is given as drought exposure times population. Similarly, GDP exposure is given as the product
of drought exposure and regional contribution to GDP. Multi-model ensemble median changes (given in %) in exogenous drought exposure
relative to the present-day level for GWL 1.5 °C (c) and for the change between GWL 1.5 °C and GWL 2 °C (d). Difference between multi-model
ensemble median population exposure (e) and GDP exposure (f) for GWL 1.5 °C and GWL 2°C.

Published in partnership with CECCR at King Abdulaziz University

npj Climate and Atmospheric Science (2023) 217



npj

G. Wang et al.

6

SSP245 and SSP485: -3 to +17%) (Fig. 4b, Supplementary Tables.
1, 4). For GWL 2.0 °C, the expected increase is as high as 17 % (95%
confidence interval: 9% to 34%). When comparing the projections
of the two GWLs, we find substantial spatial variability in the
drought exposure. While GWL 1.5 °C mainly results in increased
exogenous drought exposure in the southern parts of eastern
China, eastern QTP, and the eastern parts of northwestern China
(Fig. 4c), GWL 2.0 °C exacerbates the exposure within the latitude
band 30°N-40°N in all of China (Fig. 4d). In total, we estimate that
GWL 2.0 °C would result in 12% to 21% more area to be exposed
to exogenous droughts than with GWL 1.5°C (Supplementary
Table 4).

Given China’s booming economy, we estimate that the GDP
exposure would grow, on average, by around 55% (95%
confidence interval: 39% to 69%) for GWL 1.5 °C (Supplementary
Tables 3, 6) and by up t0185% (confidence interval: 88% to 204%)
for GWL 2 °C. This means that additional warming from 1.5 °C to
2.0°C would double the GDP exposure across China, with
particularly prominent effects in the Shandong and Xinjiang
provinces (Fig. 4e). Slightly less important numbers are found for
the projected population exposure, which is nevertheless
projected to increase, on average, by 7% (95% confidence interval:
-3% to +15%) for GWL 1.5°C and by 18% (7% to 21%) for GWL
2 °C (Supplementary Table 5). Also in this case, additional warming
would result in additional exposure, with the exception of
northeastern China and the provinces of Fujian, Jiangxi, and
Hunan (Fig. 4f).

In summary, exogenous droughts would be amplifying across
China (Supplementary Tables 1-6). An additional 1.5°C or 2°C
warmer than pre-industrial levels (i.e., the average global air
temperature during 1850-1900) increased socioeconomic expo-
sure due to amplifying exogenous droughts. Comparatively,
endogenous droughts would be alleviated over most regions of
China. Limiting global warming to 1.5 °C rather than 2°C would
avoid 60% (53-66%) and 84% (50-137%) of exogenous drought
exposure, 40.33% (38-72%) and 49.11% (34-113%) of population
exposure, and 73% (45-72%) and 66.22% (65-71%) of economic
exposure over China, under SSP245 and SSP585 scenarios,
respectively.

DISCUSSION

Previous studies focusing on droughts often neglected external
drivers such as the possible exogenous PME deficit®° or only
focused on the oceanic vapor deficit'. Recent studies attempted
to trace the evolution of droughts via moisture vapor trans-
port'>1641-44 byt doubts remain about the mechanistic linkages
between drought occurrences and water vapor propagation, as
well as about future tendencies. Our classification of droughts into
exogenous and endogenous droughts allows for distinguishing
four main propagation routes towards China, revealing that
exogenous droughts accounted for 45% of all droughts that
occurred in the coastal regions of China in the past (Fig. 1). This
finding thus contributes to the understanding of regional
droughts and might be leveraged for drought prediction.
Similarly, the earlier work suggests that the anomalous thermal
forcing in the Southeast Asia and the Rossby wave train emerging
over the North Atlantic are two prime drivers behind oceanic
exogenous droughts®. The latter mechanism is also linked to a
positive potential height anomaly over Eurasia, aggravating the
East Asian trough and the Siberian high*>45, thus sustaining high
pressure and resultant dry air subsidence. The anomalous thermal
forcing, instead, is reflected anomalous convection induced by in
SST oscillations. Such SST oscillations include the PDO and ENSO,
and are believed to drive intense and widespread drying over
China*’=>°, The North Pacific SST mode with negative PDO phase
has been proposed as the main driver behind exogenous
droughts across China, and the PDO as the prime climate
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modulator of precipitation in China*’*°, As PDO is a component
of the Interdecadal Pacific Oscillation (IPO), the two oscillations
follow similar variations®'. Projected IPO trends®? indicate a shift
towards less negative IPO phases during 2016-2051. Before the
PDO shifts from predominantly negative to predominantly
positive phases, however, increased SST variability in the
equatorial eastern Pacific>® may offset the effects of a lower IPO
intensity. Based on our results, this could increase China’s
exposure to future exogenous droughts. It is a future work to
further convince mechanisms of dry air mass transport process
along with SST using GCM.

