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ABSTRACT

The likelihood of extreme heat occurrence is continuously increasing with global warming. Under high temper-
atures, humidity may exacerbate the heat impact on humanity. As atmospheric humidity depends on moisture
availability and is constrained by air temperature, it is important to project the changes in the distribution of
atmospheric humidity conditional on air temperature as the climate continuously warms. Here, a non-crossing
quantile smoothing spline is employed to build quantile regression models emulating conditional distributions of
dew point (a measure of humidity) on local temperature evolving with escalating global mean surface tempera-
ture. By applying these models to 297 weather stations in seven regions in China, the study analyzes historical
trends of humid-heat and dry-hot days, and projects their changes under global warming of 2.0°C and 4.5°C. In
response to global warming, rising trends of humid-heat extremes, while weakening trends of dry-hot extremes,
are observed at most stations in Northeast China. Additionally, results indicate an increasing trend in dry-hot
extremes at numerous stations across central China, but a rise in humid-heat extremes over Northwest China and
coastal regions. These trends found in the current climate state are projected to intensify under 2.0°C and 4.5°C
warming, possibly influenced by the heterogeneous variations in precipitation, soil moisture, and water vapor
fluxes. Requiring much lower computational resources than coupled climate models, these quantile regression
models can further project compound humidity and temperature extremes in response to different levels of global
warming, potentially informing the risk management of compound humid-heat extremes on a local scale.
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1. Introduction

(Mora et al., 2017; Liang et al., 2024). On the other hand, compound
dry-hot extremes significantly affect crop yields and enhance the fre-

Multiple lines of evidence show that the increase in global mean tem-
perature induced by human activities has exceeded 1.1°C with respect
to the pre-industrial level, resulting in an increase in the frequency and
intensity of extreme heat events (IPCC, 2023). Growing attention has
been paid to compound weather extremes combining humidity and tem-
perature owing to their increasing frequency of occurrence (Li et al.,
2020b; Meng et al., 2022; Li et al., 2023). The changes of both dry-
hot and humid-heat events are expected to have a profound impact on
human health and ecosystems. On the one hand, higher humidity may
superimpose on the influence of high temperatures on human health
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quency of wildfires (Feng et al., 2019; Dong et al., 2021).

The majority of studies on heat stress use a univariate metric
to measure the combined effects of temperature and humidity (e.g.,
Masterton and Richardson, 1979; Rothfusz, 1990; Chen et al., 2022).
However, the univariate approach is not capable of capturing the joint
distribution between temperature and humidity as well as their de-
pendence, which is important for understanding the bivariate distribu-
tion of temperature and humidity, especially for their tail distributions
(McKinnon and Poppick, 2020; Yuan et al., 2020). Besides, some stud-
ies have taken a dynamical systems approach to examine the coupling

Received 19 November 2024; Revised 31 December 2024; Accepted 24 January 2025

Available online xxx

1674-2834/© 2025 The Authors. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Please cite this article as: C. Liang and J. Yuan, The evolving distribution of humidity conditional on temperature and implications for compound
heat extremes across China in a warming world, Atmospheric and Oceanic Science Letters, https://doi.org/10.1016/j.a0s1.2025.100596



https://doi.org/10.1016/j.aosl.2025.100596
http://www.ScienceDirect.com/science/journal/16742834
http://www.keaipublishing.com/en/journals/atmospheric-and-oceanic-science-letters/
mailto:jcyuan@fudan.edu.cn
https://doi.org/10.1016/j.aosl.2025.100596
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aosl.2025.100596

