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Increase in ocean-onto-land droughts and their drivers under
anthropogenic climate change
Yansong Guan 1, Xihui Gu 2,3,4,5,6,7✉, Louise J. Slater 8, Jiabo Yin9, Jianfeng Li 10, Solomon Hailu Gebrechorkos8, Xiang Zhang11,
Dongdong Kong2,6 and Xuesong Yan1✉

Ocean-onto-land droughts (OTLDs)—i.e., droughts originating over the oceans and migrating onto land—are a recently identified
phenomenon with severe natural and human impacts. However, the influence of anthropogenic emissions on past and future
changes in OTLDs and their underlying mechanisms remain unclear. Here, using precipitation-minus-evaporation deficits to identify
global OTLDs, we find OTLDs have intensified due to anthropogenic climate change during the past 60 years. Under a future high-
emissions scenario, the OTLDs would become more frequent (+39.68%), persistent (+54.25%), widespread (+448.92%), and severe
(+612.78%) globally. Intensified OTLDs are associated with reduced moisture transport driven by subtropical anticyclones in the
northern hemisphere and complex circulation patterns in the southern hemisphere. The reduction in moisture transport during
OTLDs is mainly caused by the atmospheric thermodynamic responses to human-induced global warming. Our results underscore
the importance of improving understanding of this type of drought and adopting climate mitigation measures.
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INTRODUCTION
Droughts on land have severe impacts on water resources,
agriculture, ecosystems, and socio-economic sustanability1–4.
Recently, precipitation‐minus‐evaporation (PME) deficits originat-
ing over the ocean and migrating onto land have been identified
as an essential contributor to droughts on land5. For instance, PME
deficits over the northern Atlantic were found to have led to a
significant decrease in terrestrial water storage in the southern
Tibetan Plateau and northeastern Asia through diminishing
moisture transport6,7. These moisture deficits are responsible for
a specific newly identified type of drought termed ocean-onto-
land drought (OTLD), which is more extensive and intense than
land-only droughts (only originating from and developing over
land)5. Specifically, the OTLDs were found 435% larger, 30% more
intense, 285% grew and 28% intensified faster than land-only
droughts during 1981–2018 a global scale. In comparison with
land-only droughts, much less is known about how OTLDs have
changed in the past and may change in the future. This
knowledge gap is of considerable concern given the severe
impacts of OTLDs on continental natural and human systems.
One critical concern with respect to droughts is understanding

the impacts of anthropogenic climate change on their spatio-
temporal evolution. Recent studies have shown that the anthro-
pogenic signal is clearly detected in changes in drought
characteristics, such as frequency, duration, and intensity8–12.
Anthropogenic emissions have also resulted in droughts with
faster onset and more widespread areas13–15. Although there is
mounting evidence that human-induced global warming intensi-
fies droughts, the question of whether the anthropogenic climate
change signal is detectable in changes in OTLDs is still unknown.

The occurrence of OTLDs is associated with diminished
moisture transport (quantified by PME deficits) from the ocean.
For instance, OTLDs over western North America (WNA) are
associated with PME deficits over the eastern Pacific moving
toward WNA5. The PME deficits mainly have two physical drivers,
i.e., atmospheric thermodynamic and dynamic processes, related
to changes in atmospheric humidity and large-scale circula-
tion16–20. Under global warming, projected thermodynamic
changes include increases in moisture transport21–23 due to the
heightened moisture-holding capacity of saturated air (roughly
7%·°C-1, following the Clausius–Clapeyron relation). Dynamic
changes include circulation pattern shifts such as poleward shifts
of jet streams and storm tracks24,25 that may modulate directions
of moisture transport26,27. Thus, in the case of OTLDs, if a key
question is understanding whether there is a detectable signal of
anthropogenic climate change, and if so, how the underlying
physical factors for OTLD-related moisture transport might be
affected.
In this study, we identify all OTLDs in the historical simulations

(ALL; “Methods”) from the Coupled Model Intercomparison Project
Phase 6 (CMIP6)28 (Supplementary Table 1), and the Shared Socio-
economic Pathway 5–8.5 projections (SSP585) derived from
Scenario Model Intercomparison Project (ScenarioMIP)29 of CMIP6,
alongside the fifth generation of the European Center for Medium
Range Weather Forecasts (ECMWF) Reanalysis (ERA5). We analyze
changes in OTLD characteristics (frequency, duration, intensity,
and areal extent) in the past and future, and conduct quantitative
detection and attribution of these changes to anthropogenic
emissions. We then explore changes in OTLD-related moisture
transport in response to anthropogenic warming, and we
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disentangle their underlying thermodynamic and dynamic physi-
cal drivers. All acronyms are listed in Supplementary Table 2.

