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Soil moisture−atmosphere feedbacks have
triggered the shifts from drought to pluvial
conditions since 1980
Yamin Qing 1,4, Shuo Wang 1,4✉, Zong-Liang Yang 2 & Pierre Gentine 3

Drought and pluvial transitions have attracted widespread attention. However, the dynamic

evolution and underlying mechanisms of drought and pluvial transitions remain poorly

understood. Here, we demonstrate that there is a significant increase in the occurrence of

drought and pluvial transitions (0.24−1.03% per year) globally during 1980−2020. We use

convergent cross mapping to detect causal relationships between time series variables in the

climate system and find that drought and pluvial transitions can be explained by an indirect

transitive causal chain. Specifically, the soil moisture−latent heat flux−precipitation causal

chain is likely to trigger the rainfall following the dryness in humid regions where enhanced

evaporation increases the actual atmospheric moisture favoring the pluvial occurrence. By

contrast, the soil moisture−moisture convergence−precipitation causal chain enhances the

post-drought rainfall in arid regions due to atmospheric circulation dynamics. Our results

indicate that land−atmosphere feedbacks play an important role in triggering the drought-

pluvial shift in a changing climate.
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Droughts are linked to prolonged periods of low pre-
cipitation and/or dry soils, whereas pluvials often refer to
the periods of enhanced and intense precipitation1,2.

Drought and pluvial have a substantial influence on available
water resources and agricultural productivity3–5. The transitions
from drought to pluvial may lead to greater impacts than the sum
of individual events due to the potential increase in the vulner-
ability of populations and ecosystems2. Furthermore, more
attention should be paid to the drought to pluvial transitions that
have compound effects as droughts make the area more vulner-
able to the following pluvials. For example, the middle to low
reaches of the Yangtze River was hit by abrupt drought-pluvial
transitions in 20116. The 2015 growing season across the south-
central United States was characterized by an unusual sequence of
events that saw parts of the region flipping from extreme drought
conditions to a pluvial during spring7. In September 2015, there
was a fast transition from drought to pluvial flooding within
1 week over South Carolina of United States, which brought a
once-in-a-thousand-years flood2. In addition, Texas experienced
the worst drought during 2011–2015, which was suddenly ended
by a heavy rainfall event in spring 2015. Such heavy rainfall event
caused flash flooding, which already significantly changed the
landscape, vegetation distribution and soil infiltration
properties2,8. These recent examples of successive drought and
pluvial highlight their compound impacts, pointing to a more
variable and extreme climate9–11. Thus, there is a need to reveal
the dynamic evolution and underlying mechanisms of drought
and pluvial transitions, especially the abrupt transition, advancing
our understanding of such an abrupt transition on a global scale
and providing meaningful information to increase society’s resi-
lience to the swings from drought to pluvial.

Global Land–Atmosphere Coupling Experiments (GLACE)
have identified the regions where soil moisture may have a strong
impact on precipitation variability in earlier generation of climate
models12,13. Findell et al.14 found that high evaporation enhanced
the probability of afternoon rainfall over eastern U.S. and Mexico,
and this result is similar to those found by D’Odorico and
Porporato15 over Illinois. Ruiz-Barradas and Nigam16 found that
remote moisture sources were more important than local eva-
poration for precipitation variability over the U.S. Great Plains,
and argued against the strong soil moisture−precipitation feed-
back found in some modeling studies. Thus, soil moisture affects
the following precipitation through both local evaporation and
remote moisture transport17,18. However, the direct relationship
between soil moisture and precipitation is complex, and varies in
signal and strength due to the complex interactions between
hydrological and climatic factors. On the other hand, soil
moisture is involved in a number of dynamic feedbacks at the
local, regional and global scales, and plays a dominant role in
regulating climate change and extremes19–21. Instead of investi-
gating the soil moisture−precipitation coupling, we elucidate the
causal pathways in the process chain of land−atmosphere feed-
backs triggering the transition between drought and pluvial,
thereby potentially improving predictions of extreme events for
better adaptation and planning.

According to the Intergovernmental Panel on Climate Change
(IPCC)’s Sixth Assessment Report (AR6)22, many regions around
the world are projected to experience an increase in the prob-
ability of compound events (two or more extreme events occur-
ring simultaneously or successively) with higher global warming,
stressing the need to further explore the mechanism behind
compound events. Considerable efforts have been made to detect
individual drought and pluvial as well as their compound events
regionally and globally over the past several years23–31. However,
little effort has been made to uncover the mechanism behind the
drought and pluvial transitions (DPTs), especially from the

perspective of soil moisture−atmosphere feedbacks. Previous
studies have indicated that soil moisture−atmosphere feedbacks
initiated by soil moisture anomalies can strongly modulate rain-
fall, heat, and aridity locally32,33, and can also promote large-scale
atmospheric circulation anomalies remotely34,35, which may
contribute to the active/break phase transition of drought and
pluvial. Given the importance of soil moisture−atmosphere
feedbacks in the hydrological cycle, it is crucial to systematically
investigate the role of soil moisture in the occurrence of DPTs.