JID: AOSL

C. Liang and J. Yuan

strength between the temperatures and humidity involved in compound
humid-heat events (Guo et al., 2022a, 2022b). Conventional methods
for evaluating extreme events typically assume that the tail of the dis-
tribution for the contributing variable remains constant, while only the
parameters (e.g., mean, standard deviation, etc.) change as the climate
warms (e.g., Kharin et al., 2013; Kodra and Ganguly, 2014). However,
the distributions of these contributing variables generally neither ad-
here to a standard distribution, nor are stationary as the climate gets
warmer. Here, we employ a quantile regression approach to develop sta-
tistical models that capture the joint distribution between temperature
and humidity, as well as its evolution under climate warming, without
any assumptions about the distribution. Quantile regression is a widely
employed method that effectively quantifies the impact of covariates on
a specific quantile of a distribution, which is particularly useful in ana-
lyzing temporal trends in the distribution of climate variables like daily
temperature and precipitation (Koenker and Bassett, 1978; Tan, 2019;
Yuan et al., 2020; McKinnon and Poppick, 2020). Additionally, quantile
regression models are much more computationally efficient than cou-
pled global climate models, and allow a full coverage of the uncertain-
ties by producing probabilistic distributions of contributing variables
(Tebaldi and Knutti, 2007; Yuan et al., 2020).

China, with its large population and rapid economic growth, shows
significant climatic diversity due to its vast territory and complex ter-
rain. Recently, China has witnessed numerous compound extremes com-
bining temperature and humidity, significantly impacting the lives of
citizens (Ding and Ke, 2015; Li et al., 2020a). Additionally, the regional
climate changes display large spatial heterogeneity, e.g., the notewor-
thy trend of warming and wetting in Northwest China (Shi et al., 2007;
Wang et al., 2020). However, the conditional distribution of humidity
on temperature in different climate zones of China, as well as its evolu-
tion as climate warms, remains unclear.

This study develops quantile regression models to simulate the evolv-
ing distributions of humidity conditional on temperature across different
climate zones of China, as well as their anticipated patterns in a warm-
ing climate. Besides, the changes in compound humid-heat and dry-hot
extremes are projected accordingly based on the tail distributions under
different levels of global warming.

2. Data and methods
2.1. Data

The observational data for temperature and humidity are from
the Hadley Center Integrated Surface Database v3.3.0.2022f (HadISD
v3.3.0.2022f) developed by the UK Met Office, based on NOAA NCEI’s
Integrated Surface Database (Smith et al., 2011; Dunn et al., 2012, 2014,
2016; Dunn, 2019). We employ dew point as a measure of humidity,
which is the temperature at which a given volume of air needs to be
cooled at constant pressure to become saturated with water vapor. Dew
point is used in this study because (1) it can be directly measured by me-
teorological stations, (2) it directly links to the amount of moisture in the
air (as the dew point increases, the humidity of the air rises accordingly),
and (3) unlike relative humidity, which must be considered alongside
temperature to assess thermal comfort, the dew point—representing am-
bient humidity (q) through its saturation temperature—provides a more
direct indication of thermal comfort (McKinnon and Poppick, 2020;
Scheff and Burroughs, 2023). The daily mean temperature and dew
point are calculated from the hourly data. Our analysis focuses on the
summer, i.e., JJA (June-July-August), during the period between 1979
and 2022. To ensure a sufficient coverage of data, we select stations that
have data available for at least 80 % of the time during 1979-2022 and
cover both the first and last three years of the period. A total of 297 sta-
tions across China were selected. According to the climatic zones defined
by Zhao (1983), China is divided into seven regions based on climatolog-
ical temperature and aridity (Fig. 1(a)). There are a sufficient number

[m5GeSdc;March 12, 2025;17:48]

Atmospheric and Oceanic Science Letters xxx (xxxx) xxx

of stations located in each region, with more stations concentrated in
sub-regions over eastern China (Table S1).

The smoothed global mean temperature anomaly (GMTA) dataset is
based on the Berkeley Earth Surface Temperature database (Rohde et al.,
2013). Anomalies in GMTA are calculated by removing the average
across 1979-2022. Then, the smoothed GMTA is obtained by applying a
third-order Butterworth low-pass filter with a cutoff frequency of 1/10
years to the raw GMTA data.