RESULTS AND DISCUSSION
Human-induced changes in past and future OTLDs
During 1961–2020, a total of 4516 OTLDs were identified across
the globe from 10 CMIP6 models under ALL, with duration of
10.47 ± 0.49 months (mean ± 1 standard deviation), maximum
area of 1.65 ± 0.33 × 106 km2, and intensity of
1.55 ± 0.38 × 105mm. The state-of-the-art reanalysis dataset
(ERA5) was used to correct the simulated bias of PME from CMIP6
compared to ERA5, as well as further assess the ability of bias-
corrected CMIP6 models to simulate OTLDs. Results suggest that
the spatial patterns of these OTLD characteristics are relatively
well captured by CMIP6 multi-model ensemble mean (CMIP6-EM)
(spatial correlations between ALL and ERA5: 0.65 < r < 0.69;
0.10 < relative error < 0.18; p < 0.001; Fig. 1). This is also the case
for most OTLD characteristics across the CMIP6 individual models.
High spatial correlations (>0.5; p < 0.001) are found in 58% of
all combinations (29 out of 50 combinations, i.e., 5 character-
istics × 10 models; Fig. 1c, f, i, l, o). The variances of each OTLD
characteristic with small differences (i.e., the variance of each
model is less than 1.5 times that of ERA5) between CMIP6 and
ERA5 also validate the ability to simulate spatial patterns of OTLD
characteristics. After the selection by total magnitude of OTLDs
(“Methods”), the resulting 1000 OTLDs (i.e., 100 events × 10
models) account for the top 22% ± 2% of all (ALL: 452 ± 37 OTLDs
for the multi-model mean; historical natural simulations (NAT):
449 ± 31) OTLDs from all CMIP6 models.
Globally, probability density functions of duration, maximum

area, intensity, and total magnitude of OTLDs under ALL show a
statistically significant rightward shift relative to NAT (Fig. 2a–d),
implying that anthropogenic emissions significantly enhance
OTLDs. Spatially, positive anomalies (difference between ALL
and NAT divided by ALL during 1961–2020) of OTLD frequency,
duration, areal extent, intensity, and total magnitude are found in
70.63%, 64.90%, 67.46%, 73.95%, and 69.52% of the global land
surface, respectively (Fig. 2f–j). This indicates that more frequent,
persistent, widespread, and severe OTLDs are associated with
anthropogenic climate change, especially over the six landfalling
OTLD hotspots (i.e., WNA, southern South America (SSA), Europe
and northern Africa (EA), southern Africa (SAF), eastern Asia (EAS),
and Australia (AU); Fig. 2e). Note that EA is dominated by negative
anomalies of these OTLD characteristics when comparing ALL and
NAT, which may be attributed to the influence of anthropogenic
aerosols (AER) emissions in the historical period (Supplementary
Fig. 2). As another site for considerable AER emissions, EAS
represents positive anomalies of OTLDs characteristics due to the
greater influence of greenhouse gas (GHG) emissions than that of
AER emissions. We find negative (positive) anomalies of OTLD
characteristics over 41.99–63.99% (42.47–69.38%) of the EA (EAS)
region when comparing the ALL and the GHG simulations, but
only over 25.27–44.86% (89.16–98.85%) when comparing the ALL
and the AER simulations. This indicates an enhancement effect of
GHG on historical OTLDs. As GHG emissions are projected to
continuously increase in the future, while AER emissions are likely
to decrease, this suggests that there may be a shift from
weakening to enhancing OTLDs over EA.
We use the relative anthropogenic index (RAI; see “Methods”) to

quantify the signal of anthropogenic climate change in the
intensification of OTLDs (Fig. 2f, j). Globally, the median (i.e., best
estimate) value of RAI for frequency, duration, intensity, areal
extent, and total magnitude, and their 90% confidence intervals
(CIs) are above zero, suggesting that the signal of anthropogenic
climate change is very likely detectable in the global intensifica-
tion of OTLDs (probability >90%; Fig. 2f–j). This is also the case for

most OTLD characteristics across the six hotspots. Specifically, the
anthropogenic signal is detectable in 63% of all combinations (19
out of 30 combinations, i.e., 5 characteristics ×6 hotspots).
We next assess future changes in OTLDs under SSP585, an

