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Abstract Global warming intensifies dry and hot extremes as well as their cascade occurrences, leading to
devastating impacts on the environment, economy, and society. However, the linkages between dry and hot
extremes remain poorly understood. Here, we examine the soil drying characteristics prior to the occurrence of
hot extremes to better understand the dynamic relationship between dry and hot extremes. We find that rapidly
evolving dry extremes are more likely (43.22%− 44.90%) to be followed by hot extremes compared to slowly
evolving ones (31.99%− 32.78%), with large disparities observed in the northern mid‐high latitudes (≥30°N).
This higher probability is associated with elevated vapor pressure deficit and increased radiation, coupled with
reduced precipitation. We identify the significant role of land− atmosphere coupling in linking rapid soil dryness
and hot extremes. Our findings underscore the increased risk of hot extremes following rapid soil dryness and
provide insights into preparedness and adaptation strategies for cascading dry and hot hazards.

Plain Language Summary Despite numerous studies on compound dry and hot extremes (i.e.,
cascading occurrences of dry and hot extremes) over the past decade, focusing on their spatiotemporal variations
and physical mechanisms, the linkages between cascading dry and hot extremes remain largely unexplored. In
this study, we investigate the relationship between soil drying intensification during dry extremes and
subsequent hot extremes based on observational data sets and model simulations. We find that rapidly evolving
dry extremes tend to be followed by more hot extremes in the northern mid‐high latitudes (≥30°N). This spatial
disparity is associated with elevated vapor pressure deficit, increased radiation, and higher potential
evapotranspiration, coupled with reduced precipitation. Furthermore, regions with stronger soil
moisture− maximum temperature coupling exhibit a higher probability of rapidly evolving dry and subsequent
hot extremes. Additionally, the cascades of rapidly evolving dryness and hot extremes under the highest
scenarios (SSP5‐8.5) are projected to increase nearly tenfold by the end of the 21st century, indicating a greater
risk of cascading hazards involving dry and hot extremes under a warming climate. This study highlights that
dry extremes with higher soil drying intensification are more likely to be followed by the occurrence of extreme
hot weather, particularly in the northern mid‐high latitudes, leading to cascading dry and hot extremes.

1. Introduction
In recent decades, the occurrence of dry and hot extremes has increased significantly, as documented by various
studies (Alizadeh et al., 2020; Bevacqua et al., 2022; Feng et al., 2020; Mukherjee & Mishra, 2021; Tripathy
et al., 2023; Yin et al., 2023). These events have garnered considerable attention due to their escalating impacts,
causing widespread destruction across societal, environmental, and economic domains (Graham et al., 2024;
Raymond et al., 2020; Yin et al., 2023; Zeighami et al., 2023). For instance, a devastating dry and hot extreme hit
Europe in 2003, resulting in the tragic loss of over 70,000 lives (Robine et al., 2008) and an estimated total
economic loss of €15 billion (European Environment Agency, 2023). Similarly, the 2012 summer dry and hot
event in the central U.S. led to massive economic losses of approximately $30 billion (Rippey, 2015). Further-
more, these extremes can trigger other natural disasters, such as wildfires and dust storms, leading to further
unpredictable losses (Park Williams et al., 2013; Schubert et al., 2004; Yoon et al., 2015). To mitigate these
impacts, it is crucial to gain a deeper understanding of the dynamic interactions between dry and hot extremes,
enabling more accurate prediction and early warning systems.

Compound dry and hot events result from complex interactions among various physical processes across
multiple spatial and temporal scales (Mukherjee et al., 2020; Mukherjee & Mishra, 2021). Previous studies on
compound dry and hot events have focused on synoptic circulation patterns that initiate these interactions, as
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well as self‐intensifying land− atmosphere processes that drive feedback mechanisms between dry and hot
events (Chiang et al., 2018; Kang et al., 2022; Maraun et al., 2025; Miralles et al., 2019; Mukherjee et al., 2023;
Wang et al., 2024; Wu et al., 2021). Additionally, some studies have highlighted the critical role of soil
moisture in the occurrence of compound dry and hot extremes (Alizadeh et al., 2020; Zhou et al., 2021). Soil
desiccation leads to a reduction in evaporative cooling and an increase in sensible heat flux between the surface
and atmosphere, thereby raising surface temperatures, potentially triggering an extreme hot event or amplifying
its magnitude (Fischer et al., 2007; Miralles et al., 2014; Seneviratne et al., 2006; Vogel et al., 2017). Although
changes in key climate factors and soil moisture, driven by large‐scale climatic processes and/or local weather
systems, have been investigated to understand their role in linking dry and hot extremes (Bevacqua et al., 2022;
Hao et al., 2022; Mukherjee et al., 2023; Tian et al., 2024; Zhang et al., 2022), the impact of soil drying rate—
that is, the speed at which dry extremes develop—on subsequent hot extremes is not well understood.
Furthermore, gaining insight into how rapidly drying soils contribute to the onset and amplification of hot
extremes can enhance our ability to predict these events. The intensification of soil drying could also serve as
an early warning indicator for the occurrence of subsequent hot extremes.