To understand the causes of the variability in the distribution of dew
point, this study uses ERA5 variables for analysis, including the monthly
mean total precipitation, soil moisture, specific humidity, wind, and ver-
tical integral of divergence of moisture flux, which are produced by
ECMWF (the European Centre for Medium-Range Weather Forecasts)
(Hersbach et al., 2023a, 2023b).

2.2. Quantile smoothing splines

We develop quantile regression models at each station using non-
crossing quantile smoothing splines to assess the alterations in the dis-
tribution of dew point conditional on the co-occurring local temperature
and GMTA (McKinnon and Poppick, 2020). For a given quantile z, the
dew point on day t is modeled as

T, () = 50.(T'®) + B.G' )+ G s (T' ) + Po.r 1)

where T’(r) is the co-occurring local temperature and G’(r) is the
smoothed GMTA. Both s, and s, , are functions of T'(z), indicating reg-
ularized quantile smoothing splines that capture the potentially nonlin-
ear relationship between T,' () and T’(t). f , is the intercept of the
model, while f; , is the parameter that characterizes the relationship
between dew point temperature and G’(t). The first three terms on the
right-hand side of Eq. (1) represent the changes in T,/ ,(r) that depend
on the T'(¢), G'(t), and interactions between T’(¢t) and G’(r). The com-
bined second and third terms of Eq. (1) indicate the change in Ty’ .(¢) per
1°C increase in GMTA, at a station with a local temperature anomaly of
T'(t). A regularization parameter is used to control the complexity of the
spline, which is measured by the number of active knots. The parameter
is selected through minimization of a high-dimensional Bayesian Infor-
mation Criterion. Non-crossing constraints are applied during the fitting
procedure to avoid the dew point temperature exceeding the tempera-
ture and the low quantile exceeding the high quantile. From each of the
seven climate zones, we selected a station to develop quantile regression
models as an example (Fig. S1). The joint distribution between T’ and T4’
exhibits distinct patterns in different climate zones, indicating varying
responses of atmospheric moisture to changes in local temperature un-
der different climate conditions (Fig. S1, colored hexagons). The quan-
tile of T4” conditional on T” developed by the quantile regression model
can skillfully capture the joint distribution between T’ and T,’. The 5th
quantile and 95th quantile of T4’ respond differently to GMTA during
high local temperatures (95th quantile) across regions. We applied the
same analysis on all the selected stations over the period from 1979 to
2022, and calculated the T4 change rate, i.e., changes in Ty’s .95 and
T4’9s, 1795 Per 1°C increase in GMTA, to explore the changes in extremely
high and low dew points conditional on high temperature in the con-
text of global warming. We also tried other thresholds to identify the
extremely dry or humid condition (e.g., T4’ or T4’gg), and found that
the results are insensitive to the adjustment of the threshold (Fig. S2).

2.3. Future projection

Based on the quantile regression model in Eq. (1), we project the
distribution of dew point conditional on temperature across China at
different levels of global warming. Our analysis focuses on the warm-
ing levels of 2.0°C and 4.5°C, corresponding to the temperature target
set by the Paris Agreement and the projected global mean temperature
increase by 2100 under fossil-fuel intensive scenarios, respectively. The
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Fig. 1. (a) Map of elevation, distribution of meteorological stations, and regions of climate zones in China. Numbers on the map mark the seven climate zones,
respectively. (b) Spatial distribution of the estimated T4 change rate in T4’s 195 at selected HadISD stations across China. (c) The same as (b) but for Ty’gs 1-95. (d)
Violin plot of the T; change rate in Ty's 195 and Ty’gs 195 at stations across China and in seven regions.

G’ (1) corresponding to the two warming levels was calculated relative
to the 1850-1900 baseline of GMTA and used as the input to estimate
the projected dew point under these warming scenarios. It should be
noted that, in the future projection, the extremely high local tempera-
ture is fixed at the 95th percentile in the historical period, so that the
results reveal what extreme conditions of humidity people in a warming
future will experience even at the same high temperature as the current
climate.