extreme emissions scenario (Fig. 3). In comparison with the
historical period (1961–2020), the landfall frequency of OTLDs
would be projected to increase by 63.13–223.82% in the six
hotpots during 2021–2100 (Fig. 3a). The future growth of OTLDs
would occur over most (i.e., 64.60–83.36%) of the global land
surface (Fig. 3b–f). These findings reveal that an extreme human-
induced climate change scenario would result in more frequent
(+39.68%), persistent (+54.25%), widespread (+448.92%), and
severe (+612.78%) OTLDs. Meanwhile, the best RAI values for
frequency, duration, intensity, areal extent, and total magnitude of
global OTLDs and their 90% CIs are above zero, suggesting that
the signal of anthropogenic climate change is strongly detected in
the OTLD projections (Fig. 3b–f). This future anthropogenic signal
is also detectable at regional scales, i.e., in 27 (90%) of the
combinations for the five characteristics across the six regions (Fig.
3b–f). We find that not only the relative changes but also the
temporal trends of OTLD characteristics also show significantly
(p < 0.0001) enhanced OTLDs, with a duration of 0.8
months·decade-1; intensity of 9.0 × 104mm·decade-1; maximum
area of 3.9 × 105 km2·decade-1; total magnitude of
1.0 × 102mm·months·decade-1; by the end of the century, as
shown in Fig. 3g–j. We repeat the above analyses under SSP370, a
moderate-emissions scenario. These future changes in OTLDs
under SSP370 are consistent with those under SSP585 (Fig. 3 and
Supplementary Fig. 3). Therefore, we next focus on the
SSP585 scenario (where GHG emissions play a primary role in
anthropogenic climate change) to investigate the impacts of
anthropogenic emissions on OTLDs.
We also estimate the response of future OTLD characteristics to

different level warmings (Supplementary Fig. 4). OTLDs over the
global land surface are expected to become more frequent
(+48.15%), persistent (+63.94%), widespread (+401.52%), and
severe (+499.71%) at a 3 °C warming. The best RAI of OTLD
characteristics over the global and regional scales at the 3 °C
warming and their 90% CIs are consistent (90% combinations
above zero) with those during 2071–2100, implying the robust
anthropogenic signals in OTLD characteristics.

OTLD-linked moisture transport in responses to
anthropogenic emissions
To understand the growth of OTLDs based on PME deficits over the
six hotspots due to anthropogenic emissions, we investigate
moisture transport during OTLDs over these regions (Fig. 4). In
comparison with the climatological period, the reduction in
moisture transport toward land during the post-landfall periods of
OTLDs explains the occurrence and persistence of OTLDs across the
three hotspots (WNA, EA, and EAS) in the northern hemisphere. The
landward movements of moisture divergence are related to
anticyclonic atmospheric patterns over the adjacent oceans
(northern Pacific and northern Atlantic) (Fig. 4a–f). For these three
hotspots in the northern hemisphere, during OTLDs (including the
periods pre- and post-landfall), these movements of moisture
divergence away from the oceans lead to a migration of moisture
deficit (also see the accumulation of OTLD intensity). This can be
seen in the case of the migration of moisture deficit onto WNA from
the equatorial Pacific (Supplementary Fig. 5a, b), onto northern EA
from the low-latitude Atlantic (Supplementary Fig. 6a, b), and onto
southeastern EAS from the northwestern Pacific (Supplementary
Fig. 7a, b). Previous studies also identified these migrations of
moisture deficits (e.g., WNA and EA)5,6, driven by anticyclones
originating from the subtropical high-pressure system30,31. In
contrast, the weakening OTLDs over EA under AER are associated
with cyclone anomalies (weaker anticyclones under AER compared
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Fig. 1 Ocean-onto-land Drought (OTLD) characteristics during 1961–2020. Maps and Taylor diagrams show the frequency (a–c), duration
(d–f), areal extent (g–i), intensity (j–l), and total magnitude (m–o) of OTLDs over the globe (excluding Antarctic, Greenland, and the Sahara
Desert) during 1961–2020. Each column shows corresponding characteristics derived from the ERA5 reanalysis dataset, CMIP6 multi-model
ensemble mean (CMIP6-EM; b, e, h, k, n), and 10 individual CMIP6 models (e, f, i, l, o). The dots in the bottom-left subplots accompanying the
maps b, e, h, k, n represent the characteristics of OTLDs in each grid cell between CMIP6-EM and the ERA5 reanalysis dataset. The symbol “RE”
indicates the relative error. Above all correlation is at 0.001 significance level. The figure is done in the software R 4.1.2 (https://cran.r-
project.org/bin/windows/).
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to ALL) reaching EA and the northern Atlantic (Supplementary Fig.
8). The cyclones-related moisture convergence is beneficial for
moisture transport to EA, resulting in fewer and weaker OTLDs
making landfall in EA (Supplementary Fig. 2). The aerosols in EA
through the wind-evaporation-SST (sea surface temperature) feed-
back32,33, cause the local Atlantic warming. The higher SST leads to
a poleward shift in the branch of the Hadley Cell that reduces
westerlies34, inhibiting the development of anticyclones over the
northern Atlantic. Over EAS, under the aerosol-cloud-monsoon
interactions35, aerosols might lead to continental cooling36, thereby
reducing the land-ocean contrast. This decreased thermal contrast
weakens the East Asian summer monsoon37,38, which could be
detrimental to conveying moisture from the Pacific to the Asian
hinterland39 (Supplementary Fig. 8), leading to exacerbated
moisture deficits.
These above-mentioned atmospheric circulation patterns driv-