Here, we first investigate the global pattern of DPTs and their
spatiotemporal variations during the period of 1980–2020, based
on the observationally constrained soil moisture and precipitation
obtained from the ERA5, MERRA-2, and GLEAM datasets.
Additionally, we explore the mechanisms behind the DPT
occurrence from the perspective of soil moisture−atmosphere
feedbacks. Our findings highlight an increasing risk of DPTs and
indicate that land−atmosphere interactions may play an impor-
tant role in triggering the shift from drought to pluvial in a
changing climate.

Results
Mechanisms underlying the occurrence of DPTs. Drought and
pluvial are associated with atmospheric circulation induced by
local- and large-scale climate anomalies, and soil moisture
−atmosphere feedbacks have been suggested to play a central
role in the evolution of atmospheric circulation anomalies across
time scales36–38. Here, we focus on the contrasting role of soil
moisture−atmosphere feedbacks in regulating the occurrence of
DPTs. Soil moisture−atmosphere feedbacks are initiated by soil
moisture anomalies, inducing land evaporation and surface heat
flux anomalies that may trigger moisture convergence and further
increase the likelihood of post-drought rainfall.

Water vapor for post-drought rainfall comes from both local
evaporation and remote moisture transport, which can be
modulated by a chain of processes resulting from land−atmo-
sphere feedbacks. Figure 1 shows the land−atmosphere feedbacks
as local and remote intensifiers of the post-drought rainfall. The
latent heat flux in the surface energy balance directly relates to
evaporation to moisten the atmosphere, which is the main local
moisture resource. When soil and vegetation dry out, the air
becomes even hotter, and warmer conditions during drought are
often more favorable for evaporation, especially in humid regions.
Additionally, the surface soil drying causes the increase in
sensible heat flux, and vegetation accessing deeper soil moisture/
groundwater is able to supply the water for evaporation in hotter
environment, which in turn enhance the evaporative demand and
thus potentially the surface latent heat flux, increasing atmo-
spheric moisture content. Further, the atmospheric water-holding
capacity enhanced by increasing temperature due to more
partitioning of energy towards sensible heat allows air to hold
more moisture under global warming. Thus, the increasing
atmospheric moisture content, along with enhanced atmospheric
water-holding capacity, indicates that the actual atmospheric
moisture content should increase, leading potentially to the
occurrence of rainfall, even heavy rainfall (Fig. 1a). Like the sharp
turn from drought to flood that occurred in the middle and lower
reaches of the Yangtze River in the early summer of 2011, the
above-average latent heat flux was captured during the month
before the occurrence of rainfall (Supplementary Fig. 1). On the
other hand, atmospheric moisture convergence is a remote source
of moisture for precipitation. Especially in dry areas, soil moisture
limits evaporation and reduces moisture recycling for precipita-
tion, but the reduced soil moisture also enhances moisture
convergence which plays a more important role in the occurrence
of heavier rainfall39 (Fig. 1b). For example, severe drought
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occurred over southeastern Australia in 2009, and was then
terminated by a rainfall during 2010. At the end of drought, much
higher than normal moisture convergence was observed before
the occurrence of rainfall (Supplementary Fig. 2). Therefore, the
changes in latent heat flux (land evaporation) and moisture
convergence as well as their interactions with soil moisture may
play an important role in triggering the shift from drought to
pluvial. Although the soil moisture−precipitation feedback is
complex, the indirect chain of processes resulting from land
−atmosphere feedbacks (i.e., soil moisture−latent heat flux
−precipitation and soil moisture−moisture convergence−pre-
cipitation) may help us to understand why drought and pluvial
often occur in a consecutive order.

Observed changes in the characteristics of DPTs. Here we use
three observationally constrained ERA5, MERRA-2, and GLEAM
reanalysis products to increase the robustness of DPT analysis.
We use the standardized soil moisture index (SSI <−1) based on
soil moisture to define drought (soil moisture deficit) and the
standardized precipitation index (SPI > 1) based on precipitation
to define pluvial for different reanalysis datasets.

Figure 2 shows the spatial pattern of the frequency of DPTs for
a recent warming period of 1980–2020, corresponding to the
three different datasets used in this study. We highlight that the
high frequency of DPT events is not a coincidence by performing
the Superposed Epoch analysis, and we find that the precipitation
response to drought is significant in more than two-thirds (at
95% confidence level) and half (at 99% confidence level) of the
world’s regions (Supplementary Figs. 3 and 4). DPTs are more
frequent over eastern North America, Europe, East Asia, South-
east Asia, southern Australia, southern Africa, and southern
South America (Fig. 2a–d). Similar hotspots of the DPTs
frequency can also be found by using different thresholds of
indices (Supplementary Fig. 5). We examine the interannual