According to the 6th Assessment Report (AR6) from the Intergovernmental Panel on Climate Change (IPCC),
there is a high confidence that the cascading occurrence of dry and hot extremes has become more frequent, and
the increasing trend will continue with higher warming levels (Seneviratne et al., 2021). This study will com-
plement the IPCC report by focusing on the detection and attribution of cascading dry and hot extremes. To
mitigate the hazards of cascading dry and hot extremes, such as the drought–heat event that occurred in June of
2021 in the Southwest United States (Osman et al., 2022), and the record‐breaking heatwave in June 2021
following a devastating drought in the Western United States (Liberto, 2021), it is crucial to understand the
potential linkages between dry and hot extremes. Therefore, we specifically investigate how rapidly evolving dry
extremes contribute to the onset of hot extremes, emphasizing the role of soil moisture deficits in amplifying the
occurrence and magnitude of these hot extremes based on multiple reanalyses. The study will enhance the un-
derstanding of the dynamic connection between dry and hot extremes, providing insights into preparedness and
adaptation strategies for cascading dry and hot hazards.

2. Methods
2.1. Data

Hourly soil moisture (SM) data were obtained from the European Center for Medium‐Range Weather
Forecasts (ERA5) and the Modern‐Era Retrospective Analysis for Research and Applications, version 2
(MERRA‐2). The ERA5 and MERRA‐2 SM data sets are observationally constrained and have been widely
used to analyze global and regional SM changes. Here, we used the 0–100 cm SM to approximate root‐zone
SM. The MERRA‐2 SM data set includes two layers (0–5 cm and 10–100 cm); therefore, root‐zone SM at
depths of 0–100 cm was obtained using the depth‐weighted averaging method. The ERA5 data set provides
estimates of root‐zone SM at depths of 0–7 cm, 7–28 cm, and 28–100 cm. These values were vertically
interpolated to a depth of 0–100 cm using depth‐weighted averaging, as shown in Equation 1. For surface
SM, the first layer of SM was selected. Hourly SM, 2 m temperature (T), 2 m dewpoint temperature (T),
precipitation (Pre), and surface net solar radiation (Rn) data from both data sets were uniformly aggregated to
a spatial resolution of 0.5° × 0.5° using the bilinear interpolation method. The daily SM, 2 m T, 2 m
dewpoint T, VPD, and Rn were calculated as the average values recorded over a 24‐hr period. The daily
maximum temperature (Tmax) was calculated as the highest value recorded over a 24‐hr period. The daily
precipitation was calculated as the total amount recorded over a 24‐hr period. Specifically, daily VPD was
calculated as the difference between saturated water vapor pressure, determined by daily 2 m T, and actual
water vapor pressure, determined by daily 2 m dewpoint T. All data were then aggregated to a pentad (5‐day)
temporal resolution for 1980–2020.

SMRZ = (SM1 ∗ 7 + SM2 ∗ 21 + SM3 ∗ 72)/100 (1)

where SMRZ is root‐zone SM at depth of 0–100 cm, SM1, SM2, and SM3 is SM at depth of 0–7 cm, 7–28 cm, and
28–100 cm.
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2.2. Definition of Dry and Hot Extremes