ing OTLDs over the three hotspots in the northern hemisphere are
projected to strengthen under anthropogenic warming40–42 (Fig.
5), resulting in stronger OTLDs in the future. Specifically, the
~tenfold strengthening of anticyclones (units of water vapor flux
in Fig. 5 vs. those in Fig. 4) over the northern Pacific and northern
Atlantic would intensify moisture deficits and their transport
landward43. Future migratory trajectories of moisture deficits are
the same as the historical ones, but landfalling regions are located
further southward (Supplementary Figs. 5–7c–f).
Compared to the northern hemisphere, the moisture transport

processes driving OTLDs are more complex for the three hotspots
(SSA, SAF, and AU) in the southern hemisphere, and are associated
with various circulation patterns (e.g., anticyclones and cyclones)
over adjacent oceans (southern Pacific, southern Atlantic, and
Indian Ocean) (Fig. 4g–l). Over SSA, there are two pathways for
OTLD occurrences (Fig. 4g, h and Supplementary Figs. 9a, b): (i)

moisture deficits expanding onto southwestern SSA from the
equatorial Pacific due to the moisture divergence associated with
northwestward winds; or (ii) moisture deficits migrating onto
eastern SSA from the southwestern Atlantic due to the seaward
movement of moisture convergence associated with contracting
cyclones over the Atlantic. In the future projections, we find the
first pathway from the equatorial Pacific would be significantly
enhanced, but these intensified OTLDs would be unable to spread
inland due to the blocking effect of the Andes on the transport of
moisture deficits44,45 (Fig. 5g, h and Supplementary Figs. 9c–f). For
the second pathway from the southwestern Atlantic, we find an
emerging anticyclone over the Atlantic (Fig. 5h) that would result
in the expansion of moisture deficits northward onto the north of
SSA (e.g., stronger OTLDs in northeastern South America;
Supplementary Fig. 9c–f).
Over SAF, in the historical simulations, moisture deficits tend to

expand onto land from the Atlantic and Indian Oceans
(Supplementary Fig. 10a, b) due to moisture divergence linked
to anticyclones over the southern Atlantic and Madagascar,
respectively (Fig. 4i, j). In the projections, northwestward winds
induced by emerging anticyclones over the Atlantic and enhanced
anticyclones over Madagascar (Fig. 5i, j) bring moisture deficits
onto SAF and maintain the same migratory trajectories as the
historical period (Supplementary Fig. 10c–f).
For AU, the interaction between anticyclones over the Indian

Ocean and cyclones over the southwestern Pacific lead to
northward winds in ALL, causing moisture divergence over the
ocean areas around AU (Fig. 4k, l). This moisture divergence leads
to moisture deficit expansion onto AU from the Indian Ocean and
southwestern Pacific (Supplementary Fig. 11a, b). In the projec-
tions, these circulation patterns over the oceans become more
complex (Fig. 5k, l). Moisture from the southern Indian Ocean

Fig. 2 Human-induced changes in OTLD characteristics during 1961–2020. a–d Probability density functions for the duration (a), intensity
(b), maximum area (c), and total magnitude (d) of ALL OTLDs (red lines) vs. NAT OTLDs (blue lines); p-values indicate the significance of
differences between the distributions based on the Kolmogorov-Smirnov test. e Total frequency of landfalling OTLDs in the ALL scenario (red
gradient). f–j Anomalies (difference between ALL and NAT divided by ALL during 1961–2020) in the frequency (f), duration (g), intensity (h),
areal extent (i), and total magnitude (j) of OTLDs for the multi-model mean between ALL and NAT. Black dots represent regions with
significant differences in OTLD characteristics (p-value < 0.05 based on the student’s t-test). Error bars in the bottom-left subplot (f–j) show the
relative anthropogenic index (RAI) estimates and their 90% confidence intervals (CIs; from bootstrapping) of OTLD characteristics for the
globe and the six hotspots. The figure is done in the software R 4.1.2 (https://cran.r-project.org/bin/windows/).
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would be transported to the northern hemisphere by cross-
equatorial air flows, forming a widespread region over the
southern Indian Ocean with moisture divergence. This widespread
moisture divergence region leads to the expansion of moisture
deficits onto western AU (Supplementary Fig. 11c–f). In contrast,
circulation patterns for the projected weakening OTLDs over
northeastern AU are unclear, possibly due to interaction effects
among multiple climate modes46–48 (e.g., El Niño–Southern
Oscillation and Indian Ocean dipole49,50) on moisture transport
in this region.