changes in the global mean frequency of DPTs, estimated as the
mean value of grid cells that witness the DPTs during the period
of 1980–2020. Even though different reanalysis datasets are used
in this study, the results show a consistent trend for the ERA5,
MERRA-2, and GLEAM datasets, especially a huge increasing
trend for ERA5. There is a significant increase in the frequency
(0.24–1.03% year−1) of DPTs globally during the recent period of
1980–2020 (Fig. 2e). The global mean frequency during the
period of 2001−2020, is larger than that observed during the
period of 1981–2000 (Fig. 2f). Further, although spatial distribu-
tion of DPTs frequency varies for DJF, JJA, MAM, and SON, they
all show a significant increasing trend during the period of
1980–2020 (Supplementary Fig. 6). And most subregions show a
relatively consistent trend for DJF, JJA, MAM, and SON
(Supplementary Fig. 7). Specifically, wet regions (i.e., humid
and transitional regions) witness a higher increase in the
frequency compared with arid regions (inconsistent trends from
three datasets) (Supplementary Fig. 8). Significant increasing
trends in the global mean frequency of DPTs are also
detected through other time-series based modeling (i.e., assuming
a Poisson process time series analysis based on soil moisture and
precipitation percentiles) (Supplementary Figs. 9 and 10).

Possible coupling chains triggering the occurrence of DPTs.
The partial negative correlation of soil moisture and precipitation
as well as the significant response of rainfall to drought occur-
rence all suggest that the lower soil moisture is likely to be fol-
lowed by heavier precipitation (Supplementary Figs. 4 and 11).
To investigate the role of soil moisture−atmosphere feedbacks in
the occurrence and variation of DPTs, we use a probability
multiplication factor (PMF) to assess the increase in the joint
probability of occurrence of DPTs, compared to the probability
expected if drought and pluvial were independent (i.e., the
increase is due to the fact that the events are compound events).

Fig. 1 Proposed mechanism for explaining the shift from drought to pluvial from the perspective of soil moisture−atmosphere feedbacks. Here, plus
(+) and minus (‒) indicate positive and negative relations, respectively. The colors show the soil moisture‒latent heat flux‒precipitation (blue), the soil
moisture‒temperature (red) and the soil moisture‒moisture convergence‒precipitation (yellow) feedback loops. a Local moisture transport processes: (I)
Soil desiccation increases sensible heat flux, and the increasing sensible heat flux further enhances temperature. (II) Hotter air in turn enhances the
evaporative demand and thus latent heat flux if water is sufficient. (III) As latent heat flux and temperature rise, atmospheric water-holding capacity and
moisture content increase. (IV) Pluvial is likely to be triggered by the increase in actual atmospheric moisture content. (V) Pluvial prevents further soil
desiccation. b Remote moisture transport processes: (I) Soil desiccation enhances low-level flow convergence to increase moisture. (II) As moisture in air
rises, pluvial is likely to be triggered. (III) Pluvial prevents further soil desiccation. Ocean is the main moisture source in the remote moisture transport
processes.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00922-2 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:254 | https://doi.org/10.1038/s43247-023-00922-2 | www.nature.com/commsenv 3

www.nature.com/commsenv
www.nature.com/commsenv


The joint probability of occurrence of DPTs is defined as a
sequential occurrence of drought and pluvial when the soil
moisture is below its 15th percentile and the post-drought pre-
cipitation is above its 85th percentile (15th percentile is
approximately equal to the SSI value of −1 and the 85th per-
centile is approximately equal to the SPI value of 1).

We find that the PMF values of DPTs and the consistent
negative soil moisture–latent heat flux couplings are mostly
stronger in wet regions (i.e., humid and transitional regions)
(Fig. 3a−f). Specifically, the hotspots of negative soil
moisture–latent heat flux couplings are mostly located in Europe
and eastern North America for all three datasets, indicating that
the soil moisture−latent heat flux−precipitation coupling chain
may be the transitive processes behind the influence of soil
moisture on precipitation, which is likely to play a role in the
occurrence of DPTs in wet regions, especially when there is a
significant positive correlation between latent heat flux and
precipitation (Supplementary Fig. 12). It is well understood that
the occurrence of rainfall is associated with an increased latent
heat flux (evaporation) at the Earth surface. In addition,
greenhouse warming enhances the intensity of rainfall40–42 since
the increasing temperature accompanied by an increase in latent
heat flux (evaporation). Further, the increased water-holding
capacity of the atmosphere and, together with an enhanced
evaporation, lead to an increase in the actual atmospheric
moisture. Eventually, the increased moisture content of the
atmosphere favors rainfall events, as is observed to be occurring

in many parts of the world, thereby leading to an increasing risk
of DPTs.