Current global average temperature is already 1.1°C higher
than pre-industrial levels, and the Paris Agreement’s goal of
limiting warming to 1.5°C if possible, seems unrealistic at this
stage®®. According to the SSP585 scenario we used, 1.5°C and
2.0 °C of global warming will be reached in the 40-years periods
centered around the years 2028 and 2042, respectively. These two
periods coincide with negative phases of the PDO and occur just
before a shift to a positive phase>2. If it actually occurs, this PDO
phase reversal after 2050 again weaken the impacts of exogenous
droughts across China. Until then, however, the negative impacts
of exogenous droughts would most effectively be alleviated by
limiting global warming to 1.5 °C, rather than 2 °C.

With our work, we shed light in the mechanisms that lead to
exogenous and endogenous droughts across China, especially
along China’s coastal regions (Fig. 1). We show that exogenous
droughts accounted for almost half of the droughts that occurred
along China’s coastal regions in the recent past (Fig. 1b). Further,
we backtrack the propagation trajectories of exogenous droughts
towards China both during the period 1980-2020 and in future
climate projections. We find that increasing exogenous drought
exposure could increase drought risk, with consequences for both
the local economy and population. For GWL 1.5°C and across
China, we estimate this increase to be in the order of 7% to 9%
when compared to the historical period (Fig. 4b, Supplementary
Tables. 1, 4). Even higher exogenous drought exposure is found
for GWL 2.0 °C (Fig. 4d). These findings call for reducing the level
of additional warming as much as possible, and indicate the
necessity for enhanced mitigation against future droughts.

METHODS

Observations and model simulations

The 0.25° x 0.25° gridded monthly precipitation and evapotran-
spiration data covering the period of 1979-2020 were sourced
from the ERAS5 reanalysis dataset®®, which is the latest release of
the European Centre for Medium-Range Weather Forecasts’
(ECMWEF) fifth-generation Atmospheric reanalysis product.

The monthly SST dataset for the period 1980 to 2020 was
acquired from the Hadley Centre®®, with a spatial resolution of
1.0° x 1.0°. We also obtained the time series of two climate indices
from the Global Climate Observing System, i.e., the Pacific Decadal
Oscillation (PDO) and the Nino3.4 SST index.

We used multi-model ensemble simulations from the Coupled
Model Inter-comparison Project Phase 6 (CMIP6)>”>8 to project the
future changes of exogenous and endogenous droughts. The
outputs of 12 global climate models (GCMs) from CMIP6 (ACCESS-
CM2, ACCESS-ESM1-5, AWI-CM-1-1-MR, BCC-CSM2-MR, CAMS-
CSM1-0, CMCC-CM2-SR5, CanESM5, FGOALS-g3, GFDL-ESM4,
IPSL-CM6A-LR, MIROC6 and MRI-ESM2-0) provide precipitation
and evapotranspiration time series (Supplementary Table 7). For
future projections, CMIP6 combined Shared Socio-economic Paths
(SSPs) and Representative Concentration Pathways (RCPs)®%. In this
study, the historical simulations and two future scenarios (middle
of the road SSP245 and fossil-fueled development SSP585) were
examined. Given the coarse resolution of climate models and the
variability in model simulations, we used (i) bilinear interpolation
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for spatial disaggregation, and (ii) equidistant cumulative density
function (ECDF) matching for bias correction. This allowed
harmonizing the simulation model output to a resolution of
0.25°. This downscaling of the CMIP6 output resulted in an
improved correlation with the reanalysis dataset ERA5 (Supple-
mentary Figs. 20-22).

Gridded projections of GDP and population data

To investigate the exposure of both GDP and population to
changes in exogenous and endogenous droughts, we used the
gridded population and economic projection datasets of China>'.
These two datasets consider the newly-released two-child fertility
policy as well as different SSPs. Both datasets come at a spatial
resolution of 0.5° x 0.5° and cover the period 2010-2100.

Identification and tracking of drought events

First, we calculated the precipitation minus evapotranspiration
(PME) time series for each grid point and got the time series of
monthly anomalies of PME over each grid cell by subtracting the
respective calendar month mean (1980-2020 for ERA5, 1980-2014
for CMIP6) from each month'’s value. Then, we calculated moisture
deficit based on 12-month cumulative anomalies of PME, and
analyzed the impacts of PME on droughts. The contiguous areas
defined by adjacent grid cells that show a 12-month cumulative
anomalies of PME threshold below the 20% were defined as
drought clusters if their area was in excess of 10,000 km?2. It is
worth noting that we build empirical cumulative distributions
using the time series of 12-month cumulative anomalies over each
grid cell, and replace the value of each grid time series with the
respective percentile. After defining such drought clusters, we
characterized a single drought event as a 3-dimensional object
with longitudinal and latitudinal extent, as well as time of
occurrence. The 3-dimensional contiguous drought clusters with
overlapping grid cells linked by the Lagrange tracking algo-
rithm'>>° were defined as drought events. The drought lusters
must last at least 3 months and we remove all clusters that last
less than 3 months.

