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Abstract High air temperatures and low atmospheric humidity can result in severe disasters such as flash
droughts in regions characterized by high humidity (monsoon regions). However, it remains unclear whether
responses of hot extremes to warming temperature are amplified on dry days as well as the response of dry
extremes on hot days. Here, taking eastern monsoon China (EMC) as a typical monsoon region, we find a
faster increase in air temperature on drier summer days, and a faster decrease in atmospheric humidity on hotter
days, indicating “hotter days get drier” and “drier days get hotter” (i.e., coupling hotter and drier extremes),
especially in southern EMC. The southern EMC is also a hotspot where the coupling hot-dry extremes has
become significantly stronger during the past six decades. The stronger hot-dry coupling in southern EMC is
associated with anomalies in large-scale circulations, such as reduced total cloud cover, abnormal anticyclones
in the upper atmosphere, intense descending motion, and strong moisture divergence over this region.
Land-atmosphere feedback enhance the hot-dry coupling in southern EMC by increasing land surface dryness
(seen as a decrease in the evaporation fraction). The decreasing evaporation fraction is associated with drying
surface soil moisture, controlled by decreases in pre-summer 1-m soil moisture and summer-mean precipitation.
Given hot extremes are projected to increase and atmospheric humidity is predicted to decrease in the future, it
is very likely that increasing hot-dry days and associated disasters will be witnessed in monsoon regions, which
should be mitigated against by adopting adaptive measures.

Plain Language Summary High air temperatures (i.e., hot extremes) and low atmospheric humidity
(i.e., dry extremes) are regarded as important metrics affecting human society and the environment in monsoon
regions, including food production and natural disasters. Our results show that over eastern monsoon China
(EMC), positive responses of hot extremes to warming temperature are magnified on dry days, at the same
time, negative responses of dry extremes to warming temperature are enhanced on hot days. In other words, the
warming rates of hot extremes per 1°C warming are fastest on dries days, meanwhile, the drying rates of dry
extremes per 1°C warming are fastest on hottest days, especially in southern EMC. The southern EMC is also a
hotspot where more hot or dry days have become hot-dry days (i.e., stronger coupling of hot and dry extremes)
during the past six decades. This stronger coupling of hot and dry extremes can be explained by anomalous
large-scale circulations and land-atmosphere feedbacks in southern EMC. Our findings suggest that the positive
coupling of hotter and drier extremes should be taken into consideration, and adaptive measures are required to
mitigate adverse effects of hot and dry extremes.
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1. Introduction

Significant increases in the magnitude and frequency of hot extremes (i.e., high air temperature) during the
late twentieth century have been detected based on both observations and model simulations (Y. Chen, Zhai, &
Zhou, 2018; Y. Chen & Zhai, 2017; Y. Sun et al., 2014), and are project to continue in the future (De Luca &
Donat, 2023; Li, Zwiers, et al., 2021; J. Wang et al., 2020). Moreover, atmospheric humidity has decreased during
1981-2020 globally (Fang et al., 2022). The frequency of atmospheric aridity enhanced by land-atmosphere
feedbacks is projected to increase in the 21st century (Berg et al., 2016; Fang et al., 2022; Feng et al., 2022; J.
Liu et al., 2021; S. Zhou, Williams, et al., 2019a). Concurrent hot and dry extremes (i.e., high air temperature
accompanied by low atmospheric humidity) can amplify the influence of independently-occurring hot or dry
events (Byrne, 2021; Costa et al., 2022; L. Wang, Tong, et al., 2022). For example, exceptional heat and atmos-
pheric dryness amplified drought impacts on losses of primary production in Southwest U.S. in the year 2020
(Dannenberg et al., 2022). In the monsoon region, co-occurrences of hot and dry extremes can accelerate the
occurrence of flash droughts and detrimentally affect crop production (Qing et al., 2022). By the end of the 21st
century, the co-occurrent hot-dry extremes have an projected widespread increase in frequency and intensity
globally (De Luca & Donat, 2023; Mukherjee & Mishra, 2021; Tripathy et al., 2023), and with the higher global
warming levels, many regions will experience more extreme hot-dry events (Vogel et al., 2020). The future
people and cropland exposure of compound hot-dry events has also been projected to increase, which may bring
more risks to our social-ecosystem (Tabari & Willems, 2023). Therefore, it is important to have a deeper under-
standing of how hot and dry extremes respond to warming temperature.

In regions with climatologically high humidity, such as monsoon regions, numerous studies have focused on the
changes and risk of heat stress (i.e., high air temperature with high atmospheric humidity) (X. Liu et al., 2017,
Mishra et al., 2020; Ning et al., 2022; X. Wang, Tong, et al., 2022). For example, heat stress might be intensified
by increasing heatwaves and irrigation in India, in the South Asia monsoon region (Mishra et al., 2020; Murari
et al., 2015). Humid stress also exhibits an intensifying trend in monsoonal southern and eastern China during the
past few decades (Xu et al., 2021). However, the increasing attention on heat stress in monsoon regions ignores a
fact that observed and simulated atmospheric humidity in these regions has decreased in the past decades (Park
et al., 2017; P. Wang, Tong, et al., 2022). Compared with quickly advancing knowledge of heat stress under
warming, understanding of hot and dry extremes in monsoon regions still remains limited.

Responses of hot and dry extremes to warming temperature are not independent but coupled, due to the depend-
ence between air temperature and atmospheric humidity (Bourdin et al., 2021; McKinnon & Poppick, 2020; Sun
& Oort, 1995). This dependence leads to uneven atmospheric warming and drying across the corresponding
temperature and humidity percentiles. For example, Byrne (2021) found that the warming rate of extreme temper-
ature is much higher than that of mean temperature in tropical land due to effects of dry conditions on hot days;
Li, Zwiers, et al. (2021) indicated that eastern monsoon China (EMC) has experienced fewer short-duration and
more long-duration dry spells under elevated air temperature during 1961-2019. These uneven responses of air
temperature and atmospheric humidity to warming temperature raise the question both of how hot extremes may
change under dry conditions and dry extremes change on hot days in monsoon regions.