Our findings demonstrate that the PMF values of DPTs and the
negative soil moisture−moisture convergence feedbacks are
mostly stronger in dry regions (i.e., arid regions) (Fig. 3g–i),
suggesting that the soil moisture−moisture convergence−pre-
cipitation coupling chain may be the dominant transitive
processes behind the influence of soil moisture on precipitation
in dry regions when moisture convergence and precipitation are
significantly positively correlated (Supplementary Fig. 13). The
reduced soil moisture enhances surface heating, thereby promot-
ing the vertical ascent and associated low-level flow convergence.
Furthermore, we find that the negative soil moisture feedback on
mean flow convergence arises principally from both dynamic and
thermodynamic components (Supplementary Fig. 14). This
indicates that the negative soil moisture−moisture convergence
feedback is mainly determined by the soil moisture regulation of
atmospheric circulation, and the decreased soil moisture regulates
the atmospheric circulation that can bring much moisture from
remote moisture fluxes. Although the soil moisture−moisture
convergence coupling plays a dominant role in the occurrence of
DPTs in dry regions, the increased latent heat caused by the
increase in the turbulent energy (latent plus sensible heat)
transferred from the surface to the atmosphere under the
influence of anthropogenic climate change is also a contributor,
which can lead to increased air moisture and thus increased
rainfall intensity43.

Fig. 2 Spatiotemporal pattern of the total number of DPTs during the period of 1980–2020. Spatial pattern of the total number of DPTs for each pixel
during the period of 1980–2020 based on a ERA5, bMERRA-2, and c GLEAM datasets. d Spatial pattern of the multi-model mean number of DPTs for each
pixel during the period of 1980–2020. Stippling denotes the regions where the frequency is statistically significant at the 99% level based on Superposed
Epoch Analysis (SEA). e Annual time series (solid lines) of globally averaged DPTs over the regions where the DPT frequency passes the significance test.
The linear annual trends (dashed lines) for ERA5, MERRA-2, and GLEAM are estimated based on the Sen’s slope estimator, and statistical significances in
trends are determined based on the MK test for 1980–2020. f Box plots of the total number of DPTs for each pixel during the periods of 1981–2000 and
2001–2020. The short horizontal line inside the box represents the 50th percentile, and the top and bottom of the box represent the 75th and 25th
percentiles, respectively. The top and bottom of the line represent the 5th and 95th percentiles, respectively. The red triangles represent the mean values.
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The regions with significant soil moisture−latent heat flux
−precipitation and soil moisture−moisture convergence−pre-
cipitation transitive chains account for 59.38–82.45% of the
regions with higher probability of occurrence of DPTs (PMF > 1),
suggesting that the complex soil moisture−precipitation coupling
may be attributed to the coupling of soil moisture−latent heat
flux−precipitation and soil moisture−moisture convergence
−precipitation (Fig. 3j). Additionally, the soil moisture−latent
heat flux−precipitation transitive chain is dominant in wet
regions (i.e., humid and transitional regions), and the areas with
significant soil moisture−latent heat flux−precipitation transitive
chain are even twice the size of those with significant soil
moisture−moisture convergence−precipitation transitive chain
for ERA5 and GLEAM. However, the regions affected by the
significant soil moisture−moisture convergence−precipitation
transitive chain is much larger in dry regions (i.e., arid regions),
accounting for about 35.94%, 26.26%, and 46.84% for ERA5,

GLEAM, and MERRA-2 (Fig. 3k), respectively. Thus, the
complex soil moisture−precipitation coupling can be explained
through the indirect process chains as a result of land−atmo-
sphere feedbacks, and soil moisture−latent heat flux−precipita-
tion and soil moisture−moisture convergence−precipitation
transitive chains are likely to play a contrasting role in triggering
the occurrence of DPT events over wet and dry regions.

Contribution of coupling chains to the occurrence of DPTs.
We further conduct a causal analysis using the convergent cross
mapping algorithm (see Methods) to detect causal relationships
of soil moisture−latent heat flux−precipitation and soil moisture
−moisture convergence−precipitation transitive chains in
humid, transitional, and arid regions. Generally, soil moisture
dynamics force latent heat flux dynamics, and precipitation
dynamics are affected by latent heat flux dynamics. Although the

Fig. 3 Relationship between soil moisture (SM) and atmospheric factors (i.e., latent heat flux (LHF), moisture convergence (MC), and precipitation
(P)) for ERA5, MERRA-2, and GLEAM datasets. Mean PMF of concurrent drought (soil moisture below the 15th percentile) and next-pentad pluvial
(precipitation above the 85th percentile) over the period of 1980–2020 based on a ERA5, b GLEAM, and c MERRA-2 datasets. Correlation of mean soil
moisture and next-pentad latent heat flux over the period of 1980–2020 based on d ERA5, e GLEAM, and f MERRA-2 datasets. Correlation of mean soil
moisture and next-pentad moisture convergence over the period of 1980–2020 based on g ERA5, h GLEAM, and i MERRA-2 datasets. j Percentage of
areas with significant soil moisture−latent heat flux−precipitation and soil moisture−moisture convergence−precipitation transitive chains over the areas
with high probability of concurrent drought and next-pentad pluvial (PMF > 1). k Percentage of areas with significant soil moisture−latent heat flux
−precipitation and soil moisture−moisture convergence−precipitation transitive chains over the humid, transitional, and arid areas for ERA5, GLEAM, and
MERRA-2 datasets. Stippling represents the regions where the correlation between soil moisture−latent heat flux and soil moisture−moisture
convergence is statistically significant at the level of 0.01.
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causal relationships between moisture convergence and pre-
cipitation are significant, the level of skill in the cross mapping on
moisture convergence from soil moisture (Pearson correlation
coefficient (ρ)= 0.17 and not significant) is much lower than that
of latent heat flux from soil moisture (ρ= 0.86), indicating that
compared with soil moisture−moisture convergence−precipita-
tion, the soil moisture−latent heat flux−precipitation coupling
chain contributes more to the DPTs in humid regions (Fig. 4b, c).
And the soil moisture−latent heat flux−precipitation and soil
moisture−moisture convergence−precipitation transitive chains
all show a significant causal relationship in transitional regions
(Fig. 4d, e, f). By contrast, the soil moisture−moisture con-
vergence−precipitation coupling chain is the dominant factor
causing the DPTs in arid regions (Fig. 4g). Although latent heat