Physical drivers and future risk assessment of OTLDs
Here, we summarize the key mechanisms by which anthropogenic
emissions intensify OTLDs from the perspective of moisture
transport (Fig. 6a). Due to anticyclone-induced moisture diver-
gence, landward migration and/or expansion of moisture deficits
drive the occurrence of OTLDs. These anticyclones-associated
atmospheric patterns are likely to strengthen under

anthropogenic warming, and hence the landward migration/
expansion of moisture deficits also be enhanced, resulting in
intensified OTLDs in a high-emissions future.
Human-induced intensification of PME-based OTLDs can be

explained by both dynamic and thermodynamic drivers16,23,51.
Thermodynamically, moisture transport would be enhanced by
the warming-driven changes in specific humidity and the land-
ocean warming contrast52–54, which increases PME in the tropics
and high latitudes but decreases PME in the subtropics51,55.
Dynamically, atmospheric circulation processes (e.g., shifts in the
strength of Walker and Hadley circulations23,56–58) driven by
anthropogenic warming could lead to complex spatial changes in
PME patterns. For instance, the expansion of the Hadley
circulations makes the downward branch move toward the poles,
leading to reduced PME in the subtropics59–61. These thermo-
dynamic and dynamic drivers can be further decomposed into the
advection dynamic component, advection thermodynamic com-
ponent, convergence dynamic component, and convergence
thermodynamic component16,62.

Fig. 3 Projected changes in OTLD characteristics under SSP585. a Change in the total frequency of landfalling OTLDs between SSP585
during 2021–2100 and under ALL during 1961–2020. “SSP585− ALL” indicates the difference between the future projections and historical all-
forcings simulations. b–f The same as a, but for anomalies of frequency, duration, intensity, areal extent, and total magnitude between SSP585
during 2071–2100 and under ALL during 1981–2010, respectively. Black dots represent regions with significant differences in OTLD
characteristics (p-value < 0.05 based on the student’s t-test). g–j The red lines show mean duration (g), intensity (h), maximum area (i), and
total magnitude (j) of OTLDs within a 21-year moving window under ALL and SSP585. Four-time series show a significant trend (Mann-Kendall
test at the 0.01% significance level). Shading represents the standard deviation of OTLD characteristics across the multi-model ensemble. The
figure is done in the software R 4.1.2 (https://cran.r-project.org/bin/windows/).
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Fig. 4 OTLD-linked moisture transport during the pre- and post-landfall periods under ALL, respectively. Maps show multi-model mean
anomalies of vertically integrated moisture divergence (red areas with negative values indicate moisture divergence) and water vapor flux
(black arrows) over WNA (a, b), EA (c, d), EAS (e, f), SSA (g, h), SAF (i, j) and AU (k, l) between ALL during the lifetime of OTLDs (pre-landfall: left
column; post-landfall: right column) and ALL-climatology (the climatological mean without considering OTLDs). ALL: 1961–2020;
climatological mean: 1981–2010; the pre-landfall period indicates a period from origination to landfalling of each OTLD event; the post-
landfall period indicates a period from landfall to extinction of each OTLD event. The figure is done in the software R 4.1.2 (https://cran.r-
project.org/bin/windows/).
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Fig. 5 OTLD-linked moisture transport during the pre- and post-landfall periods under SSP585, respectively. Maps show multi-model
mean anomalies of vertically integrated moisture divergence (red areas with negative values indicate moisture divergence) and water vapor
flux (black arrows) over WNA (a, b), EA (c, d), EAS (e, f), SSA (g, h), SAF (i, j) and AU (k, l) between SSP585 and ALL during the lifetime of OTLDs
(pre-landfall: left column; post-landfall: right column). SSP585: 2021–2100; ALL: 1961–2020. The figure is done in the software R 4.1.2 (https://
cran.r-project.org/bin/windows/).
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We quantified the contributions of all dynamic and thermo-
dynamic components to the changes in integrated moisture
divergence (≈PME) between SSP585 and ALL during the post-
landfall periods of OTLDs (Fig. 6b). For the six hotspots, the
thermodynamic component is an essential driver of OTLDs
(contribution: 30% ~ 55%; the range across the six hotspots) to
enhance OTLDs, and can be further attributed to the advection
thermodynamic component (contribution to the thermodynamic
component: 54%–97%) (Fig. 6b and Supplementary Figs. 12–17).
Previous findings also found that PME deficits over land (especially
at low-mid latitudes) were dominated by the thermodynamic
component16,51,63. The thermodynamic responses to