Responses of hot and dry extremes to the warming temperature are mainly shaped by anomalies of large-scale
circulations (Espinoza et al., 2019; Horton et al., 2016; Perkins, 2015) and land-atmosphere feedbacks (Miralles
et al., 2014; Ukkola et al., 2018; S. Zhou, Williams, et al., 2019a). For instance, hot extremes in the mid-high
latitudes are associated with the blocking high, which leads to high air temperature by modifying the position
of the jet stream and preventing propagation of weather systems (Pfahl et al., 2015; Pfahl & Wernli, 2012).
Heatwaves in Southern China are linked with an eastward extension of the South Asian high in the upper level
of the atmosphere, a westward extension of the western North Pacific subtropical high in the middle level, and
a low-level anticyclonic anomaly (Luo, Wu, et al., 2022). Land-atmosphere feedbacks play another important
role in enhancing the occurrence of hot and dry extremes (Berg et al., 2016; McKinnon et al., 2021; S. Zhou,
Williams, et al., 2019a). Summer mean precipitation deficits could increase the frequency of hot-dry events
(Bevacqua et al., 2022), by causing soil moisture depletion (Zhou et al., 2019). As the soil dries out, decreased
actual evaporation cannot meet the atmospheric demand on hot days, resulting in drying and intensified heating
of the atmosphere (Miralles et al., 2019) and then increasing likelihood of concurrent hot and dry extremes.

EMC, which is home to 95% of China's population and contributes more than 95% of gross domestic product (X.
Gu et al., 2020), is a typical monsoon region. This monsoon region has witnessed more frequent and intense hot
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extremes (Y. Sun et al., 2014) and decreased atmospheric humidity (Park et al., 2017). However, the coupling hot
and dry extremes in EMC is still not well understood. In this study, we set EMC as the study region and aim to
address the following questions.

e Is there an amplified warming (drying) on dry (hot) days (i.e., hot-dry coupling) over EMC?

e If yes, is the hot-dry coupling stronger (i.e., hotter days get drier and drier days get hotter) in recent decades
over EMC?

e If yes, what are the possible mechanisms responsible for the coupling of hot and dry extremes?

2. Study Region and Data
2.1. Study Region

The monsoon region in China (i.e., EMC) is defined as the area where the precipitation difference between
summer and winter seasons (i.e., June-August and December-February, respectively) exceeds 2.0 mm/day and
the summer precipitation contributes more than 55% of annual precipitation total (B. Wang et al., 2012; Wu
et al., 2019; Zhang et al., 2018). In this study, the boundaries of EMC are obtained from Wu et al. (2019) (Figure
S1 in Supporting Information S1, Wu et al., 2019). The boundaries of EMC have been used in many studies (Li,
Zwiers, et al., 2021; L. Wei et al., 2021).

2.2. Station-Based Weather Observations

We obtained long-term daily observations at 2,481 weather stations across China from the China Meteorological
Administration. Among the 2,481 stations, there are 2,060 stations across the EMC region. The following vari-
ables are used in our study: near-surface air temperature (SAT; units: °C), near-surface relative humidity (RH;
units: %), near-surface air pressure (PRS; units: hPa), and precipitation (PRE; units: mm). Quality control and
homogenization of recently released datasets have been performed according to the Guidelines on the Quality
Control of Surface Climatological Data (L. Cao et al., 2016; Ren et al., 2015).

Daily SAT, RH, and PRS are used to calculate specific humidity (Q; units: g/kg) and vapor pressure deficit (VPD;
units: hPa). Stations must contain observations of all three variables during summer seasons of 1961-2020, and
are selected according to the following criteria: a summer season with no more than three missing days for any of
the three variables; and, stations with no more than five missing summer seasons. After all filtering steps, a total
of 1,408 stations remain across EMC. Stations with less than 1% of missing data account for 67%-91% of the
total 1,408 stations (depending on the variable; see Figure S1 in Supporting Information S1), confirming that the
new version of the observed dataset is of the greatest completeness and quality, relative to those released before
(Huang et al., 2022).

2.3. ERAS Reanalysis Data

Hourly 2-m SAT (units: °C), 2-m dewpoint temperature (Td; units: °C), RH (units: %), and PRS (units: hPa),
obtained from the ERAS reanalysis data (Hersbach et al., 2020), are used to calculate Q and VPD. Hourly air
temperature (units: °C), RH, PRS and vertical velocity (units: Pa/s) at multiple layers (i.e., 1,000—100 hPa),
hourly total cloud cover (units: %), 200-hPa geopotential height (units: m) and wind field (units: m/s), 500-hPa
vertical velocity (units: Pa/s), the vertical integral of moisture divergence (VIMD; units: kg/m?) and the vertical
integral of eastward (northward) water vapor flux (units: kg/m/s) are used to investigate large-scale circulations.
Hourly values of these variables are averaged into daily mean values. Besides these hourly values, we also collect
monthly values of total precipitation (units: mm), volumetric soil moisture at 0~7 cm and O—1 m (units: m3/m?),
surface latent heat flux (Units: W/m?), and surface sensible heat flux (Units: W/m?) to analyze land-atmosphere
feedbacks. To be consistent with the units of precipitation, the units of soil moisture are converted to mm. The
ERAS reanalysis data of all these variables are obtained at a spatial resolution of 0.25° X 0.25° during the
summer seasons of 1961-2020. ERAS reanalysis utilizes advanced data assimilation techniques to effectively
integrate data from multiple observational sources, thereby enhancing data consistency and accuracy (Hersbach
etal., 2020). ERAS reanalysis dataset also provides a set of data with prolong temporal coverage (Bell et al., 2021)
and high spatial resolution.
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Table 1 3. Methods

The Definition of Hot Days, Dry Days and Hot-Dry Days

3.1. Calculating Specific Humidity and Vapor Pressure Deficit

Classification

hot day
Q-based dry day

VPD-based dry day
Q-based hot-dry day
VPD-based hot-dry days

SAT>90th SATref and VPD>90th VPDref

Definition
Diverse humidity variables (such as Q, RH, and VPD) can be used to describe
SAT>90th SATref . .1 .. .
atmospheric humidity. Vapor pressure deficit (VPD) measures the difference
Q < 10th Qref between actual atmospheric humidity level and saturation humidity, while
VPD>90th VPDref specific humidity (Q) describes the actual water content of the wet air. Thus,
SAT>90th SATref and Q < 10th Qref we examine two different humidity indicators, including specific humidity

(Q; units: g/kg) and vapor pressure deficit (VPD; units: hPa), to explore the

relationship between atmospheric humidity and air temperature in EMC.
The two humidity indicators are computed as follows (Bolton, 1980; Luo &
Lau, 2019; McElhinny et al., 2020):

Es =6.11 xexp(m>

243.5+SAT

= RH
Eagys = Es X 00

1 Basras = 6.1 x exp (22204 ) )
VPD = Es — Ea
Q _ 622xEa

" PRS-0.378xEa

where Es is saturated vapor pressure (units: hPa); and Ea is actual vapor pressure (units: hPa). RH is used to
estimate Ea in observed data, and Td is used to calculate Ea in ERAS reanalysis data.

