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ABSTRACT: Heavy precipitation (HP) events can be preceded by moist heatwaves (HWs; i.e., hot and humid weather),
and both can be intensified by urbanization. However, the effect of moist HWs on increasing urban HP remains unknown.
Based on statistical analyses of daily weather observations and ERA5 reanalysis data, we herein investigate the effect of
moist HWs on urban-intensified HP by dividing summer HP events into NoHW- and HW-preceded events in the Yangtze
River delta (YRD) urban agglomeration of China. During the period 1961–2019, the YRD has experienced more frequent,
longer-lasting, and stronger intense HP events in the summer season (i.e., June–August), and urbanization has contributed
to these increases (by 22.66%–37.50%). In contrast, urban effects on HP are almost absent if we remove HW-preceded HP
events from all HP events. Our results show that urbanization-induced increases in HP are associated with, and magnified
by, moist HWs in urban areas of the YRD region. Moist HWs are conducive to an unstable atmosphere and stormy
weather, and they also enhance urban heat island intensity, driving increases in HP over urban areas.

SIGNIFICANCE STATEMENT: The contribution of urbanization to increases in heavy precipitation has been
widely reported in previous studies. HP events can be preceded by moist heatwaves (hot and humid extremes);
however, it is unknown whether moist HWs enhance urban effects on HP. We choose the Yangtze River delta ur-
ban agglomeration to explore this question and find that urbanization contributes to the increasing frequency, du-
ration, maximum intensity, and cumulative intensity of HP events in the summer season. However, this urban
signal is not detectable if we remove HW-preceded events from all HP events. In other words, moist HWs play a
key role in magnifying urbanization-induced increases in HP. Given that urban areas are projected to continue ex-
panding and moist HWs are projected to occur with increasing frequency and intensity in the future, the role of
HWs in the urban water cycle merits further investigation.

KEYWORDS: Extreme events; Climate change; Urban meteorology

1. Introduction

In the last decade, major cities have experienced sequential
occurrences of unprecedented heatwaves (HWs) and devas-
tating rainstorms, such as the events that occurred on 29 June
2012 in Washington, D.C., United States, and on 10 July 2017
in Paris, France. The succession of different extremes within

several days, that is, a rainstorm preceded by a HW, may
cause much greater damages than separate events alone and
are thus receiving more and more attention (Wang et al. 2019;
Zhang and Villarini 2020; Chen et al. 2021; Liao et al. 2021;
You and Wang 2021; Wu et al. 2021; Gu et al. 2022; Li et al.
2022). For example, more than 30% of flood events in the cen-
tral United States during 1979–2017 were preceded by heat
stress, and this percentage is larger in the case of greater floods
(Zhang and Villarini 2020). Similarly, China has experienced
on average 26% of HWs followed by heavy precipitation (HP)
in the warm season (i.e., May–September) of 1981–2005 and
these HW-preceded HP events are projected to occur with
greater frequency and intensity by the end of the twenty-first
century (You and Wang 2021). Both studies indicated a lagged
connection between HWs and HP; that is, HWs can provide
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favorable large-scale environmental conditions for HP
formation.

In cities, urbanization plays a key role in the development
of the large-scale environmental conditions associated with
HP events (P. Yang et al. 2017; Wang et al. 2018; W. Zhang
et al. 2018; Gu et al. 2019a,b; Y. Li et al. 2020, 2021; Song et al.
2021; Yu et al. 2022) as well as HWs (X. Yang et al. 2017;
Liao et al. 2018; Luo and Lau 2018; Kong et al. 2020). HWs
bring high air temperature, which can enhance the atmospheric
water-holding capacity following the Clausius–Clapeyron equa-
tion (Giorgi et al. 2011; Dai et al. 2018; Ali et al. 2021; C. X. Li
et al. 2021). During moist HWs, the specific humidity accumu-
lates in the lower troposphere, which can increase the precipita-
ble water (Zhang and Villarini 2020). Both the heat and high
humidity jointly result in atmospheric instability [e.g., greater
convective available potential energy (CAPE)] and high values
of moisture convergence (Zhang and Villarini 2020; You and
Wang 2021), promoting HP formation. Urbanization has been
shown to increase rainstorms through similar mechanisms by
enhancing surface sensible heat flux in urban areas relative to
their rural surroundings. The urban heat island (UHI) effect
can thermally drive changes in circulation patterns, enhancing
vertical uplift and moisture convergence (Freitag et al. 2018;
Yang et al. 2019; Li et al. 2020). Given that urbanization can en-
hance HWs (Wouters et al. 2017; Liao et al. 2018; Luo and Lau
2018; Kong et al. 2020) and some HWs may trigger HP events,
we hypothesize that HWs may play an important role in ampli-
fying the urban effects on rainstorms.