3. Results

In response to global warming, except for region 1 and region 7, a re-
duction in the 5th percentile of dew point conditional on high tempera-
ture is observed over most regions (Fig. 1(b)). This indicates that dry-hot
days get drier when the climate gets warmer, which shares some consis-
tency with findings in previous studies (Feng and Fu, 2013; Huang et al.,
2016). However, the T4 change rates in the 95th percentile are negligible
except for some stations over Northwest and Northeast China. This may
be attributable to the fact that, in humid climates, the 95th percentile
of dew point is very close to the air temperature, limiting its increase
since the dew point cannot exceed the air temperature (Fig. 1(c)). Many
stations in Northwest China show increases in the T4 change rate in
T495, 1795, Suggesting that climate warming may exacerbate the humid-
heat situation in the region.

From the violin plot of the T4 change rate distribution (Fig. 1(d)),
drying trends of dry-hot days are observed over 50 % of stations in
China, while most of them are from regions 2-6. In region 1, the T4
change rates are positive at over 85 % of stations on dry-hot days and
at over 82 % of stations on humid-heat days, indicating a reduction of
dry-hot extremes and an enhancement of humid-heat extremes over this
region. Besides region 1, the T4 change rates on humid-heat days are
positive at over 50 % of stations in regions 2, 5, 6, and 7, indicating ele-
vated humidity of humid-heat extremes in response to global warming.

In summary, the T4 change rate is negative on dry-hot days and positive
on humid-heat days at >50 % of stations across China, and in regions 2,
5, and 6, indicating an increase in the intensity of extreme dry-hot and
extreme humid-heat events over these regions.

Based on the models developed at each station, we project the distri-
bution of dew point conditional on hot days across China under global
warming of 2.0°C and 4.5°C (Fig. 2). The result shows that the distribu-
tion of T4's /95 at stations across China reveals a pronounced bound-
ary. The boundary approximately coincides with the Heihe-Tengchong
Line, which is a significant geographical demarcation in China that high-
lights the stark disparity in population (Hu, 1935). The Ty4's 195 is pos-
itive at all stations east of the Heihe-Tengchong Line, while it is either
close to or below zero at stations west of the line under 2.0°C warming
(Fig. 2(a)). Under 4.5°C warming, the contrast in T4's, 1795 between sta-
tions east and west of the Heihe-Tengchong Line is increased (Fig. 2(c)).
The T4’95, 1795 s positive at all stations under 2°C warming, while it is
positive at most stations under 4.5°C warming, except for a few stations
in region 6 (Fig. 2(b, d)). The T4’g5 7795 at stations in eastern China is
generally likely to exceed 24°C, with some stations in southern China
exceeding 30°C (Fig. 2(d), Table S2).

We further investigate the projected changes in Ty’s 1795 and
T4'9s, 1795 under global warming of 2.0°C and 4.5°C, compared with
the present climate (2003-2022). Under 2.0°C warming, Ty’s 795 is
projected to increase at most stations in region 1 and 7, where the
highest increase is about 6°C. At stations in the remaining regions,
T4’s, 1795 is projected to decrease, with the largest drop being below
8°C (Fig. 3(a)). These features of changes in Ty’s 795 are maintained
under global warming of 4.5°C (Fig. 3(c)), except that the changes are
more pronounced in magnitude. For T4’gs 795, the changes are negligi-
ble from the present climate to a warming level of 2°C, while they are
more pronounced from the present climate to a warming level of 4.5°C.
The distributions of changes in Ty’s 1v95 and T4’gs /95 across stations
over China and regions further confirm that the direction of changes
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Fig. 2. Projected spatial distribution of T4's 195 and T4'qs .95 under (a, b) 2.0°C warming and (c, d) 4.5°C warming, respectively. The blue dashed line is the

Heihe-Tengchong Line.

under 2°C warming is consistent with that under 4.5°C warming, except
that the magnitudes are much larger in the latter than in the former
(Fig. 3(e, D).