flux is strongly forced by soil moisture (ρ= 0.84), the contribu-
tion of latent heat flux−precipitation coupling is not statistically
significant, leading to an insignificant transitive causal chain of
soil moisture−latent heat flux−precipitation in dry regions
(Fig. 4h, i).

To examine whether the soil moisture−latent heat flux−pre-
cipitation and soil moisture−moisture convergence−precipitation
transitive chains have a contrasting role in triggering the
occurrence of DPT events over wet regions (i.e., humid and
transitional regions) and dry regions (i.e., arid regions), we
investigate the statistically significant change in the spatial
distribution and shift in the median value of the DPTs frequencies
for the regions with significant soil moisture−latent heat flux
−precipitation and soil moisture−moisture convergence

Fig. 4 Detection of causality using convergent cross mapping. a Direct causality in a transitive causal chain for DPTs in humid regions. b Causal
relationships of soil moisture−latent heat flux (SM−LHF) and soil moisture−moisture convergence (SM−MC) for humid regions. c Causal relationships of
latent heat flux−precipitation (LHF−P) and moisture convergence−precipitation (MC−P) for humid regions. d Direct causality in a transitive causal chain
for DPTs in transitional regions. e Causal relationships of SM−LHF and SM−MC in transitional regions. f Causal relationships of LHF−P and MC−P in
transitional regions. g Direct causality in a transitive causal chain for DPTs in arid regions. h Causal relationships of SM−LHF and SM−MC in arid regions.
i Causal relationships of LHF−P and MC−P in arid regions. The black and red lines with arrow in a, d, and g indicate significant (p-value < 0.1) and
insignificant (p-value≥ 0.1) causal relationships, respectively. The x axis represents the time-series length. The shaded regions show mean ± SD from
bootstrapped iterations. The results are based on the mean results from ERA5, GLEAM, and MERRA-2. The plus (+) sign represents significant
correlations of SM−MC, SM−LHF, MC−P, and LHF−P.
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−precipitation transitive chains, as well as the regions without
these two significant transitive chains. We examine the difference
between the regions with different coupling chains by comparing
the probability density functions of DPTs frequencies for three
different datasets. The statistically significant changes in the spatial
distribution and shift in the median value of DPTs frequencies are
investigated using the two-sample Kolmogorov-Smirnov test. For
humid regions, the spatial pattern of the DPTs frequency exhibits a
significant (at 95% confidence level) positive shift in the median
over the areas with significant soil moisture−latent heat flux
−precipitation transitive coupling chain, and an obvious positive
shift in the median can be observed for all three datasets, indicating
that the areas with soil moisture−latent heat flux−precipitation
coupling chain are experiencing more DPT events compared with
the areas without such coupling chain (i.e., the areas with soil
moisture−moisture convergence−precipitation chain and the
areas without these two chains) (Fig. 5a, d, g). This confirms a
substantial contribution of soil moisture−latent heat flux−pre-
cipitation coupling chain to the transition from drought to pluvial
in humid regions. For transitional regions, there is no consistent
positive shift in the median of DPTs frequency for all three datasets,
but ERA5 andMERRA-2 witness a positive shift in the median over
the areas with significant soil moisture−latent heat flux−precipita-
tion transitive coupling chain (Fig. 5b, e, h). On the contrary, the
arid regions with significant soil moisture−moisture convergence
−precipitation coupling chain witness a positive shift in spatial
pattern of the DPTs frequency for all three datasets. Such a
consistent positive shift in the median of DPTs frequency suggests
the contribution of soil moisture−moisture convergence

−precipitation transitive coupling chain to the occurrence of
DPT events (Fig. 5c, f, i). Additionally, latent heat flux increases
during drought compared with that during the month before the
drought occurrence over humid regions, especially for Amazon
Basin, Southeast Asia, and Eastern North America, further
confirming the contribution of soil moisture−latent heat flux
−precipitation transitive causal chain to the occurrence of rainfall
following the drought in humid regions. On the other hand, the dry
regions witness an obvious increase in moisture convergence
during pluvial compared with that during the month before the
drought occurrence, further suggesting the soil moisture−moisture
convergence−precipitation chain enhancing the post-drought
rainfall in dry regions (Supplementary Fig. 15).