Here, we explore this hypothesis by comparing the fre-
quency, duration, maximum, and cumulative intensity of HP
events preceded and not preceded by moist HWs (i.e., HW-
preceded and NoHW-preceded HP events) in the Yangtze
River delta (YRD), a typical highly urbanized region in
eastern China. The YRD is experiencing longer-lasting,
more frequent, and more intense HWs and heat stress in ur-
ban than rural areas (Liao et al. 2018; Luo and Lau 2018;
Kong et al. 2020), and urbanization has been shown to in-
crease HP markedly in this region (Jiang et al. 2020;
Jie Wang et al. 2021; Liang and Ding 2017; Yu et al. 2022).
To our knowledge, this is the first study investigating the
role of HWs in urbanization-induced increases in rain-
storms. This investigation aims to provide a deeper under-
standing of the impacts of urbanization on HP and novel
insights into a new type of compound extremes: the succes-
sive occurrence of HWs and HP events in cities.

2. Data and methods

a. Data

The YRD region includes 27 cities and a total area of
301 700 km2 accounting for 2.2% of China, while it contrib-
utes 11% of population and 25% of gross domestic product.
Along with the rapid development of the economy and the
population growth, the YRD is experiencing a remarkable
urbanization process, which has been shown to affect local
climate (Lu et al. 2019; Luo and Lau 2019; Jiang et al. 2020;
Jie Wang et al. 2021). Daily precipitation, near-surface air

temperature, and near-surface relative humidity time series
collected at 115 stations across the YRD were obtained from
the National Meteorological Science Data Center (Fig. 1).
These data cover the period of 1961–2019 and are quality con-
trolled and homogenized before they are released. Because
we focus on HWs and HP events, only values in summer
(i.e., June–August) are used. The June–August observed
data are more than 99.5% complete in all 115 stations dur-
ing the period 1961–2019, with only a few missing values in
most stations (Fig. S1 in the online supplemental material).

Annual land-use/land-cover (LULC) data at 30-m spatial
resolution during the period 1980–2015 were produced by
Xu et al. (2020). These data divide LULC into six first-level
categories [i.e., cropland, forest, grassland, water body,
built-up areas (i.e., urban areas), and unused land] and pro-
vide percentages of each category in each 1-km pixel (Xu
et al. 2020).

We obtained hourly air temperature (at 550–1000 hPa; 8C),
specific humidity (at 550–1000 hPa; g kg21), U component of
wind (at 550–1000 hPa; m s21), V component of wind (at
550–1000 hPa; m s21), vertical velocity (at 550–1000 hPa;
Pa s21), CAPE (J kg21), surface net longwave radiation
flux (W m22), surface net shortwave radiation flux (W m22),
surface sensible and latent heat flux (W m22), and total column
water vapor (i.e., integrated water vapor; kg m22) from the
ERA5 reanalysis data (Hersbach et al. 2020). CAPE is a single-
level variable and an indication of the instability (or stability) of
the atmosphere (higher CAPE value indicates that the atmo-
sphere may become more unstable; Tan and Gan 2017; You
and Wang 2021). The ERA5 reanalysis data cover the period
1961–2019 and have a spatial resolution of 0.258. Hourly values
are aggregated into daily values in this study.

The ERA5 reanalysis dataset is produced using the Inte-
grated Forecasting System (IFS) Cy41r2, which does not con-
tain sophisticated urban parameterizations (Hersbach et al.
2020). A few studies queried the ability of the ERA5 to simu-
late urban effects in urban areas (Nogueira et al. 2022; Zhang
et al. 2022). For example, Nogueira et al. (2022) found that
the ERA5 cannot capture the UHI effect in Paris, France,
during 2004–18 due to lacking urban processes in the IFS
Cy41r2 and its relatively coarse spatial resolution. However,
a mass of observations (from stations, satellites, radars,
etc.) are assimilated in the ERA5 reanalysis dataset, and
the state-of-the-art data assimilation technologies (such as
4D-Var) significantly improve the quality of the ERA5
simulations (Hersbach et al. 2020). The assimilated obser-
vations and improved accuracy to reproduce observations
could make the ERA5 implicitly include urban effects
(Bassett et al. 2021; Venter et al. 2021; Meili et al. 2022; Yu
et al. 2022). Meili et al. (2022) identified the diurnal and
seasonal patterns of urban dry islands at global scale based
on observations and the ERA5 reanalysis dataset. At local
scale, Bassett et al. (2021) used the ERA5 reanalysis
data to estimate the long-term changes in UHI intensity in
London, United Kingdom, during 1950–2019. In our study
region, Yu et al. (2022) employed the ERA5 reanalysis
dataset (such as the K index, an indicator representing at-
mospheric instability) to explore the mechanisms behind
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the urban effects on heavy precipitation in the YRD. These
studies enhance our confidence that the ERA5 could cap-
ture the urban effects in the YRD region.