The climatological SAT in EMC exhibits a zonal distribution in which lower latitudes have higher air temperature
and higher latitudes have lower air temperature (Figure S2a in Supporting Information S1). The climatological Q
in this region has a similar distribution to SAT, that is, high Q in the southern regions and low Q in the northern
regions (Figure S2b in Supporting Information S1). The distribution of climatological VPD is uneven, that is,
high VPD in central EMC and low VPD in northern and southwestern EMC (Figure S2c in Supporting Informa-
tion S1). The distributions of climatological SAT/Q/VPD based on ERAS data are consistent with those based on
observations (Figure S2d-S2f in Supporting Information S1).

3.2. Definitions of Hot Days, Dry Days, and Hot-Dry Days

In this study, we set the period 1981-2010 as the reference period. Each percentile (i.e., 10th, 20th, 30th, ..., 90th)
of SAT/Q/VPD on a calendar day is determined by ranking the 15-day values (i.e., 7 days before and after the
given calendar day) during the reference period (a total of 15X30 = 450 values). A hot day during the period of
1961-2020 is defined as a day with SAT exceeding its 90th percentile value (i.e., 90th SATref) over the reference
period (see Table 1). Likewise, a Q/VPD-based dry day is a day with Q/VPD below/exceeding the corresponding
tenth/90th percentile value (i.e., 10th Qref/90th VPDref). A hot-dry day is defined as a co-occurring hot and
dry day (e.g., De Luca & Donat, 2023). Therefore, daily Q and VPD are divided into two groups represent-
ing the background conditions (with hot days removed) and hot-day conditions, respectively. Daily SAT is also
divided into two groups representing the background conditions (with dry days removed) and dry-day conditions,
respectively.

3.3. Definition of Amplification Index

The amplification index, first defined by McKinnon et al. (2021), is employed in our study to evaluate whether
hot days are becoming drier or dry days are becoming hotter. Specifically, the Q/VPD-based amplification index
(i.e., Q1/VPD1) is defined as the ratio of the number of annual Q/VPD-based hot-dry days to annual total hot
days, and ranges from O to 1, with larger values indicating that more hot days are becoming drier. Similarly,
Q2/VPD?2 is defined as the ratio of the number of annual Q/VPD-based hot-dry days to annual Q/VPD-based dry
days, with larger values indicating that more dry days are becoming hotter.
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Figure 1. Coupling of near-surface air temperature (SAT) and near-surface specific humidity (Q)/vapor pressure deficit (VPD) at 1,408 stations across eastern
monsoon China (EMC) during the summer seasons of 1961-2020. In panel a/b, daily SAT and Q/VPD are each binned into 10 percentiles, and the mean probability

of each percentile bin is counted. In panel c/d, matchsticks show response rates (percentages) of Q/VPD to summer-mean SAT on the days within different SAT
percentiles. Taking panel ¢ as an example, Q values on the days with SAT between two SAT percentiles (i.e., 0—10th, 10-20th, ..., 90-100th) are averaged in each
summer season, and the obtained annual Q time series is linearly fitted against summer-mean SAT to compute the response rate (i.e., regression coefficient) and
response percentage (i.e., regression coefficient normalized by climatological mean). In panel e/f, matchsticks show response rates (percentages) of SAT to summer-
mean SAT on the days within different Q/VPD percentiles. In panel c—f, middle points are the estimates and sticks are the corresponding 25%—75% range. In panels a—f,
the approach to calculate SAT/Q/VPD percentiles is described in Section 3.2.

3.4. Statistical Analysis

In order to explore the relationship between different percentile of SAT and Q/VPD in EMC, we binned daily
SAT and Q/VPD observations at the 1,408 stations across EMC during 1961-2020 into 10 X 10 percentiles and
assessed the co-occurrence probability of SAT and Q/VPD within each of the percentile bins (Figures 1a and 1b).

We use the linear regression method to calculate response rate and response percentage. We group daily Q and
VPD in each summer season during 1961-2020 into 0—10th, 10-20th, ..., 90-100th percentile intervals of SAT,
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and regressed them on summer-mean SAT to obtain the response rate, respectively (Figures 1c and 1d). Taking
Figure 1c as an example, Q values on the days with SAT between two SAT percentiles (i.e., 0—10th, 10-20th,
..., 90-100th) are averaged in each summer season, and the obtained annual Q time series is linearly fitted
against summer-mean SAT to compute the response rate (i.e., regression coefficient) and response percentage
(i.e., regression coefficient normalized by climatological mean).

4. Results
4.1. Amplified Atmospheric Warming/Drying on Dry/Hot Days

First, the relationship between SAT and Q/VPD is examined using station-based observations as well as the ERAS
reanalysis data. A positive dependence between SAT and Q/VPD is evident, that is, there is a greater probability
of co-occurrence and bimodality toward both ends of the distribution: high SAT-high Q/VPD and low SAT-low
Q/VPD. This dependence between SAT and Q/VPD is validated by the ERAS reanalysis data (Figures S3a—-S3b
in Supporting Information S1). The SAT-Q relationship meets the theory that specific humidity will generally
increase with warming temperature due to the Clausius-Clapeyron relationship (Held, 2006; Sippel et al., 2020).
This dependence between SAT and Q/VPD implies that responses of SAT (Q/VPD) to warming temperature may
be nonlinear and nonmonotonic across different air temperature (atmospheric humidity) conditions.