In this study, the definitions of rapidly and slowly evolving dry extremes follow a systematic approach. First, the
onset phase of dry extremes is identified as the period during which SM decreases from above the 30th percentile
to below the 10th percentile. The choice of the 10th percentile ensures that the dry extremes are sufficiently
severe. Although a decline from the 40th percentile to below the 20th percentile has also been used in the
literature (Ford & Labosier, 2017; Qing et al., 2022; Yuan et al., 2023), the 10th percentile is selected here to
capture more pronounced drought conditions. The selection of the 40th and 20th percentiles has also been tested
(Figure S1 in Supporting Information S1). Next, the drying rate is assessed: if this decline occurs within six
pentads (30 days) with an average SM decline rate greater than 5% in percentile, the event is classified as a rapidly
evolving dry extreme (Figure 1) (Qing et al., 2022); otherwise, it is classified as a slowly evolving dry extreme.
To identify hot extremes, the maximum temperature (Tmax) must exceed the 95th percentile of the long‐term
climatology for each pentad (Figure 1) (Fischer & Schär, 2010; Perkins & Alexander, 2013; You
et al., 2023). Finally, rapidly evolving dry extremes followed by hot extremes (RDH) are defined as cases where a
hot extreme occurs within two pentads (10 days) after the onset of a rapidly evolving dry extreme, while slowly
evolving dry extremes followed by hot extremes (SDH) occur when a hot extreme follows a slowly evolving dry
extreme within the same time frame.

The soil drying rate is defined as the SM decline between adjacent pentads (i.e., the difference between the current
and next‐pentad SM). To assess the relationship between different soil drying rates and subsequent Tmax, we
divide the SM decline between adjacent pentads into six categories: 0–5th, 5–10th, 10–15th, 15–20th, 20–25th,
and 25–30th percentiles. Specifically, we first compute the percentile values for raw SM across all pentads based
on their ranking within the data set. Next, the SM decline between adjacent pentads is calculated in percentile
space by subtracting the percentile value of the next pentad from that of the current pentad. These SM percentile
declines are then ranked and classified into six categories: 0–5th, 5–10th, 10–15th, 15–20th, 20–25th, and 25–
30th percentiles. Since the sample size for declines beyond the 30th percentile is limited, these cases are
incorporated into the 25–30th percentile category to ensure statistical robustness.

Figure 1. Schematic representation of the method used to identify the RDH. The blue solid line represents the 5‐day mean SM
changes during the rapidly evolving dry extreme event on a grid point: SM decreases from above the 30th percentile to below
the 10th percentile with an average decline rate of no less than the 10th percentile for each pentad during the onset phase. The
orange and blue dashed lines represent the 10th and 30th percentiles of SM, respectively, at a particular time of the year
during the period of 2000–2020. The purple shaded area represents the onset phase of dry extremes. The red solid line
represents the 5‐day mean maximum temperature (Tmax) changes during the occurrence of a hot extreme event on a grid
point: Tmax increases from below the 95th percentile to over the 95th percentile after the onset phase of a dry extreme. The red
dashed lines represent the 95th percentile of Tmax at a particular time of the year during the period of 2000–2020. The gray
shaded area represents a hot extreme event.
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2.3. The Two‐Sample Kolmogorov−Smirnov (K‐S) Test

The two‐sample Kolmogorov‐Smirnov (K‐S) test (Kolmogorov, 1933) was selected to compare the distributions
of RDH and SDH. Unlike parametric tests that focus only on differences in mean or variance, the K‐S test
evaluates the entire distribution function, making it particularly useful for detecting differences in shape, spread,
and central tendency between RDH and SDH. To apply the two‐sample K‐S test, the empirical cumulative
distribution functions of RDH and SDH were first computed. A p‐value was then obtained to assess the statistical
significance of the difference. The test was conducted using the ks_2samp function from the SciPy library in
Python. If the p‐value was below 0.05, the null hypothesis—stating that RDH and SDH originate from the same
distribution—was rejected, indicating a significant difference between the two distributions. Otherwise, no strong
evidence was found to suggest a difference in their distributions.