It should be noted that extreme events can be attributable to
both large-scale atmospheric dynamics and local land−atmo-
sphere feedbacks. In this study, we focus on the land−atmosphere
feedbacks and aim to confirm that the soil moisture−latent heat
flux−precipitation and soil moisture−moisture convergence
−precipitation coupling chains contribute to the occurrence of
abrupt shift from drought to pluvial, which means that land
−atmosphere feedbacks may be one of the reasons for the
occurrence of DPT events. Extreme events, especially for drought
to pluvial, are also associated with atmospheric phenomena (e.g.,
large-scale teleconnections, blocking patterns, frontal weather
systems, etc.). However, atmospheric circulation anomalies are
not the only cause of the most extreme compound events, which
tend to trigger climate extremes and extreme low soil moisture44.
Land−atmosphere interactions can modify atmospheric dryness,
cloud cover and moisture convergence and therefore the

Fig. 5 Distribution of the total number of DPT for humid, transitional, and arid regions with significant soil moisture−latent heat flux−precipitation
(SM−LHF−P (+)) and soil moisture−moisture convergence−precipitation (SM−MC−P (+)) transitive chains, as well as the regions without these
two coupling chains (Others (−)). Probability density function represents the distribution of differences in total number of DPT events among the areas
with significant soil moisture−latent heat flux−precipitation transitive chains, the areas with significant soil moisture−moisture convergence−precipitation
transitive chains, and the areas without any significant transitive chain for ERA5 over a humid, b transitional, and c arid regions. d–f Same as a–c but for
GLEAM dataset. g–i Same as a–c but for MERRA-2 dataset. The plus (+) and minus (−) signs represent significant and insignificant soil moisture−latent
heat flux−precipitation and soil moisture−moisture convergence−precipitation transitive chains, respectively. The distribution of the total number of DPT
events over the areas with significant soil moisture−latent heat flux−precipitation transitive chain in i was excluded because there were only two points
which were statistically significant.
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likelihood of cloud/precipitation generation, potentially influen-
cing the occurrence of DPT events. In the case of southeastern
Australian (Millennium) drought and the subsequent rainfall
event, previous studies emphasized the role of El Niño–Southern
Oscillation (ENSO) on the drought and pluvial transition that
occurred in Australia45, and such a transition can also be
explained from the perspective of soil moisture−moisture
convergence−precipitation coupling chain (Supplementary
Fig. 16). Thus, soil moisture variability induced by atmospheric
circulation dynamics is necessary for the soil moisture–climate
feedback, and soil moisture itself can also affect atmospheric
circulation dynamics. Considering the influence of large-scale
atmospheric dynamics on the land‒atmosphere couplings in a
more comprehensive manner can advance our understanding of
the occurrence and evolution of abrupt shift from drought to
pluvial.

Discussion and implications
We conduct sensitivity analysis by changing soil depths. By
comparing DPTs frequencies identified by soil moisture in the
top and the root-zone layers, we find that the use of top-layer
soil moisture is able to capture similar hotspots as well as a
significant increasing trend in the DPTs frequency compared
with those using the root-zone soil moisture (Supplementary
Figs. 17 and 18). However, the water stored in the root-zone
layer is directly available to support transpiration and plant
growth, which are key regulators of surface evaporation46,47.
Although surface soil moisture responds faster to dryness, the
deficit in the root-zone soil moisture can directly result in a
strong reduction in transpiration since soil canopy re-
evaporation and soil evaporation are small48–50. Thus, we
identify DPTs based on the changes in the root-zone soil
moisture instead of the top-layer soil moisture from the per-
spective of potential impacts of DPT events.

This study examines the crucial role of soil moisture−atmo-
sphere feedbacks in promoting the occurrence of DPTs over wet
and dry regions. We should also pay attention to the beneficial
impact of soil moisture−atmosphere feedbacks on the hydro-
logical cycle, particularly over drylands. The reduced soil moist-
ure enhances moisture convergence, which partly counteracts
precipitation declines driven by limited evaporation. In other
words, future precipitation changes would comply with the “dry
get drier” paradigm in dry regions without considering the soil
moisture−atmosphere feedbacks. Due to the existing soil moist-
ure−atmosphere feedbacks, however, the increased moisture
convergence induced by the decreased soil moisture may partially
offset the decline in moisture over drylands18, which plays an
important role in global water cycle. On the other hand, the
contribution of soil moisture−atmosphere feedbacks to rainfall
would favor the “wet get wetter” paradigm in wet regions.
Although extreme precipitation does not always lead to flooding
due to the dry soil moisture modulation of flood response, the wet
areas are more likely to experience more widespread floods due to
the occurrence of heavy rainfall after droughts51.