To quantitatively estimate response rates of Q/VPD to warming temperature across SAT percentiles, a linear
regression model is established between Q/VPD within each SAT percentile and summer-mean SAT. The regres-
sion coefficient indicates the response rate of Q/VPD to SAT. Q (VPD) response rates to warming temperature
vary distinctly across the SAT percentiles, and show an asymmetrical distribution with air temperature, that is, the
response rates of Q (VPD) have higher negative (positive) values, when the SAT percentile is larger (Figures 1c
and 1d). These results imply that hotter air temperature may amplify the negative (positive) response of Q (VPD)
to warming temperature. This phenomenon can be simply termed as “hotter days get drier”.

In the same way, SAT responses to warming temperature are also asymmetrically distributed across the Q/VPD
percentiles (Figures le and 1f). Positive responses of SAT are more intense in lower Q percentiles and higher
VPD percentiles, implying that air temperature rises faster in a drier atmosphere (i.e., with lower Q or higher
VPD). This phenomenon can be simply described as “drier days get hotter”. We also normalize the response rate
as a response percentage, which removes the impact of magnitudes of SAT/Q/VPD across the corresponding
percentiles. The results of Q/VPD response percentages are in accordance with the response rates, as well as the
results of SAT response (Figures 1c—1f). Both the “hotter days get drier” and “drier days get hotter” phenomena
found in station-based observations are consistent with those found in the ERAS reanalysis data (Figure 1c—1f
and Figures S3c—S3f in Supporting Information S1).

We then compare the spatial responses of observed Q/VPD to warming temperature between background and
hot-day conditions, and SAT response to warming temperature between background and dry-day conditions
(Figure 2). The Q response to warming temperature clearly exhibits opposite behaviors between background
conditions and hot days across EMC (Figures 2a and 2b). The response of Q to warming temperature is positive
at most of stations (i.e., at 81% of the 1,408 stations in Figure 2a) under background (hot days removed, see
Section 3.2) conditions. Conversely, on hot days, the response of Q to warming temperature becomes negative
at most stations (i.e., at 66% of the 1,408 stations in Figure 2b). The areas with the most pronounced shifts (i.e.,
from positive to negative) in Q responses are located in southern EMC where Q experiences a decrease per 1°C
warming on hot days at most stations (i.e., at 77% of the 716 stations across southern EMC in Figure 2b).

For VPD, widespread positive responses are found under background conditions across the whole EMC
(Figures 2c and 2d), and these positive responses are visibly stronger on hot-day conditions (at 93% of the 1,408
stations), especially in southern EMC (at 95.5% of the 716 stations in this region). The responses of Q/VPD to
warming temperature under background conditions across EMC are significantly negative/positive with clima-
tological mean SAT (see the scatterplots in Figures 2a and 2c), and this negative/positive dependence is even
stronger under hot-day conditions (see the scatterplots in Figures 2a—2d), suggesting that areas with higher clima-
tological mean SAT (such as southern EMC; see Figures S2a—S2b in Supporting Information S1) are the areas
with faster negative/positive Q/VPD responses. These results indicate that atmospheric drying for both Q and
VPD is amplified on hot days, especially in southern EMC, which is further corroborated by Q/VPD responses
based on the ERAS reanalysis data (Figures S4a—S4d in Supporting Information S1).
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Figure 2. Response rates of Q/VPD (SAT) under background and hot-day (dry-day) conditions to summer-mean SAT across
EMC during summer seasons of 1961-2020. Panels a and b are spatial distributions of response rates of Q under background
(hot days removed) and hot-day conditions, respectively. Panels ¢ and d are the same as panels a and b, but for VPD. Panels e
and f are spatial distributions of response rates of SAT under background (Q-based dry days removed) and Q-based dry-day
conditions, respectively. Panels g and h are the same as panels e and f, but for VPD-based dry days. The definitions of hot/dry
days can be seen in Section 3.2. For scatterplots in panels a—h, dashed lines are the estimated linear regression relations of the
response rates and climatological summer SAT for all stations. The area enclosed by the bold black line indicates the southern
EMC region.

We also detect the response in SAT to warming temperature on dry days compared to corresponding background
conditions (Q-based or VPD-based dry days removed) during 1961-2020 in EMC (Figures 2e—2h). The responses
of SAT to warming temperature increase faster on both VPD-based and Q-based dry days than under background
conditions, especially in southern EMC. The response differences of SAT between dry days and background
conditions show that changes in SAT are more sensitive to warming when the air is dry, confirming that SAT
increases are amplified under low humidity conditions. Moreover, there is a negative relationship between
SAT responses under background conditions and climatological mean SAT (see the scatterplots in Figures 2e
and 2g), indicating that regions with climatologically-lower SAT have a larger SAT response to warming, which
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is consistent with the finding that the strongest warming rate in recent decades has occurred in mid-high latitudes
(Y. Xie et al., 2016). However, this negative relationship is largely weakened on VPD-based dry days, and turns
to become significantly positive on Q-based dry days (see the scatterplots in Figures 2f and 2h), suggesting that
the SAT on dry days rises faster over lower latitudes with higher climatological SAT, such as southern EMC. The
observations-based results shown in Figure 2 are consistent with the ERA5-based results shown in Figure S4 in
Supporting Information S1.

Overall, hot and dry extremes are positively coupled under elevating air temperature in EMC. This coupling of
hot and dry extremes is also reflected by the asymmetrical shift toward faster responses of atmospheric warming/
drying on drier/hotter days. Compared with background conditions, atmospheric warming/drying is amplified on
hot/dry days, especially in southern EMC, which we describe as the “hotter days get drier” and “drier days get
hotter” phenomena.