2.4. Modeling the Dependence Structure Between SM and Tmax Using Bivariate Copulas

To characterize the dependence between SM and Tmax, we employed bivariate copulas, a widely used statistical
tool for modeling relationships between dependent variables (AghaKouchak et al., 2014; Zscheischler & Sen-
eviratne, 2017). The joint probability distribution of SM and Tmax is expressed as:

FSM,Tmax(x,y) = P(SM ≤ x,Tmax ≤ y) (2)

And the marginal cumulative distribution functions are defined as FSM(x) = P(SM ≤ x) and
FTmax( y) = P(Tmax ≤ y) . We use a bivariate copula C to describe the joint probability distribution of SM and
Tmax as:

FSM,Tmax(x,y) = C[FSM(x),FTmax( y)] = C(u,v) (3)

The functions FSM(x) and FTmax( y) are transformed into two uniformly distributed random variables, u and v,
which range from 0 to 1 (i.e., the normalized ranks of SM and Tmax). Given that compound dry and hot extremes
are defined as events where SM falls below its 10th percentile and Tmax exceeds its 90th percentile, the joint
probability of such an event is expressed as:

P(u < 0.1∩ v > 0.9) = P(u < 0.1) − P(u < 0.1∩ v ≤ 0.9) = 0.1 − C(0.1,0.9) (4)

To model the joint probability distribution, we considered commonly used copula families, including Gaussian,
Student's t, Clayton, Gumbel, and Frank copulas. The optimal copula model at each grid point was selected based
on the Bayesian Information Criterion (BIC). All copula analyses were performed using the VineCopula package
in R.

To quantify the impact of SM on subsequent hot extremes, we computed the Probability Modification Factor
(PMF), define as:

PMF =
Pcopulajoint

Pindependentjoint
(5)

where Pcopulajoint represents the joint probability derived from the best‐fitting copula model, and Pindependentjoint represents
the joint probability assuming independent distributions, obtained using the independent copula. The independent
copula serves as a baseline to assess how much the actual dependence deviates from statistical independence. For
example, we derive the joint probability of independent distributions from the independent copula:

P = 0.1 − C(0.1,0.9) = 0.1 − 0.1 × 0.9 = 0.01 (6)

A PMF of 1 indicates that dry and hot extremes occur independently, while a PMF greater than 1 suggests an
increased joint probability due to the dependence between SM and Tmax. By evaluating the PMF across different
regions and conditions, we quantified the extent to which the probability of hot extremes is amplified following
dry conditions, relative to an independent occurrence assumption.
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3. Results
3.1. Probability of RDH and SDH Occurrences

Figure 2 presents the probability of rapidly and slowly evolving dry extremes
followed by hot extremes (RDH and SDH) during 1980–2020, representing
the fraction of dry extremes followed by hot extremes. Generally, both rapidly
and slowly evolving dry extremes are likely to be followed by hot extremes,
but the global distribution varies. The probabilities of RDH and SDH
exhibit certain spatial similarities outside the northern mid‐high latitudes
(60°S–30°N) over time, such as in South America and Africa (Figure 2).
However, there are disparities in the probabilities of RDH and SDH in the
northern mid‐high latitudes (≥30°N). Compared with slowly evolving dry
extremes, rapidly evolving dry extremes are more likely to be followed by hot
extremes in Western North America, Central North America, North Asia,
Northern Europe, and East Asia (Figure 2), even across the two reanalysis
data sets. Apart from the probability of RDH and SDH, the frequency of RDH
occurrences in the northern mid‐high latitudes is also higher than that of SDH
(Figures 3a and 3c). We also examined the interannual changes in the global‐
averaged frequency of RDH and SDH, estimated as the mean value of grid

cells that experienced RDH and SDH during the period of 1980–2020. Specifically, there is a more significant
increase in the frequency of RDH compared to SDH globally during the recent period of 1980–2020 (Figures 3b
and 3d), despite using different reanalysis data sets (Figure S2 in Supporting Information S1).

We further investigated the statistically significant changes in the distribution and shift in the median value of the
probability of RDH and SDH using the two‐sample Kolmogorov‐Smirnov test (Figures 4a and 4c). The proba-
bility of hot extremes occurring after rapidly evolving dry extremes (43.22%− 44.90%) shows a significant
positive shift (at a 95% confidence level) in the median value compared to those after slowly evolving dry ex-
tremes (31.99%− 32.78%). A higher probability of RDH compared to SDH is also identified when varying the
thresholds used to detect the dry extremes (Figure S3 in Supporting Information S1). Notably, large disparities in
the probability of RDH and SDH are also identified in the northern mid‐high latitudes (Figures 4b and 4d).
Quantitatively, the probability of hot extremes following rapidly evolving dry extremes is nearly twice as high as
those following slowly evolving dry extremes in the northern mid‐high latitudes. However, outside the northern

Figure 2. Comparison between the probabilities of RDH and SDH. (a, c)
Spatial pattern of the probability of RDH during the period of 1980–2020
based on the ERA5 and MERRA‐2 data sets. (b, d) Spatial pattern of the
probability of SDH during the period of 1980–2020 based on the ERA5 and
MERRA‐2 data sets.