anthropogenic warming are expected to lead to global circulation
slowdown22,23 (e.g., a reduction of temperature gradients due to
enhanced upper-tropospheric warming64–66) and greater land-
ocean warming contrast53 (i.e., slower increase in humidity over
the ocean than over land). As a result, moisture transport from the
ocean to land would be weakened54,67–69, and hence PME deficits
would intensify landward23,52, particularly in the tropics and
subtropics.
Finally, we assess past and future risks (i.e., from low-level I to

high-level IV) of OTLDs in the past and in future projections by
using self-organizing maps (SOM) with unsupervised learning (Fig.
6c). Areas with higher risk levels in the future would experience

Fig. 6 Schematic representation of OTLD mechanisms and regions at risk. a Risk levels of OTLDs according to the SOM classification under
ALL during 1981–2010 and under SSP585 during 2071–2100 (colors represent increasing hazard). b Contributions of physical factors to the
change in integrated moisture divergence (≈PME) between SSP585 and ALL during the post-landfall periods of OTLDs. SSP585: 2021–2100;
ALL: 1961–2020. Error bars show the standard deviation across the multi-model ensemble. c Different risk levels for each OTLD characteristic.
The subfigures are done in the software R 4.1.2 (https://cran.rproject.org/bin/windows/) and then are merged by using the PowerPoint
software of Microsoft 365 (https://www.microsoft.com).
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more frequent, persistent, widespread, and severe OTLDs.
Globally, only 15% of land areas show high-level risk in the
historical period under ALL, while this percentage is projected to
reach 51.2% in the future under SSP585. The regions with the
largest expansion of high-level risk are found in the six hotspots
(areas with high-level risk account for 37–100% of total areas in
the future land surface) (Fig. 6a). The spatial patterns of risk
assessments in the historical and future periods are consistent
with the patterns in the total magnitude of OTLDs (Supplementary
Fig. 18).
In summary, we demonstrate that the historical growth of

OTLDs can be attributed to anthropogenic emissions, and this
enhancement is likely to grow further under future increasing
GHG emissions. Under a high-emissions scenario, about 50.9% of
the global population (based on the projected amount of
population during 2071–2100) is expected to experience the
highest risk of OTLDs in the future. Notably, we find the most
populous regions worldwide (e.g., North America, East Asia, and
Europe) are exposed to the highest OTLD-induced risks under a
warmer climate. These findings underscore the importance of
developing adaptation measures to mitigate the future risk of
OTLDs in natural ecosystems and human-managed environments.
We have detected robust anthropogenic signals from OTLDs

characteristics, but it is unclear whether internal climate variability
has an impact on OTLDs. Therefore, understanding whether and
how OTLD interacts with other climate modes (e.g., El
Niño–Southern Oscillation and Indian Ocean dipole) can provide
a more holistic view of its evolution and impacts. In addition, our
studies focus on the spatially direct and temporally continuous
impacts of oceanic moisture deficits on continents. However, the
role of teleconnections in the occurrence and propagation of
terrestrial droughts is also not negligible. Terrestrial droughts are
not only induced by teleconnections of land-based sources70, but
also are likely to be associated with teleconnections of marine
sources. Hence, future studies that droughts in global land areas
are synchronized or lagged by moisture deficits in marine areas
through teleconnection effects, will provide important insights for
addressing terrestrial droughts indirectly caused by oceanic
moisture deficits.