4. Discussion and conclusions

This study used the non-crossing quantile smoothing splines model
to simulate the distribution of dew point conditional on local temper-
ature, as well as their evolution accompanied by GMTA, without any
assumptions about the distribution. In addition, the Ty change rates of
T4’s, 1795 and T4’gs 1795 Were calculated to project the changes in the tail
distribution of dew point on hot days under global warming. Results
showed that, in general, the changes in the low tail of dew point condi-
tional on high local temperature are more sensitive to global warming
than those in the high tail. The T4 change rates are spatially hetero-
geneous across the seven climate regions of China. Positive Ty change
rates can be seen on both hot-humid days and dry-hot days in region
1, indicating a reduction of dry-hot days and enhancement of humid-
heat days over Northeast China. The T4 change rates are generally neg-
ative on dry-hot days in regions 2-6, whereas they are predominantly
positive on hot-humid days in regions 2, 5, 6, and 7, indicating ampli-
fications of dry-hot days and humid-heat days due to changes in the
atmospheric moisture content. As the climate gets warmer, the low tails
of T4 conditional on high local temperature are positive at stations east
of the Heihe-Tenchong Line, and negative at stations west of the line.
The high tails of T4 conditional on high local temperature are positive
at nearly all stations, with maximum values exceeding 30°C over the
east of China and gradually decreasing towards the west. The changes
of T4 from the current climate state to future global warming are con-

sistent with the distribution of the T4 change rate in the current period
in each region, except for the intensity in the magnitude of changes.
Global warming tends to elevate the intensity of dry-hot extremes at
numerous stations in Central China, and intensifies humid-heat ex-
tremes at some stations over Northwest China and coastal regions of
China.

The potential mechanisms behind the different responses in the dis-
tribution of dew point conditional on local high temperature to global
warming were also explored. For dry-hot days, the negative T, change
rate in regions 2-6 may be due to the decreasing trends in total precipi-
tation and soil moisture (Fig. S3(a, b)). Reduced precipitation will result
in decreased soil moisture, which in turn reduces soil evaporation and
ultimately weakens atmospheric moisture. The positive T4 change rate
on humid-heat days at stations in the Qinghai-Tibet Plateau and coastal
areas may be due to the increase in moisture transport and moisture con-
vergence of moisture flux over the corresponding regions under global
warming (Fig. S3(c)). Although not significant, weak positive trends in
both precipitation and soil moisture are observed over the eastern part
of Northeast China. However, studies show that extreme summer rain-
fall in Northeast China has increased, and is projected to rise further
(Meng et al., 2024; Xie et al., 2024). Additionally, more than half of the
stations in Northwest China exhibit a positive trend in the T4 change
rate on humid-heat days, which may be explained by the increased mois-
ture flux and significant convergence of moisture flux over these areas
(Fig. S3(c)). Previous studies found a humidification trend in Northwest
China during recent decades (Shi et al., 2007; Wang et al., 2020), with a
focus on changes in precipitation. This study provides a new perspective
from the humidity conditional on high-temperature days, indicating a
risk of increasing the humid-heat situation in Northwest China.
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Fig. 3. Spatial pattern of changes in the 5th and 95th percentiles of dew point temperature conditional on high temperature from the present day (2003-2022) to
(a, b) 2.0°C and (c, d) 4.5°C warming. (e, f) The same as Fig. 2(d) but for changes in T4's, 1795 and Tq'9s, 7795 from the present day to (e) 2°C and (f) 4.5°C warming.
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The results of the non-crossing quantile smoothing splines model
show good consistency with the characteristics of compound event vari-
ations detected by conventional approaches (Fig. S4), demonstrating its
ability to effectively capture variations of tail distributions of T4 condi-
tional on temperature during the historical period. The model’s advan-
tage lies in its ability to project future changes in the joint distribution
without assuming a prescribed distribution, while significantly reduc-
ing the computational demand compared to climate model simulations.
The projected results highlight key regions where compound humid-
heat/dry-hot extremes may increase dramatically under different levels
of global warming. This potentially provides information for the risk
management of compound heat extremes on a local scale.
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