Figure 3. Spatiotemporal pattern of the total number of RDH and SDH during the period of 1980–2020. (a, c) Spatial pattern
of the total number of RDH and SDH for each pixel during the period of 1980–2020 based on ERA5 and MERRA‐2. (b, d)
Annual time series (solid lines) of globally averaged RDH and SDH during the period of 1980–2020 based on the ensemble
mean of ERA5 and MERRA‐2. The linear annual trends (dashed lines) are estimated based on the Sen's slope estimator, and
statistical significances in trends are determined based on the MK test for 1980–2020.
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mid‐high latitudes, the probabilities of RDH and SDH are not significantly different. Therefore, while a
dependence between dry extremes and hot extremes is expected, a stronger link has been identified between rapid
soil dryness and hot extremes in the northern mid‐high latitudes.

In addition to examining the effect of rapid soil dryness on subsequent hot extremes, we also compared how soil
dryness recovery influences the development of hot events (Figure 5). Generally, there are no significant spatial
disparities in the probability of RDH_R (hot extremes that prolong and recur following rapid soil dryness re-
covery) and SDH_R (hot extremes that prolong and recur following slow soil dryness recovery) on a global scale.
However, the probability of SDH_R is higher than that of RDH_R. This suggests that, compared to quick soil
moisture recovery, slower soil moisture recovery can prolong hot extremes or lead to recurring extremes.
Therefore, the impact of rapid soil dryness on hot extremes is more pronounced during the onset of dryness, where
quicker dryness occurrences are more likely to be accompanied by the development of hot extremes, potentially
leading to cascading disasters.

3.2. Dynamic Response of Atmospheric Factors to RDH and SDH

Figure 6 shows the difference between soil moisture (SM) and maximum temperature (Tmax) during RDH and
SDH events. The SM during RDH is higher than during SDH, especially outside the northern mid‐high latitudes,
but it exhibits a larger anomaly compared to the climatological mean (Figure 6 and Figure S4 in Supporting
Information S1). Although the difference in SM during RDH and SDH in the northern mid‐high latitudes is
relatively smaller compared to that outside these latitudes, the corresponding difference in Tmax is indeed large.
The Tmax during RDH is more than 10°C higher than that during SDH in the northern mid‐high latitudes, whereas
the Tmax during RDH and SDH is nearly similar outside these latitudes (Figure 6b). Rapidly evolving dry extremes
(RD) is characterized by a rapid decrease in SM from the start (t‐5 pentad) to dry conditions (t pentad) and
continually maintaining dry conditions for at least three pentads (from t to t + 2 pentad). In contrast, changes in
SM during slowly evolving dry extremes (SD) occur relatively gradually before reaching dry conditions in the t
pentad. Meanwhile, the rapidly declining SM corresponds to a rapid rise in Tmax. Specifically, the increase in Tmax

Figure 4. Comparison of probability of RDH and SDH globally. (a, c) Probability density functions of RDH and SDH based
on the ERA5 and MERRA‐2 data sets. (b, d) Line plots showing the latitudinal variation in the probability of RDH and SDH
based on the ERA5 and MERRA‐2 data sets.
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from t‐5 to t pentad during RD is about 4°C and 3°C for ERA5 andMERRA‐2, respectively, which is much higher
than that during SD for ERA5 (1°C) and MERRA‐2 (1°C) (Figure 6).