b. Identification of HW-preceded HP events

Moist HWs are identified based on the daily heat index,
which considers both near-surface air temperature and rela-
tive humidity, and is calculated using the Rothfusz regression
(Li et al. 2018; Kong et al. 2020):

HI 5 28:7847 1 1:6114 3 SAT 2 0:012 308 3 SAT2 1 RH

3 (2:3385 2 0:146 12 3 SAT 1 2:2117 3 1023

3 SAT2) 1 RH2 3 (20:016 425 1 7:2546

3 1024 3 SAT 2 3:582 3 1026SAT2), (1)

where the variables are defined as the heat index (HI; 8C),
near-surface air temperature (SAT; 8C), and near-surface rel-
ative humidity (RH; %). This equation should be adjusted

FIG. 1. Ratio of built-up areas to total area in each 1 km 3 1 km grid from the years 1980 to 2015 over the YRD. The annual built-up
areas are obtained from the LULC data with a 1-km resolution during the period 1980–2015 (Xu et al. 2020). Color bars indicate the ratio
of built-up areas in each 1 km 3 1 km grid, blue (red) points are rural (urban) stations identified in the corresponding year, and the circu-
lar buffers in the bottom left of each panel provide an example of a station, which was identified as (a)–(e) rural (urban fraction , 30%)
and then (f)–(h) urban (urban fraction$ 30%). Urban fraction is the percentage of built-up areas in the 10-km buffer.
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(please see more details available at https://www.wpc.ncep.
noaa.gov/html/heatindex_equation.shtml) if the following
conditions occur: RH , 13% and 26.678C , SAT , 44.48C;
RH . 85% and 26.678C , SAT , 30.568C or estimated HI
value is less than 26.678C. Here, daily SAT and RH values
are the station-based observations at the 115 stations
across the YRD region (Fig. 1).

As mentioned in the introduction, the amplification effects
of urbanization on HP are associated with the UHI (i.e.,
higher temperature in urban areas than the surrounding rural
areas; W. Zhang et al. 2018; Yang et al. 2021; Yu et al. 2022).
The synergistic interactions between UHI and HWs have
been widely reported in previous studies, that is, the UHI is
intensified under HWs (Li and Bou-Zeid 2013; Li et al. 2015;
Zong et al. 2021). HWs may play an important role in the am-
plification effects of urbanization on HP, given the relations
between HWs, UHI, and HP. On the other hand, heat stress
(associated with high air temperature and atmospheric humid-
ity) has been found likely to trigger HP events in central
United States (Zhang and Villarini 2020) and in China (Li
et al. 2022). The heat index is a widely used indicator to assess
the heat stress (e.g., Fischer and Schar 2010; Li et al. 2018),
and urbanization contributes to the substantial increases in
magnitude and frequency of heat stress based on the heat in-
dex in China during the past decades (Luo and Lau 2018,
2021; Wang et al. 2021; Kong et al. 2020). Under given RH
(SAT), higher SAT (RH) leads to a larger heat index; more-
over, in comparison with other indices of heat stress (such as
wet-bulb temperature), the heat index increases faster than
SAT (Li et al. 2018; Luo and Lau 2018; Li et al. 2022). There-
fore, the heat index is suitable to effectively reflect the syner-
gies between UHI and HWs. The heat index used to identify
moist HWs based on near-surface air temperature and rela-
tive humidity seems rather more suited for human biometeo-
rological studies than for precipitation-related studies. In fact,
for the urban impacts on precipitation, an index quantifying
boundary layer–integrated heat and moisture might be more
appropriate and could lead to even more clear signals. This
could eventually be explored in future studies.