METHODS
CMIP6 outputs—historical simulations and future scenario
We used the CMIP6 model simulations (Supplementary Table 1)
covering the historical period (1960–2014; “historical” of CMIP,
ALL) and future high-emissions scenario (2015–2100; “ssp585” of
ScenarioMIP, SSP585). The corresponding historical and future
simulations were merged for each model to obtain a time series
over the period 1961–210071. The ALL simulations represent that
climate models are forced by both anthropogenic (GHG and AER
emissions) and natural external forcings. To distinguish the impact
of individual external forcings on OTLDs, we used several external
forcing experiments derived from the Detection and Attribution
Model Intercomparison Project (DAMIP) of CMIP6, e.g., historical
natural (“hist-nat”, NAT), historical greenhouse-gas (“hist-GHG”,
GHG), and historical anthropogenic-aerosol (“hist-aer”, AER)
forcings72. We also used projections under a moderate-
emissions scenario (“ssp370” of ScenarioMIP, SSP370), validating
the robustness of projected OTLDs under SSP585. We selected the
10 CMIP6 models that output monthly precipitation (“pr”, mm),
evaporation (“evspsbl”, mm), near-surface temperature (“tas”, K),
specific humidity (“hus”, kg·kg-1; 19 layers), surface air pressure
(“ps”, Pa), meridional winds (“va”, m·s-1; 19 layers), and zonal winds
(“ua”, m·s-1; 19 layers) in the above five scenarios. The first
ensemble member ‘r1i1p1f1’ was used for each model to avoid
considering the variability within each climate model ensemble.
All the model outputs were interpolated to 1°× 1° resolution.

Reanalysis data and bias correction algorithm
We identified historical OTLDs using precipitation and evaporation
from the state-of-the-art reanalysis dataset, to assess the OTLD
simulations by the CMIP6 Global Circulation Models. The reanalysis
dataset used is the fifth generation of the European Center for
Medium Range Weather Forecasts (ECMWF) Reanalysis (ERA5)73.
The raw precipitation and evaporation data were also interpolated
to 1° × 1° resolution.
Due to the systematic biases of CMIP6 simulations in simulating

meteorological variables (precipitation and evaporation) com-
pared with the reanalysis dataset, we applied a bias correction
algorithm (i.e., quantile delta mapping (QDM)74) to reduce these
biases. We employed the QDM to correct the cumulative
distribution functions (CDFs) of ALL simulations to the CDFs of
ERA5. Given the shared similar biases from a specific model under
different external forcings75, the difference of CDFs between ALL
simulations and ERA5 were applied to adjust CDFs from the
simulations under different forcings (NAT, AER, and GHG) and the
projections under different scenario (SSP585)76. The bias correc-
tion was conducted for each model independently.

Identification of OTLDs
We used a three-dimensional clustering approach to track the
spatio-temporal evolution of OTLDs during 1961–2020 in the
CMIP6 simulations and ERA5 reanalysis dataset (see Supplemen-
tary Fig. 1 for an example). As in previous studies5, we tracked
OTLDs in space and time based on a 12-month accumulation of
PME anomalies (PMEA). We employed PMEA to calculate the
drought index, i.e., the standardized precipitation-
evapotranspiration index (SPMEI), using a non-parametric stan-
dardization approach9,77,78. SPMEI at the calendar month t is
estimated as

SPMEIi;t ¼
Z PMEAi;t

0
f̂ i xð Þdx (1)

where f̂ i xð Þ represents the probability density function at the grid
cell i. Given a monthly sequence of values PMEAi;1, PMEAi;2,…,
PMEAi;n, the kernel density estimates at a given value x can be
obtained by

f̂ i xð Þ ¼ 1
nh

Xn
k¼1

K
x � xk

h

� �
(2)

where K xð Þ represents the Gaussian kernel with bandwidth h and
sampling size n. We used a median filter for the SPMEI spatial
pattern5,79–82 to improve the robustness of the identification of
drought clusters and selected 0.2 as the drought threshold5,9,77.
Spatiotemporally contiguous drought clusters (STCDCs) are
tracked based on SPMEI using a drought clustering algo-
rithm5,9,12,83–85. This algorithm finds drought cells and merges
adjacent cells to identify spatially contiguous drought clusters
(SCDC; at least 10,000 km2). SCDCs that share an overlapping area
over consecutive timesteps are consolidated into a single STCDC.
Finally, STCDCs that originate entirely (i.e., 100%) over the ocean
and then spread over land over an area of at least 100,000 km2 are
identified as OTLDs5.

Characteristics of OTLDs
The following drought characteristics are extracted from all
identified OTLDs: (1) the duration (unit: month), defined as the
lifetime of each OTLD during the post-landfall period; (2) the
maximum area (km2), the spatial extent of all land grid cells of an
OTLD; (3) the intensity (mm), the sum PMEA of all land grid cells of
an OTLD; and (4) the total magnitude (mm·month), a synthetic
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index describing the duration, area, and intensity86,87, defined as

Total magnitude ¼
XDuration
t¼1

XSCDCland;t

i¼1

PMEAi;tAi
� �

=
XSCDCland;t

i¼1

Ai

 !
(3)

where i is a grid cell of SCDC in time t for the duration with grid
area Ai. A larger total magnitude indicates stronger OTLDs. In this
study, only the top 100 OTLD events based on total magnitude are
selected from each CMIP6 model under the ALL and NAT
scenarios during 1961–2020, because we focus on the impacts
of persistent, widespread, and intense OTLDs. We also mapped
these characteristics at each grid cell to assess the spatial patterns
of OTLDs5. The accumulated intensity of OTLDs is calculated by
mapping the PMEA of all OTLDs during the post/pre-landfall
periods.