We compared the mean variations in VPD, Rn, and Pre during RDH and SDH events (Figure 7). We find that a
decrease in SM significantly increases VPD and Rn, and decreases Pre, indicating the negative sensitivities of
VPD, and Rn, and the positive sensitivity of Pre to the SM decline as soils become drier, both during RDH and
SDH. In comparison, VPD, Rn, and Pre during RDH experience larger changes. Specifically, the VPD, Rn, and
Pre during RDH increase to 0.24− 0.32 kPa, 0.73− 0.95 105 J/m2, and − 2.70− − 1.95 mm/day, whereas the VPD,
Rn, and Pre during SDH only increase to 0.17− 0.18 kPa, 0.18− 0.32 105 J/m2, and − 1.7− − 1.1 mm/day based on
ERA5 and MERRA‐2 (Figure 7). Furthermore, greater differences in VPD, Rn, and Pre between RDH and SDH
were identified in the northern mid‐to‐high latitudes, indicating that the occurrence of RDH is consistently
accompanied by increased atmospheric aridity (i.e., significantly higher VPD and lower Pre) and enhanced Rn
compared to SDH in these latitudes (Figure 8). This pattern is consistent across both data sets (Figures S5 and S6
in Supporting Information S1).

The distinct atmospheric and environmental conditions associated with rapidly evolving dryness contribute to a
higher likelihood of subsequent hot extremes compared to slowly evolving dryness, especially in the northern
mid‐high latitudes. Although both rapidly and slowly evolving dryness are characterized by elevated VPD and
increased Rn, coupled with reduced Pre, rapidly evolving dryness exhibits larger positive anomalies in VPD and
Rn, and more pronounced negative anomalies in Pre. These factors collectively create an environment conducive
to rapid soil moisture depletion and heightened atmospheric demand for water. This rapid depletion of soil
moisture reduces the land's ability to cool through evapotranspiration, leading to higher surface temperatures
(Lian et al., 2021; Vereecken et al., 2022). Consequently, the combination of these factors results in a greater
propensity for hot extremes to follow rapidly evolving dryness, as the land surface heats up more quickly and

Figure 5. Comparison between the probabilities of RDH_R and SDH_R. (a, c) Spatial pattern of the probability of RDH_R
during the period of 1980–2020 based on the ERA5 and MERRA‐2 data sets. (b, d) Spatial pattern of the probability of
SDH_R during the period of 1980–2020 based on the ERA5 and MERRA‐2 data sets. (e, f) Probability density functions of
RDH_R and SDH_R based on the ERA5 and MERRA‐2 data sets.
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intensely compared to the more gradual progression observed in slowly evolving dryness. This underscores the
critical need for targeted monitoring and adaptive management strategies to mitigate the impacts of rapidly
evolving dryness and their associated heat extremes.

3.3. Contribution of Soil Moisture–Atmosphere Couplings to the Occurrence of RDH and SDH

Soil moisture− atmosphere couplings have been suggested as an important mechanism to explain the evolution of
dry and hot extremes, especially for dynamically connected extremes (Gallego‐Elvira et al., 2016; Maraun
et al., 2025; Vicente‐Serrano et al., 2014). To investigate the role of VPD, Rn, and Pre in the interaction between
SM and Tmax, we sorted SM, VPD, Rn, and Pre into 10 × 10 bins and assessed the joint influence of SM and VPD,
Rn, and Pre on Tmax in each bin (Figure 9). We find that Tmax is enhanced as VPD and Rn rise and Pre decreases
under low SM conditions for both ERA5 andMERRA‐2. For example, when SM is low (SM ≤ 10th percentile), a
further increase in VPD and Rn, and a decrease in Pre correspond to a dramatic increase in Tmax. The maximum
Tmax in the top‐right bin in Figure 9 suggests that VPD, Rn, and Pre are important drivers of increased Tmax after
soil dryness. Additionally, higher VPD, and Rn and lower Pre correspond to a higher soil drying rate in the
northern mid‐high latitudes, showing a significant linear correlation between soil drying rate and atmospheric
factors (i.e., VPD, Rn, and Pre) (Figure 10). This pattern is consistent across both data sets (Figure S7 in Sup-
porting Information S1). However, outside the northern mid‐high latitudes, VPD, Rn, and Pre do not show a
significant increase or decrease with an increasing soil drying rate. These results suggest that Tmax has a tighter
dependence on the soil drying rate, accompanied by significant changes in VPD, Rn, and Pre. A higher Tmax tends
to follow a higher soil drying rate, causing a higher probability of hot extremes occurring after rapidly evolving
dry extremes than after slowly evolving dry extremes in the northern mid‐high latitudes.