For each calendar day of June–August in each station, the
90th percentile of heat index values in 450 days during the cli-
matological period 1961–90 (7 days prior and posterior to the
calendar day sampled from each year; i.e., 15 days per year
during the 30 years) is calculated as the threshold. All heat in-
dex values above this threshold are identified and consecutive
days no less than 3 days are taken as a HW event (X. Yang
et al. 2017; Luo and Lau 2018).

Daily precipitation observations at the 115 stations are
used to identify HP events. We take the 90th percentile of all
June–August wet days (daily precipitation exceeding 0.1 mm)
of the climatological period 1961–90 as the threshold (within
the range 23.71–49.64 mm for the 115 stations in this study)
and then identify the values above this threshold as HP days.
Any consecutive HP days are taken as one HP event. In the
same way, a second sample of HP events is also identified by
taking 50 mm as the threshold. We then calculate annual statis-
tics: frequency (annual number of HP events), duration (annual
number of HP days), maximum intensity (annual maximum daily

precipitation above the threshold; i.e., maximum value of daily
precipitation minus the threshold) in HP days, and cumulative
intensity (total annual precipitation above the threshold; i.e., to-
tal amount of daily precipitation minus the threshold) on all HP
days. Trends in these annual statistics are estimated by using
the nonparametric modified Mann–Kendall method (Hamed
and Rao 1998).

If a HW event occurs within 3 days prior to a HP event, we
identify this as a HW-preceded HP event, otherwise, this is a
NoHW-preceded HP event. This identification is consistent
with previous studies, where different time windows (i.e., 1, 5,
and 7 days) were tested and found to have little influence on
the identification results of HW-preceded HP events (Zhang
and Villarini 2020; Chen et al. 2021; You and Wang 2021; Li
et al. 2022). In this study, all HP events, NoHW-preceded HP
events, and HW-preceded HP events are identified using in
situ observations at the 115 stations.

c. Identification of urban stations

For each of the 115 stations, we establish a n-km circular
buffer (see Fig. 1 for an example) to identify urban and rural
stations, which is consistent with previous studies (Liao et al.
2018; Tysa et al. 2019; Wang et al. 2021, 2022; Yu et al. 2022).
If the percentage of built-up areas to total buffer area exceeds
30% (this percentage is consistent with previous studies; X.
Yang et al. 2017; Liao et al. 2018; Luo and Lau 2019; Yu et al.
2022) in any year of the period 1980–2015 (the period of
LULC data availability), then the station is identified as an ur-
ban station, otherwise, it is a rural station. The annual built-up
areas in each 1 3 1 km2 grid during 1980–2015 are obtained
from the LULC data (Xu et al. 2020). The optimal buffer ra-
dius is selected based on the Spearman correlations between
trends in annual HP characteristics (i.e., frequency, duration,
maximum intensity, and cumulative intensity) and urban ex-
pansion rates (Fig. 2). Specifically, for each of the 115 stations,
annual built-up areas in the n-km circular buffer around this
station are counted during the period 1980–2015, and the ur-
ban expansion rate is estimated as the trend of annual built-up
areas (using the nonparametric modified Mann–Kendall method;
Hamed and Rao 1998). In a n-km buffer around the 115 stations,
we can obtain 115 urban expansion rates in this n-km buffer. In
section 2b, we can obtain a total of 115 trend values in one of
the four HP characteristics at the 115 stations during the period
1961–2019. Taking the 1-km buffer and the frequency of HP
events as an example, we estimate the Spearman correlation be-
tween the 115 urban expansion rates and the 115 trend values
in HP frequency. We repeat this process for the buffer with a
radius from 1 to 20 km and the four HP characteristics (Fig. 2).
The optimal radius is set as 10 km because the correlations are
significant at 0.05 significance level and tend to remain stable
beyond a 10-km radius. Following this procedure, 68 (47) sta-
tions are identified as urban (rural) stations (Fig. 1h).