The crucial role of soil moisture−atmosphere feedbacks in
promoting DPTs also has important implications for the occur-
rence of flash drought and subsequent rainfall, which occur at
shorter timescales than compound drought and rainfall events
assessed in this study. Specifically, flash droughts and heavy
rainfall are short-term and intense extreme events, such as sub-
seasonal flash droughts followed by heavy rains. Thus, there is
less time for impact preparation, potentially causing more severe
impacts on the environment and society. Investigating the soil
moisture−atmosphere interactions can also advance the under-
standing of physical mechanisms causing the shift from flash
drought to heavy rainfall over relatively short timescales, thereby

facilitating the development of early warning systems for miti-
gating the impacts of such rapid shifts.

Our study identifies the critical regions of DPTs and reveals the
underlying mechanisms triggering the abrupt transition between
drought to pluvial. According to our analysis using reanalysis
datasets, the magnitudes and frequencies of DPTs are enhanced
in the regions with strong soil moisture−atmosphere feedbacks,
which has important implications for advancing understanding of
hydroclimatic variability. Our findings can provide meaningful
information for policymakers and stakeholders to realize global
hotspots that are expected to experience more DPTs in a chan-
ging climate. More importantly, revealing the contribution of soil
moisture−atmosphere feedbacks to the DPTs enables us to pay
more attention to the regions with strong soil moisture−atmo-
sphere feedbacks, which will not only support forecasting efforts
but also facilitate hazard preparedness and mitigation planning.

Methods
Identification of the DPT. We focus on the contribution of soil moisture
−atmosphere feedbacks to the drought and pluvial transitions (DPTs), that is, the
shift from drought (soil moisture deficit) to pluvial (enhanced precipitation). We
use standardized metrics to compare drought and pluvial events over time and
space. As for the drought assessment, the standardized soil moisture index (SSI52)
is adopted based on soil moisture. Similarly, the pluvial is identified using the
standardized precipitation index calculated based on precipitation (SPI53).
Although there are other indicators available for monitoring and analyzing drought
and pluvial, the transitive relations between soil moisture and precipitation behind
the DPTs are the focus of this study, and thus we choose the SSI and SPI to identify
drought and pluvial, respectively. Specifically, SSI and SPI were determined for
every grid independently throughout the same pentad for each year over the period
of 1980–2020, to enable a comparison of relatively drought and pluvial throughout
the same time every year, which can avoid the influence of seasonal changes and
different climate zones. More details of SSI and SPI calculations can be found
in Supplementary Methods, and the climatic water condition based on SPI and SSI
can be divided into seven grades, as shown in Supplementary Tables 1 and 2. DPTs
represents drought abruptly shift to pluvial in adjacent pentads, and in order to
avoid the influence of natural buffers and the resilience in soil moisture levels,
drought events should last at least 3 pentads (15 days).

Detection of causal relationships. Convergent cross mapping is a powerful
methodological approach that can help distinguish causality from spurious cor-
relation in time series of non-linear dynamical systems54,55. In convergent cross
mapping, causality is detected by measuring the extent to which the historical
record of the affected variable Y (or its proxies) reliably estimates the states of a
causal variable X. That is, if variable X is influencing Y, then, based on the gen-
eralized Takens’ theorem, the causal variable X can be recovered from the historical
record of the affected variable Y. The skill of cross mapping is defined as the
correlation coefficient ρ between predictions and observations of X. If the ρ
increases with the length of the time series and convergence is present, then the
causal effect of X on Y can be inferred. A simple model system consisting of 2
coupled logistic difference equations can be expressed as

Xðt þ 1Þ ¼ XðtÞðrx � rxXðtÞ � βx;yYðtÞÞ ð1Þ

Yðt þ 1Þ ¼ YðtÞðry � ryYðtÞ � αy;xXðtÞÞ ð2Þ

where t and t+ 1 are the time steps. rx and ry are the variables’ intrinsic growth
rates, and βx, y and αy, x represent the impacts of variable X on the dynamics of
variable Y and the impacts of variable Y on the dynamics of variable X, respectively.

In this study, the convergent cross mapping analysis was implemented using the
multispatialCCM package in the R language environment. We analyze dynamical
systems using optimal embedding dimension estimated by simplex projection, and
τ= 1 (time lags), iterations= 500 (the number of bootstrap iterations) based on
pentad data for the study period.

Detection of temporal trends. The Mann–Kendall (MK)56,57 method is a non-
parametric test, which has been commonly used for trend detection by examining
whether there is a monotonic trend in the time series of the variable of interest. A
positive value of standardized test statistic ZMK indicates an increasing trend in the
time series of DPTs, whereas a negative ZMK value suggests a decreasing trend. The
advantage of this method is that samples are not required to follow a particular
distribution. Thus, this method is not affected by a few abnormal values, and can be
used to well characterize the trend of a time series. The MK trend analysis was
performed in this study to examine the trend of DPTs on a global scale. For a given
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time seriesðx1; ¼ ; xnÞ, the test statistic ZMK was calculated as follows:

S ¼ ∑
n�1

i¼1
∑
n

j¼iþ1
signðxj � xiÞ ð3Þ

signðxj � xiÞ ¼
þ1; xj > xi
0; xj ¼ xi
�1; xj < xi

8
><

>:

9
>=

>;
ð4Þ

VarðSÞ ¼ 1
18

nðn� 1Þ ð2nþ 5Þ �∑
p
tpðtp � 1Þ ð2tp þ 5Þ

� �

ð5Þ

ZMK ¼

S�1ffiffiffiffiffiffiffiffiffi
VarðSÞ

p if S > 0

0 if S ¼ 0
Sþ1ffiffiffiffiffiffiffiffiffi
VarðSÞ

p if S < 0

8
>><

>>:

ð6Þ

where n is the length of the time series. xi and xj are the sequential data in time
series. tp is the number of ties of the pth value.