To further explore the influence of soil moisture− atmosphere couplings on the occurrence of RDH and SDH, we
investigated the role of SM− Tmax coupling in the occurrence of these extremes using a probability multiplication

Figure 6. Dynamic response of SM and Tmax to occurrence of RDH and SDH. (a, b) Spatial pattern of the difference in SM
and Tmax during the occurrence of RDH and SDH based on the ensemble mean of ERA5 and MERRA‐2 data sets. (c, d)
Temporal variation in SM during RDH and SDH for all grid points based on the ERA5 and MERRA‐2 data sets. (e, f)
Temporal variation in Tmax during RDH and SDH for all grid points based on the ERA5 and MERRA‐2 data sets.
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factor (PMF). The PMF assesses the increase in the joint probability of occurrence of dry and subsequent hot
extremes, compared to the probability expected if dry and hot extremes were independent. The joint probability of
occurrence of dry and hot extremes is defined as the sequential occurrence of dry and hot extremes when SM is
below its 10th percentile and the following Tmax is above its 90th percentile. Higher PMF values (PMF > 1)
indicate a higher probability of combined low SM and subsequent high Tmax than expected if SM and Tmax were
uncoupled (Figures 11a and 11b). We find that there is a higher probability of RDH than SDH, even under the
same strength of SM− Tmax coupling. Furthermore, regions with stronger SM− Tmax coupling witness a higher
probability of RDH, which then reaches a steady state when the strength of SM− Tmax coupling is extremely high.
For example, regions without SM− Tmax coupling (PMF ≤ 1) witness the lowest probability of RDH, which is
significantly lower than that in regions with stronger SM− Tmax coupling (PMF > 1). On the other hand, vege-
tation, land use, and soil types in different regions can alter SM− Tmax coupling strength. Regions with sparse
vegetation, such as bare areas and semi‐arid regions, tend to experience stronger land− atmosphere coupling,
whereas densely vegetated areas like forests may exhibit weaker coupling, as abundant vegetation moderates the
exchange of heat and moisture between the land and the atmosphere (Figures 11c and 11d). The evident dif-
ferences in SM− Tmax coupling strength across various land cover categories suggest that changes in land cover
will also affect land− atmosphere coupling, thereby influencing the occurrence of RDH and SDH.

Admittedly, extreme events, including dry and hot extremes, are associated with large− scale atmospheric cir-
culation patterns (AghaKouchak et al., 2020; Alizadeh et al., 2020). Apart from the large− scale atmospheric
circulation, the role of land− atmosphere coupling cannot be ignored. A dry extreme event triggered by persistent
large− scale circulation anomalies would further induce a subsequent hot extreme, forming cascading dry and hot
extreme events under the influence of land− atmosphere coupling. For example, a modeling study of the 2010
Russian heatwave (Hauser et al., 2016) identified a 13‐fold increase in the probability of exceeding the previous
summer heat record due to soil moisture deficits, whereas sea surface temperature anomalies in 2010 did not have
a strong impact on the occurrence of the event. As soils dry out under land− atmosphere interactions, evaporation
progressively declines, and a larger proportion of incoming radiation can lead to an accumulation of sensible heat
in the atmosphere, potentially developing into a heatwave or exaggerating its magnitude. Moreover, due to
land− atmosphere couplings, more intense warming is likely to follow more rapidly evolving dry extremes, such

Figure 7. Dynamic response of atmospheric factors to occurrence of RDH and SDH. (a, d) Temporal variation in VPD
anomalies during RDH and SDH for all grid points based on the ERA5 and MERRA‐2 data sets. (b, e) Same as (a, d) but for
Rn anomalies. (c, f) Same as (a, d) but for Pre anomalies.
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as the occurrence of flash droughts followed by heatwaves observed in Russia (Christian et al., 2020) and the
central U.S. in 2012 (Otkin et al., 2016).

4. Conclusions and Discussions
We conducted a sensitivity analysis by changing the depths of SM. Compared with deep SM, SM in
shallow soil layers responds faster to meteorological anomalies and interacts more closely with the atmo-
sphere and its evaporative demand (Li & Huang, 2021; Wang et al., 2021). By comparing the probabilities
of occurrence of rapidly and slowly evolving dry and hot extremes using root‐zone SM, we find a similar
pattern of the probabilities of RDH and SDH across different soil depths. In comparison, the probability of
RDH based on root‐zone SM is smaller than that based on surface SM (Figure S8 in Supporting
Information S1).