Relative anthropogenic index
The relative anthropogenic index (RAI) is used to detect the signal
of anthropogenic climate change quantificationally88,89 as:

RAI ¼
1�PS

i

Ii;NATAi
Ii;ALL

=
PS
i
Ai past

1�PS
i

Ii;ALLAi
Ii;SSP

=
PS
i
Ai future

8>>><
>>>: (4)

where Ii is the characteristic of OTLDs for grid cell i in area S. A
positive (negative) RAI indicates increased (decreased) characteristics
of OTLDs due to the impacts of anthropogenic climate change. To
quantify the RAI uncertainty, we use a bootstrapping approach to
resample RAI 10,000 times from CMIP6 models to generate 90% CIs.
If the 90% CIs are both positive (negative), the median RAI is
considered statistically significant, and then the signal of anthro-
pogenic climate change is considered detectable88,89.

Moisture transport and physical drivers
The atmospheric moisture budget principle asserts that the
difference between precipitation and evaporation (i.e., PME) equals
the negative divergence of vertically integrated water flux17–19.

�∇ � Q ¼ � 1
ρg

Z ps

pt

∇ � Vqð Þdp ¼ P � E (5)

where Q is the vertically integrated moisture transport, ∇∙ is the
divergence operator, ρ is the density of water, g is the
gravitational acceleration, pt is the pressure at the top of the
atmosphere, ps is the near-surface pressure, q is the specific
humidity, and V is the mean wind field (meridional wind v and
zonal wind u). As OTLDs are the result of long-term PME deficits,
moisture divergence is approximately estimated as

∇ � Q � 1
ρg

Z ps

pt

∇ � Vq
� �

dp (6)

The changes in moisture divergence between future and
historical periods can be decomposed as17,90

∇ � Qf � ∇ � Qh ¼ 1
ρg

R ps
pt
½∇ � ðVf qf Þ � ∇ � ðVhqhÞ�dp

¼ 1
ρg

Z ps

pt

∇ � ½Vhðqf � qhÞ�dp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Thermodynamic

þ 1
ρg

Z ps

pt

∇ � ½ðVf � VhÞqh�dp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Dynamic

þ 1
ρg

Z ps

pt

∇ � ½ðVf � VhÞðqf � qhÞ�dp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Nonlinear

(7)

where the subscript f and h, respectively, indicate the future
period of 2015–2100 under SSP585 and historical ALL simulations
during 1961–2014. The dynamic component represents changes
in horizontal wind, the thermodynamic component represents

changes in specific humidity, and the nonlinear component
represents the product of changes in specific humidity and
wind16–19,62,91. In addition, moisture transport can be composed of
advection transport and convergence transport19,92,93

∇ � Q ¼ � 1
ρg

Z ps

pt

V∇q dp|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Advection

� 1
ρg

Z ps

pt

q∇ � V dp|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Convergence

(8)

Further, the changes in moisture divergence can be decom-
posed into multiple terms as follows:

∇ � Qf � ∇ � Qh

¼ 1
ρg

Z ps

pt

Vh∇ðqf � qhÞdp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Advection Thermodynamics

þ 1
ρg

Z ps

pt

ðqf � qhÞ∇ � Vhdp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Convergence Thermodynamics

þ 1
ρg

Z ps

pt

ðVf � VhÞ∇qhdp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Advection Dynamics

þ 1
ρg

Z ps

pt

qh∇ � ðVf � VhÞdp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ConvergenceDynamics

þ 1
ρg

Z ps

pt

∇ � ½ðVf � VhÞðqf � qhÞ�dp|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Nonlinear

(9)

The contributions of the thermodynamic and dynamic compo-
nents to PME are normalized to within –100% and 100%.

Synthetic risk assessment
The SOM algorithm94 is a practical classification framework for
drought95–98. Here, we select the frequency, duration, intensity,
and areal extent of OTLDs under historical and future 30-year
climatological periods, namely the historical ALL simulations
during 1981–2010 and the SSP585 projections during
2071–2100. We produce a matrix (43,956 grid cells × 4 metrics)
as input data. After data standardization, we determine the best
SOM dimension (i.e., 3 × 2= 6 nodes in this study) by calculating
the quantization error, which evaluates the ability of the neural
network to differentiate input data95,99.
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