Droughts occurring in China were classified into exogenous and
endogenous droughts (Supplementary Fig. 23). Exogenous
drought includes terrestrial exogenous drought (exogenous
drought transported overland) and oceanic exogenous drought
(exogenous drought propagated from oceans). The aim was to
dissect the droughts that occurred in China from an ‘event-source’
perspective. This allowed to (i) track the detected events along
their trajectories, (ii) analyze the areas impacted by drought, and
(iii) explore the spatial and temporal evolutions of their
characteristics. This evolution was characterized based on the
source location in the month prior to entry.

Since our study focuses on China, we define droughts as
exogenous if the area affected by drought constitutes less than
one third of the total drought area. Similarly, we define droughts
as endogenous if more than two third of the drought area occur
inside China. Drought events that do not satisfy any of the two
conditions above are defined as “other” droughts. In addition, we
define total droughts as the sum of exogenous droughts and
endogenous droughts and others.

To quantify the similarity between different drought trajec-
tories, we use the Hausdorff distance®. All trajectories extracted
from the models were clustered into four route categories using
the k-means method. The clustering was also meant to increase
the robustness of the analyses, as different models can provide
different projections'®. To characterize exogenous and endogen-
ous droughts, we used drought frequency, drought exposure, and
drought extent metrics as proposed by ref. ' (see Supplementary
Table 8).
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Geographic divisions and coastal regions in China
To discern between changes in drought characteristics within sub-
regions, we considered three geographic divisions (Supplemen-
tary Fig. 24a) based on landform and climate regionalization:
eastern China dominated by the Asian monsoon, northwestern
China dominated by arid climate, and the Qinghai-Tibet Plateau
(QTP). Eastern China was further divided into southern and
northern parts along an imaginary line spanning from the Qinling
Mountains to the Huaihe River basin. Coastal regions, finally, were

defined as any Chinese provinces along shorelines (Supplemen-
tary Fig. 24b).

Definition of 1.5 °C and 2 °C global warming levels

We analyzed the changes and impacts of different global warming
levels relative to the period 1975-2014 (present-day climatic
conditions). The goal of the Paris Agreement is to limit global
warming below 2°C, and if possibly below 1.5°C, compared to
pre-industrial levels (period 1850-1900)%'. Since the world will
continue to warm in the coming decades, it is of significance to
study the impacts, including the ones of exogenous droughts,
under different GWLs. We analyze the two GWL 1.5 and 2.0°C,
which we define as the first 40-year period for which a 40-year
moving window of global temperature warming exceeded 1.5 °C
or 2.0°C relative to pre-industrial levels. We note that significant
differences can occur in the timing of this period, depending on
the considered climate model (Supplementary Table 9).

Definition of socio-economic exposure

The socio-economic exposure to a given hazard is not only
affected by the change in hazard occurrence but also by the
projected socio-economic changes®2. To assess the extent to
which socio-economics may be adversely affected by droughts, its
exposure was quantified by multiplying the average number of
months per year experiencing droughts (our drought-exposure
metric) with the projected population or the projected GDP (two
common socio-economic metrics). The unit of GDP exposure was
thus “RMB*months/year”, while the unit for population exposure is
“inhabitants*months/year”.

Definition of avoided impacts

We use the term “avoided impacts” to indicate the effects that can
be avoided when achieving GWL 1.5 °C instead of GWL 2.0 °C5364,
Quantitatively, this effect is expressed as:

20-C15

1
3.0 x 100% (1

Al(Avoided Impacts) =

wherein Al denotes the avoided impacts, and were C1.5 and C2.0
denote the change in a given metric (e.g., precipitation, GDP
exposure, etc.) for GWL 1.5 °C and GWL 2.0 °C, respectively.

Singular value decomposition

Singular Value Decomposition (SVD), also known as Maximum
Covariance Analysis (MCA), has been widely used in meteorol-
ogy'*%° (SST anomalies and P-E anomalies in this study). In SVD, X
and Y are the spatial matrices of SST and P-E anomalies with
observation points m and g, respectively. The covariance matrix of
two fields is S, and the number of time observations is N.
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The spatial and temporal coefficients can be obtained as:

[ X4(1) Xi(N)
X=1 : @)
[ Xm(1) Xm(N)
[v,(1) Y1(N)
Y = (3)
L Yq(1) Yq(N)
_l T _ T
S =Xy =uaAv 4
PCym = Ul X (5)
PCym=ULY (6)

where A is the diagonal matrix of the singular value. From linear
algebra, it is known that there exist unique U and V that maximize
the covariance of the two fields. U and V are the spatial modes,
respectively, for X and Y. PC,, and PC,, are the temporal
coefficients for cells m in X and g in Y.

DATA AVAILABILITY

ERA5 data were obtained from https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5. The outputs of all GCMs used can be obtained from
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