In this work, we focused on the local processes of the evolution of dry and hot extremes. However, limiting our
analysis to the same location may overlook the broader impact of tele‐connected processes. In fact, dry and hot
extremes are not only shaped by local conditions but can also be influenced by remote soilmoisture deficits through
atmospheric processes. For instance, as upwind dryness (source) occurs, the reduction in evaporation results in less
moisture being transported to downwind locations, causing the air to become drier. This evaporation deficit allows
a larger proportion of incoming radiation to accumulate as sensible heat in the atmosphere, potentially intensifying
hot extremes in downwind regions (Schumacher et al., 2019, 2022). The transport of water vapor across the

Figure 8. Difference between atmospheric factors during the occurrence of RDH and SDH. (a) Spatial pattern of the
difference in VPD during the occurrence of RDH and SDH based on the ensemble mean of ERA5 and MERRA‐2 data sets.
(b) Line plots showing the latitudinal variation in the VPD during RDH and SDH based on the ensemble mean of ERA5 and
MERRA‐2 data sets. (c, d) Same as (a, b) but for Rn. (e, f) Same as (a, b) but for Pre.
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Figure 9. Relationships among SM, VPD, Rn, Pre, and Tmax. (a) Joint influence of SM and VPD on the Tmax in each percentile
bin based on the ensemble of ERA5 andMERRA‐2 data sets. (b) Joint influence of SM and Rn on the Tmax in each percentile
bin based on the ensemble of ERA5 andMERRA‐2 data sets. (c) Joint influence of SM and Pre on the Tmax in each percentile
bin based on the ensemble of ERA5 and MERRA‐2 data sets.

Figure 10. Relationships between atmospheric factors and soil drying rate. (a) Box plots of different soil drying rates and the
corresponding VPD globally, outside the northern mid‐high latitudes (60°S− 30°N), and in the northern mid‐high latitudes
(≥30°N) based on the ensemble of ERA5 and MERRA‐2 data sets. 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 95th and 5th percentiles, respectively. The linear annual trends (dashed lines) are estimated based on the
Sen's slope estimator, and statistical significances in trends are determined based on the MK test. (b and c) Same as (a) but for
Rn and Pre.
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continent facilitates these remote linkages (Herrera‐Estrada et al., 2019; Keune et al., 2022; Liu et al., 2021), which
can partly explain the occurrence of hot extremes following soil drying in distant areas. Therefore, while our study
focuses on local interactions, tele‐connected compound dry and hot extremes are also critical and warrant further
investigation.

Our study identifies the global hotspots of cascading dry and hot extremes and the dependence between dry
extreme outbreaks and subsequent hot extremes: soil drying can activate the soil moisture− atmosphere in-
teractions necessary to elevate surface temperatures, leading to hot extremes. Particularly, the more intensified
SM decline during the onset phase of dry extremes is likely to induce more hot extremes. The initial SM condition
during the onset phase of dry extremes, especially the soil drying rate, can be viewed as a possible precursor for
the occurrence of hot extremes. The identification of global hotspots and the underlying mechanisms of rapidly
evolving dry‐hot extremes facilitates the assessment of potential risks to crop yields, wildfires, and water scarcity
across the globe.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
The gridded hourly soil moisture, 2 m temperature, 2 m dewpoint temperature, precipitation, and surface net solar
radiation can be accessible from (a) the ERA5 (Hersbach et al., 2023a, 2023b) and (b) the MERRA‐2 (Gelaro
et al., 2017).

Figure 11. Contribution of SM− Tmax coupling to the occurrence of RDH and SDH. (a) Bar plots of the probability of RDH
and SDH that occur in regions with different SM− Tmax coupling strengths (i.e., PMF ≤ 1, PMF > 1, PMF > 2, PMF > 3,
PMF> 4, and PMF> 5) based on ERA5. (b) Bar plots of the probability of RDH and SDH that occur in regions with different
SM− Tmax coupling strengths (i.e., PMF ≤ 1, PMF > 1, PMF > 2, PMF > 3, PMF > 4, and PMF > 5) based on MERRA‐2.
(c) Map of land cover (GLCNMO) with 20 categories. (d, e) Bar plots of the SM− Tmax coupling strengths (i.e., PMF values)
across different categories of land cover based on ERA5 and MERRA‐2 data sets.
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