Bivariate copulas and probability multiplication factor (PMF). The bivariate
copulas are mathematical functions that can be used to describe the dependence
between two random variables and to derive their joint distribution. The main
advantage of the copula is its ability to overcome the shortcoming of assessing the
co-occurrence frequency of two climate extremes with few samples58. The joint
distribution of random variables X and Y can be expressed as

FX;Y ðx; yÞ ¼ PðX ≤ x; Y ≤ yÞ ð7Þ
where X and Y are random variables, and P is their joint distribution. FX ðxÞ ¼
PðX ≤ xÞ and FY ðyÞ ¼ PðY ≤ yÞ are the marginal probability distribution of X and Y,
respectively. The joint cumulative distribution function (CDF) of X and Y can be
expressed as

FX;Y ðx; yÞ ¼ C½FX ðxÞ; FY ðyÞ� ¼ Cðu; vÞ; 0≤ u; v ≤ 1 ð8Þ
where FX(x) and FY(y) are transformed into two uniformly distributed random
variables u and v, and C is a copula function. The copula families, including
Gaussian, Student’s t, Clayton, Gumbel, and Frank copula, were used to model the
dependence structures of random variables. For each grid point, the optimal copula
model was selected based on the Bayesian Information Criterion to well represent
the dependence structure between two random variables.

In this study, we assess the joint probabilities of extreme soil moisture
−precipitation at different thresholds. For example, to assess the joint probability
of drought (soil moisture (SM) below the 15th percentile) and next pentad pluvial
(precipitation (P) above the 85th percentile), the probability of such a compound
event can be calculated as

p ¼ Pðu<0:15 \ v>0:85Þ ¼ Pðu<0:15Þ � Pðu<0:15 \ v ≤ 0:85Þ
¼ 0:15� Cð0:15; 0:85Þ ð9Þ

Calculation and decomposition of moisture convergence. Atmospheric moist-
ure convergence (MC) is calculated as the negative divergence of vertically inte-
grated moisture flux over the pressure (P) from the top of the atmosphere (P= 0)
to the surface (P= Ps).

MC ¼ � 1
ρwg

∇ �
Z ps

0
ðuqÞ dp ð10Þ

where ρw is the density of water, g is the acceleration due to gravity, ∇ is the
horizontal divergence operator, u is the horizontal vector wind and q is specific
humidity.

At a pentad scale, moisture convergence can be decomposed into
thermodynamic (TH) component determined by specific humidity anomalies and
mean circulation dynamic (MCD) component determined by horizontal wind
anomalies.

δTH ¼ � 1
ρwg

∇ �
Z ps

0
ðuδqÞdp ð11Þ

δMCD ¼ � 1
ρwg

∇ �
Z ps

0
ðqδuÞ dp ð12Þ

The subscript ‘δ’ represents departure from the pentad climatology.

Definition of dryland. The global arid, transitional, and humid regimes can be
identified as regions with an aridity index (AI)59. The aridity index (AI), expressed
as the ratio of potential evaporation (Ep) to precipitation (P), is a widely used
indicator of regional moisture conditions. It is an effective index used to classify
arid, transitional, and humid zones (Supplementary Fig. 19). The interplay between
water supply and demand, including both precipitation and potential evaporation,
is critical to the assessment of changes in dryness and dryland dynamics. The AI

can thus be calculated based on the ratio between average annual potential eva-
poration and precipitation using monthly potential evaporation and precipitation
data from the Climatic Research Unit (CRU), which represents the characteristics
of dryness/desertification over a specific region.

AI ¼ Ep
P

aridðAI > 2:25Þ
transitionalð0:9<AI ≤ 2:25Þ
humidðAI ≤ 0:9Þ

8
><

>:
ð13Þ

Data availability
Daily root-zone soil moisture and precipitation were obtained from the European Centre
for Medium-Range Weather Forecasts (ERA5) (https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5), the Modern-Era Retrospective Analysis for Research
and Applications, version 2 (MERRA-2) (https://disc.gsfc.nasa.gov), and the Global Land
Evaporation Amsterdam Model (GLEAM) (https://www.gleam.eu/) and the Multi-
Source Weighted Ensemble Precipitation (MSWEP) (https://gwadi.org/multi-source-
weighted-ensemble-precipitation-mswep) datasets. The datasets used to reproduce the
methods and findings of this study are available at https://doi.org/10.5281/zenodo.
8085169.

Code availability
The code used for this study is available at https://doi.org/10.5281/zenodo.8085169.
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