4.2. Stronger Coupling of Hot and Dry Extremes

As both station-based observations and the ERAS reanalysis data reveal a dependence between SAT and Q/VPD
(especially the strong coupling between hot and dry extremes), we develop amplification indices (see Section 3.3)
to evaluate long-term changes in this coupling over EMC during the summer seasons of 1961-2020 (Figure 3).
Over the whole EMC, stations with positive trends in Q1 and VPD1 account for 63% and 68% of the total stations
during 1961-2020, respectively (Figures 3a and 3c). The significant positive trends occur mainly at stations in
southern EMC; specifically, 201/288 (i.e., 25.8%/41.5% of) stations show significant increasing Q1/VPDI in
southern EMC. The significant increasing trends in both Q1 and VPD1 over southern EMC indicate that more hot
days have become drier in this region during 1961-2020. At the same time, positive tendencies are also found in
Q2/VPD2 across EMC, especially in southern EMC where 41.5%/35.8% of the stations show significant increas-
ing Q2/VPD2 (Figures 3b and 3d). The significant increasing trends in Q2/VPD2 over southern EMC indicate
that more dry days have become hotter in this region during 1961-2020. Therefore, southern EMC is a hotspot
where the hot-dry coupling has become stronger during the past six decades.

We now exclusively focus on the southern EMC region, and estimate trends in the regional mean of Q1, Q2,
VPDI, and VPD2 during 1961-2020 based on the observed data and ERAS reanalysis data, respectively (see
line charts in Figures 3a—3d). Trends in regional mean time series confirm that these four amplification indices
have significantly increased in southern EMC during 1961-2020, notably in the last 20 years. The regional mean
time series over southern EMC from the ERAS reanalysis data are significantly correlated to the mean computed
from station-based observations for all four amplification indices (the range of Spearman's r values is 0.46—0.87
and all p values less than 0.001), suggesting that the ERAS reanalysis data appropriately captures changes in the
four amplification indices in southern EMC.

This noteworthy increase in earlier 2000s have a similar trend with characteristic of heatwaves in EMC (Xie
et al., 2020; Zhou et al., 2016), especially in southern EMC (You et al., 2017). After 2000, the frequency, dura-
tion and maximum intensity of heatwaves in EMC have significantly increased (Ji et al., 2023; Liang et al., 2022;
Yao et al., 2023). Therefore, more frequent and severe heatwaves since 2000 may cause an increase incidence of
hot-dry days, leading to a rapidly rising trend of amplification indices. Meanwhile, soil moisture at both surface
and root zone layers in the southern EMC region has been detected to be decreasing during the past decades,
especially after 2000 (Cai et al., 2017; X. Chen et al., 2016). Due to the soil moisture-VPD coupling effects,
that is, lower soil moisture associated with higher VPD (L. Liu et al., 2020; Seneviratne et al., 2010; S. Zhou,
Zhang, et al., 2019), the EMC region may suffer more days with a drier atmosphere in recent 20 years, which may
contribute to the increase in amplification indices.

The southern EMC is a region affected by frequent heavy precipitation (HP) events (L. Wei et al., 2021; Wu
et al., 2019). On the one hand, increases in sequential HP-heatwave events have been detected in southern EMC
in recent decades and are projected to continue in the warming future (Y. Chen et al., 2021; Liao et al., 2021). On
the other hand, Dai et al. (2020) indicated that these HP events may cause atmospheric drying in the following
days by removing moisture from the atmosphere. Thus, we identify hot-dry days preceded by HP events (referred
to as “HP-preceded hot-dry days”) to investigate the impacts of HP events on increasing hot-dry days in southern
EMC. We first identify all precipitation events, and select HP events whose peak values exceed the 80th percen-
tile of all summer-season values during the reference period of 1981-2010. The 80th percentile is chosen as
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Figure 3. Changes in hot-dry coupling defined by amplification indices (left column) and in the number of hot-dry days
preceded by heavy precipitation (“HP-preceded hot-dry day”; right column) over EMC during summer seasons of 1961-2020.
In panels a—d, trends in four amplification indices (i.e., Q1, VPDI, Q2, and VPD2) are estimated using the Mann-Kendall
method (Hamed & Ramachandra, 1998); large points indicate trends at the 0.05 significance level. In the upper-left
sub-panel of panels a—d, blue (red) lines are regional mean values of Q1, Q2, VPD1, and VPD2 over southern EMC based
on station-based observations (the ERAS reanalysis data). In panels a—d, r is Spearman's rank correlation coefficient
computed between the blue and red lines and p is the corresponding significance. In the bottom-left sub-panel of panels a—d,
barplots show percentages of stations with a significant positive trend (red), insignificant positive trend (orange), significant
negative trend (dark blue) and insignificant negative trend (sky blue) in amplification indices over southern EMC. The areas
enclosed by red boxes are the Yangtze River Delta (YRD; the northern box) and the Pearl River Delta (PRD; the southern
box), respectively. If a HP event occurs in the 5 days prior to a hot-dry event, we define this as a HP-preceded hot-dry
event. Contributions of HP-preceded hot-dry days to all hot-dry days are shown in panels e and g (see colorbar). Ratios of
HP-preceded hot-dry days and total hot-dry days are shown for two 20-year periods (i.e., 1961-1980 and 2001-2020) in
panels e and g (see colorbars). Barplots in panels e and g show the regional mean HP-preceded (green) and total hot-dry days
(red) in southern EMC; and the black solid lines are regional mean HP-preceded hot-dry events. Probability density functions
(PDFs) in panels f and h show the number of HP-preceded hot-dry days at each station during the two 20-year periods, and
the difference of PDFs between the two periods is tested using the Kolmogorov-Smirnov method (Massey, 1951; Mazdiyasni
& AghaKouchak, 2015).
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the threshold because southern EMC is a region of abundant precipitation in the summer season, where a large
number of HP events can be identified (a higher percentile does not alter our results but decreases the number
of identified HP-preceded hot-dry days). If a hot-dry event occurs within 5 days of a HP event, we define it as a
HP-preceded hot-dry event. The threshold of 5 days is chosen in line with previous studies, where other time lags
(such as three or 7 days) were tested and revealed little impact on the identification of sequential events (Y. Chen
etal., 2021; L. Gu et al., 2022; Li et al., 2022; Liao et al., 2021).

Using the regional mean, we find significantly increasing trends in the frequency of both hot-dry days and
HP-preceded hot-dry events in southern EMC (see top-left subpanel of Figures 3e and 3g). The concurrent
increases in hot-dry days and HP-preceded hot-dry events imply increasing HP events in southern EMC (X. Gu
et al., 2017) may be responsible for the increase in hot-dry days in this region. This finding is also confirmed by
the ratios of HP-preceded hot-dry days between two 20-year periods (i.e., 1961-1980 vs. 2001-2020); the ratios
show that HP-preceded hot-dry days at 31% (53%) of stations in the recent period is twofold more than that of
the early period (Figures 3f and 3h). The probability density function (PDF) of HP-preceded hot-dry days during
2001-2020 is significantly shifted to the right, relative to the PDF for 1961-1980, furthermore suggesting that
southern EMC has experienced a greater number of HP-preceded hot-dry days in the last 20 years (see PDFs
in Figures 3f and 3h). Nevertheless, the impacts of HP events on increasing hot-dry days in southern EMC are
limited, because the contribution of HP-preceded hot-dry days to all Q-based (VPD-based) hot-dry days shows
that on average only 25% (12%) of hot-dry days are linked to HP events in southern EMC (Figures 3e and 3g).

4.3. Physical Mechanisms for the Coupling of Hotter and Drier Extremes

Besides the small contribution of HP-preceded hot-dry days to all hot-dry days, anomalies of large-scale circula-
tions (such as cloud cover, geopotential height, vertical velocity, and vertical integral of moisture divergence; Luo
& Lau, 2017, 2018; Singh et al., 2014) and land-atmosphere feedbacks (such as evaporation and soil moisture;
Costa et al., 2022; McKinnon et al., 2021; Ukkola et al., 2018) may play a key role in the occurrence of hot and
dry extremes and their responses to warming temperature. We therefore turn to exploring whether anomalies
of large-scale circulations and land-atmosphere feedbacks are responsible for the increases in hot-dry days in
southern EMC.

We first explore the role of large-scale circulations in the coupling of hot and dry extremes in southern EMC
(Figure 4 and Figure S5 in Supporting Information S1). To understand the behavior of air temperature and atmos-
pheric humidity on hot-dry days, we calculate composite anomalies of SAT, O, RH, and VPD on VPD-based/Q-
based hot-dry days over southern EMC, and depict the vertical structure (i.e., 1,000 hPa—100 hPa) of their
anomalies (Figures 4a, 4d and S5a-S5d in Supporting Information S1). During hot-dry days, significant positive
air temperature anomalies can be seen over southern China and form a warm core in the northern part of south-
ern EMC (Figure 4a and Figure S5a in Supporting Information S1). At the same time, reduced Q is observed in
the lower atmosphere over southern EMC; and the negative Q anomalies are strongest in the middle atmosphere
(at 500-600 hPa; Figure 4b and Figure S5b in Supporting Information S1). The reduced Q is companied by
significant negative RH anomalies (Figure 4c and Figure S5c in Supporting Information S1) and positive VPD
anomalies (Figure 4d and Figure S5d in Supporting Information S1). From the vertical anomalies, the strongest
RH (VPD) decreases (increases) happen in the mid-upper (lower) level (sub-panels in Figures 4c and 4d and
Figure S5¢-Sd in Supporting Information S1). Both the horizonal and vertical distribution of anomalies in air
temperature and atmospheric humidity indicate that hot-dry extremes can be regional events with impacts over
areas as large as the entire southern EMC.

We then examine the anomaly patterns of large-scale circulations on hot-dry days (Figures 4e—4h and Figures
S5e-S5h in Supporting Information S1). The hot-dry days in southern EMC are accompanied with reduced
total cloud cover in this region. The reduction in cloud cover can increase solar shortwave radiation reaching the
surface, which warms the near-surface air temperature and may increase the occurrence of hot days (Figure 4e
and Figure S5e in Supporting Information S1; R. Chen, Zhai, & Zhou, 2018; Luo, Wu, et al., 2022; Luo &
Lau, 2017). The composite geopotential height and wind field anomalies in the upper (200 hPa) atmosphere
depict a high-pressure center and anticyclone over China (Figure 4f and Figure S5f in Supporting Informa-
tion S1), in accordance with the presence of positive air temperature anomalies in the upper level of the atmos-
phere (sub-panel in Figure 4a and Figure S5a in Supporting Information S1). The strong anticyclone blocks the
ascending motion in southern EMC, such that an unusual descending motion occurs across the whole atmosphere
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Anomaly patterns of large-scale environmental conditions on VPD-based hot-dry days over southern EMC during summer seasons of 1961-2020 based on
the ERAS reanalysis data. Panels a—d are composite anomalies of daily SAT, Q, relative humidity, and VPD on hot-dry days, respectively. The top-left sub-panels in
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differences at the 0.05 significance level based on the Student's #-test.

(i.e., from 1000 hPa to 200 hPa) in this region (Figure 4g and Figure S5g in Supporting Information S1), which
may hinder convective activity (Cao et al., 2022). Associated with this anomalous descending motion, positive
anomalies of the vertically integrated moisture divergence (VIMD) appear in southern EMC on hot-dry days
(Figure 4h and Figure S5h in Supporting Information S1). The strong moisture divergence and abnormal anti-
cyclone over southern EMC can block the water vapor supply from oceans such as South China Sea and Bay of
Bengal, contributing to reduced atmospheric humidity and cloud cover.

We assess the difference of composite anomalies in these large-scale environmental variables computed using years
in the top tercile and the bottom tercile of VPD1 (VPD2), and investigate possible reasons behind the increases
in hot-dry days in southern EMC (Figures 4i and 4p). Compared to years with low VPD1/VPD2, we find less
cloud cover and more solar shortwave radiation in southern EMC during years with high VPD1/VPD2 (Figures 4i
and 4m). The positive geopotential height anomaly is particularly strong and extends eastward (Figure 4;j), indi-
cating an eastward extension of the South Asia High (SAH). The eastward shift of the SAH is related to the
weaker Indian summer monsoon and westward shift of the Northwest Pacific subtropical high (NWPSH) (W. Wei
et al., 2014). Southern EMC is thus strongly affected by the high pressure caused by the extension of the NWPSH,
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which leads to the descending motion (Figures 4k and 40) and limits water vapor advection from ocean (Figures 41
and 4p) (Luo & Lau, 2022; W. Wei et al., 2014). Furthermore, we find easterly wind anomalies prevail over the
Indochina Peninsula in years with high VPD1/VPD2, opposing the climatological westerly regime of the South
Asian summer monsoon (Figures 41 and 4p). This anomalous eastern wind indicates that the weak South Asian
summer monsoon circulation may also be reducing moisture advection from oceans such as the South China Sea
and Bay of Bengal. This wind pattern is associated with the occurrence of heatwaves in Indochina and southern
EMC (Luo & Lau, 2018). The patterns of differences in large-scale circulations shown in Figures 4i-4p are consist-
ent with those shown in Figures S5i—S5p in Supporting Information S1, using Q-based hot-dry days and Q1/Q2.

Besides the large-scale circulation anomalies on hot-dry days, we investigate the role of land-atmosphere feed-
backs (Figure 5). Here, we use the evaporative fraction (EF) to link the process of atmosphere-land feedbacks.
EF, defined as LE/(LE + H), where LE is surface latent heat (W/m?) and H is surface sensible heat (W/m?), is
used as a metric to characterize the degree of land surface dryness (Costa et al., 2022; Donat et al., 2017; Ukkola
et al., 2018; Ukkola et al., 2018, 2018). EF can describe the partitioning of available energy between LE and H,
with low (high) values characterizing dry (wet) conditions. We find significant negative correlations (p < 0.001)
between the region-averaged EF and all four amplification indices over southern EMC (i.e., VPD1, VPD2, Ql1,
and Q2; Figure 5a and Figure S6 in Supporting Information S1), suggesting that EF plays a key role in controlling
changes in hot-dry days in this region. On years with larger values of the amplification indices, southern EMC is
dominated by significant decreases in EF (Figure 5a and Figure S6 in Supporting Information S1), indicating that
increased land surface dryness is conducive to a higher occurrence probability of hot-dry extremes in this region.

The region-averaged EF in southern EMC has a significantly positive correlation with summer-mean surface soil
moisture (SSM), indicating that changes in EF are closely related to the state of summer SSM (top-left sub-panel in
Figure 5b). The significantly negative anomalies of summer-mean SSM in years with low EF (Figure 5b) suggest that
increased land surface dryness is strongly dominated by drying summer SSM. The summer SSM is further controlled
by the initial soil moisture in the month before the summer season (i.e., May 1-m soil moisture (SM) in this study) and
summer water availability (i.e., summer-mean precipitation in this study) (X. Gu et al., 2019a; X. Gu et al., 2019b).
This is confirmed by the significant positive correlations between summer-mean SSM and May 1-m SM, as well as
between summer-mean SSM and precipitation (see top-left sub-panels in Figures 5c and 5d). Years with low summer
SSM are accompanied by lower May 1-m SM and less summer precipitation in southern EMC (Figures Sc and 5d).

Our study found precipitation is one of crucial keys to modulating hot-dry extremes from two aspects. On the
one hand, summer HP can remove plenty of moisture from the air and then lead to time-mean RH decrease (Dai
et al., 2020). Because of the longer time to replenish depleted moisture in the air, dry spells after HP become
longer (Li, Zwiers, et al., 2021; Qiao et al., 2022) which may further drive hot extremes by land-atmosphere
feedback and large-scale circulation (Miralles et al., 2019). It has been detected that the sequential HP-heatwave
events have significantly increased in last 20 years across China (Y. Chen et al., 2021), which is consistent
with our results. On the other hand, summer mean precipitation trends may largely affect the occurrence of
compound hot and dry extremes (Bevacqua et al., 2022; Guntu et al., 2023). Summer mean precipitation, which
is an important segment in land-atmosphere feedbacks, its deficits cause soil moisture depletion and in turn lead
to atmospheric aridity (S. Zhou et al., 2019). The dry conditions reduce latent heat flux and help to accumulate
sensible heat in the air, leading to higher air temperature (Seo et al., 2021). Therefore, decline in summer mean
precipitation make it easily to create a co-occurrence of hot-dry extremes.

We use a multiple linear regression for summer-mean SSM using May 1-m SM and summer-mean precipitation,
and obtain a fitted summer SSM time series (Figure 5¢). The fitted summer-mean SSM is highly consistent with
the original values (i.e., Spearman's r = 0.91, p < 0.001), implying that summer SSM is likely to be well predicted
by May 1-m SM and summer-mean precipitation. Finally, we also use multiple linear regression for all four
amplification indices using May 1-m SM and summer-mean-precipitation, in order to link these controls back to
hot-dry days. The fitted amplification indices are significantly correlated with their original values (Figure 5f and
Figure S7 in Supporting Information S1). The two predictors collectively can explain not only the interannual
variability and but also the recent uptick in the amplification indices.

5. Additional Drivers and Areas for Further Research

In this study, we explore possible reasons for the enhanced coupling of hot and dry extremes in southern EMC.
Although we focus on large-scale circulation anomalies and land-atmosphere feedbacks, the coupling of hotter
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Figure 5. Land-atmosphere feedbacks linked to the stronger hot-dry coupling in southern EMC during summer seasons of 1961-2020. Panel a is the composite
summer averaged evaporation fraction (EF) on years in the top tercile of VPD1 minus the bottom tercile. The blue and red time series lines in panel a indicate

region-averaged EF

and ERAS5-based VPD1, respectively. Panel b is the composite summer surface soil moisture (SSM at top 7 cm layer) on years in the top tercile of

the EF minus the bottom tercile. The blue and red lines of time series in panel b indicate region-averaged SSM and EF, respectively. Panels ¢ and d are the composite
May 1-m soil moisture (SM) and summer-mean precipitation (PRE) on years in the top tercile of the summer-mean SSM minus the bottom tercile. The blue and red
time series lines in panel ¢ (d) indicate region-averaged May 1 m SM (summer-mean precipitation) and summer-mean SSM, respectively. Panel e is the observed (blue)

and fitted (red) sum

mer-mean SSM; the fitted values are based on a multiple linear regression model using May 1 m soil moisture and summer-mean precipitation as

covariates. Panel f is the same as panel e, but for ERAS5-based VPD1 using May 1 m soil moisture and summer-mean precipitation.

and drier extremes may be also affected by other factors such as global warming, the contrast in land-ocean
warming, and urbanization.

Under global warming, anthropogenically-driven hot extremes exhibit increasing intensity, frequency, and
duration after 1960 (J. Wang et al., 2020). Increased greenhouse gas emissions lead to reduced outgoing long-
wave radiation and strengthen the absorption capacity of atmosphere, further intensifying atmospheric heating
(Raghuraman et al., 2021). Meanwhile, a sharp decrease in land surface relative humidity has been observed
since 2000 (Simmons et al., 2010; Willett et al., 2014). Atmospheric aridity is projected to increase over the
21st century and the increase is more prominent under a higher emission scenario (Fang et al., 2022). Increasing
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hot extremes and decreasing atmospheric humidity can promote the co-occurrence of hot-dry extremes. As hot
extremes are projected to continue increasing, and atmospheric humidity is anticipated to decrease in the future,
the frequency of hot-dry days is likely to continue increasing in a warmer climate (De Luca & Donat, 2023; Vogel
et al., 2020). Future works should be conducted to quantify the role of anthropogenic warming in the enhanced
coupling of hot and dry extremes in EMC region.

The contrast in land-ocean warming also affects atmospheric humidity over land (Byrne & O’Gorman, 2013b),
as oceanic evaporation contributes to approximately 85% of the atmospheric water vapor over land (Trenberth
et al., 2007). A theory of atmospheric dynamics suggests that near-surface moist static energy (a function of
SAT and Q) uniformly changes across the tropics and fractional change in Q is roughly equal over tropical land
and ocean (Byrne & O’Gorman, 2013a, 2013b; Chadwick et al., 2016; Joshi et al., 2008). Based on this theory,
the warming air temperature and decreasing atmospheric humidity over tropical land are associated with weaker
warming over neighboring oceans (Byrne & O’Gorman, 2018). Specifically, constrained by that land and ocean
have equal fractional changes in Q, the greater warming over land than neighboring oceans leads to weakened
moisture transport from oceans and then a land atmospheric drying (Byrne & O’Gorman, 2016, 2018). With
the drier air over land than neighboring oceans, the land air needs to warm substantially more than the ocean
air in tropical regions, in order to maintain the uniform change in the moist static energy across the tropics
(Byrne, 2021). Byrne (2021) reported that the amplified warming on hot days rather than normal days over trop-
ical land (20°S—20°N) is due to the drier air conditions on hot days. Therefore, the coupling of hotter and drier
extremes in southern EMC (mostly tropical land) may be also affected by the contrast in land-ocean warming.

We also find that there are greater increases in all the four amplification indices in highly urbanized areas, such
as the Yangtze River Delta (YRD) and the Pearl River Delta (PRD) (see Figures 3a-3d). In recent decades,
these areas have experienced rapid urbanization and enhanced urban dry island (UDI) and urban heat island
(UHI) effects due to the influence of urbanization on surface properties (Du, 2019; Kong et al., 2020; Luo &
Lau, 2019; Mishra, 2015; Qian et al., 2022; Yu et al., 2022). For example, the expansion of impervious areas
increases surface albedo and decreases land evaporation, which is conductive to atmospheric warming and drying
synchronously in cities (J. Liu et al., 2021; Luo & Lau, 2019). The synergetic enhancement effects between UHI/
UDI and heatwaves (D. Li & Bou-Zeid, 2013; Ramamurthy & Bou-Zeid, 2017; Zhao et al., 2018) can also lead
to stronger coupling of hot and dry extremes in megalopolises. How urbanization affects the coupling of hot and
dry extremes should be quantified in the future, but is beyond the scope of our study.

6. Conclusions

Using station-based observations and the ERAS reanalysis data during summer seasons of 1961-2020, we inves-
tigated responses of SAT (Q/VPD) to warming temperature on dry (hot) days, detected long-term changes in the
coupling of hot and dry days, and explored possible physical mechanisms behind the strong coupling of hot and
dry extremes in a typical monsoon region (i.e., EMC). We find that SAT (Q/VPD) responses to warming tempera-
ture vary diversely across the Q/VPD (SAT) percentiles. Specifically, on drier (hotter) days, the warming (drying)
rates become faster especially in southern EMC, which can be described simply as “drier days get hotter” (“hotter
days get drier”). In other words, atmospheric warming (drying) is amplified on dry (hot) days, that is, we find
strong coupling of hot and dry extremes. This coupling has become stronger in southern EMC during the past six
decades, as is reflected by the increasing trends in all four amplification indices (i.e., more dry days becoming
hotter and more hot days becoming drier over southern EMC).

Anomalies of large-scale circulations play an important role in the occurrence of hot-dry days and the enhanced
coupling of hot and dry extremes in southern EMC. Hot-dry days are associated with less total cloud cover in
southern EMC, which allows for increased solar radiation to reach the surface. Concurrently, a strong anticyclone
in the upper atmosphere over China obstructs ascending air and causes a strong descending motion in southern
EMC, leading to weakened convective activity. Linked to this descending motion, strong moisture divergence
over southern EMC blocks the water vapor from the ocean. In southern EMC, these conditions (reduced total
cloud cover, anticyclone in the upper atmosphere, abnormal descending motion, and strong moisture divergence)
are significantly more prominent in years with stronger of coupling hot-dry extremes, than in years with weaker
coupling of hot-dry extremes.

Another important physical mechanism which leads to stronger coupling of hotter and drier extremes in southern
EMC is land-atmosphere feedbacks. Coupling of hot and dry extremes is related to changes in the partitioning
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of surface heat fluxes (described by EF). Specifically, the hot-dry coupling (described by amplification indices)
in southern EMC is significantly negatively related to changes in EF. In years with strong coupling of hot and
dry extremes (characterized by larger amplification indices), southern EMC is dominated by reduced EF (i.e.,
increased land surface dryness). Changes in EF in southern EMC are significantly positively related to changes
in summer-mean SSM, and years with low EF values also have dry summer SSM. The summer-mean SSM is
further controlled by the initial soil moisture in the month before the summer season, as well as summer-mean
precipitation. Overall, reductions in initial soil moisture and summer-mean precipitation in southern EMC lead
to anomalously dry summer soil moisture linked to low evaporative fraction and result in stronger coupling of
hot and dry extremes.

Data Availability Statement

The station-based observations were obtained from the National Meteorological Science Data Center available at
http://data.cma.cn/en/?r=data/detail&dataCode=A.0012.0001. The ERAS reanalysis data are available at https://
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