In general, there are two pathways to identify urban sta-
tions: based on constant and dynamic LULC data, respec-
tively (Liao et al. 2018; Tysa et al. 2019; Wang et al. 2021,
2022; Yu et al. 2022). For example, Tysa et al. (2019) only em-
ployed the LULC data in the year 2015 to identify urban and
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rural stations and evaluated urban effects in regional temper-
ature series in China during 1980–2015. More studies dynami-
cally classified urban and rural stations based on time-varying
LULC data (X. Yang et al. 2017; Liao et al. 2018; Luo and
Lau 2019; Shi et al. 2021; Wang et al. 2021, 2022; Yu et al.
2022). For example, Wang et al. (2021) identified urban sta-
tions based on the 1980, 1990, 1995, 2000, 2005, and 2010
LULC data and quantified the urban impacts on compound
hot extremes in China’s cities during 1961–2014; using a simi-
lar way to identify urban stations, Wang et al. (2022) estimated
contributions of urbanization to the declining atmospheric hu-
midity in China during 1971–2017. All these studies defined ur-
ban stations as those with built-up areas in the buffer centered

on this station exceeding a given percentage in any year of
having LULC data. In these studies and our study, some urban
stations transfer from rural stations during the identification
period (i.e., 1980–2015 in our study). Our previous study classi-
fied the transitional stations as urbanizing stations and found a
consistent amplification effect of urbanization on heavy pre-
cipitation in the YRD region during 1961–2019 no matter how
urbanizing stations were separated from or merged into urban
stations (Yu et al. 2022).

d. Estimation of urban effect and contribution

The UHI intensity is defined as the difference in near-surface
air temperature between an urban area and its surrounding

FIG. 2. Spearman correlations between trends in annual characteristics (i.e., frequency, dura-
tion, maximum intensity, and cumulative intensity) of all HP events during the summer season
(i.e., June–August) of 1961–2019 and urban expansion rates in the n-km buffer of each of the
115 stations during the period 1980–2015 over the YRD. The HP events are identified by
using the (a) 90th percentile of wet days (daily precipitation above 0.1 mm) and (b) 50 mm as
the threshold, respectively (see section 2b). All HP events are identified using in situ daily obser-
vations at the 115 stations across the YRD. A n-km (from 1 to 20 km) buffer of each of the 115
stations is built to count the annual built-up areas in this buffer during the period 1980–2015
based on the LULC data. For a station, the urban expansion rate is the trend of annual built-up
areas in the n-km buffer during the period 1980–2015.
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rural areas, which is similar to previous studies (e.g., Zhao et al.
2021; Qian et al. 2022). Annual characteristics (frequency,
duration, maximum intensity, and cumulative intensity) of
HP events for all the urban (rural) stations across the YRD
region are regionally averaged to obtain regional mean
time series during the period 1961–2019. Trends in regional
mean time series of the four HP characteristics for urban
(rural) stations are estimated using the nonparametric mod-
ified Mann–Kendall method (Hamed and Rao 1998), re-
spectively. The difference in the trends in regional mean
time series of the four HP characteristics between urban
and rural stations is taken as urban effect (UE). Then, the
urban contribution (UC) to HP is estimated as the ratio of
UE to trends in the regional mean time series of the four
HP characteristics for urban stations. These estimations of
UE and UC are based on in situ observations at the 115 sta-
tions and are similar to previous studies quantifying UE and
UC for temperature (Luo and Lau 2018; Ren et al. 2008).

3. Results and discussion

a. Long-term changes in HW-preceded and NoHW-preceded
HP events

During the summer season of 1961–2019, the YRD on re-
gional average experienced 3.92 (2.15) HP events per year
taking the 90th percentile (50 mm) as the threshold, and
27.71% (26.74%) of these events were preceded by HWs

occurring within 3 days (Fig. 3). You and Wang (2021) also
found a consistent percentage of HWs followed by HP events
in the YRD and indicated that the high CAPE, low convective
inhibition, and strong vertically integrated moisture conver-
gence occurring after the end of HWs enhanced convection
and stormy weather. The frequency of HW-preceded HP
events for all stations pooled together shows a significantly
increasing trend as a rate of 0.20/0.12 event per decade
(i.e., 18.63% and 21.43% per decade; the linear trend divided
by the average frequency of HW-preceded HP events during
1961–2019). This increasing trend is also found in the annual
fractional contribution of HW-preceded events to total HP
events (p, 0.05). The substantial increase of HW-preceded HP
events warns of the growing risk of such compound events in
the YRD. We also notice that the stations with larger contribu-
tions of HW-preceded HP events are mainly concentrated in
areas with rapid urbanization (i.e., eastern YRD; see Figs. 1 and
3a,c), implying that HWs in urban areas may have a higher like-
lihood of being followed by HP events. Due to the consistent
behaviors of HW-preceded HP events when using the two
thresholds of 90th percentile and 50 mm (Fig. 3), the following
analyses are based only on the 90th percentile threshold.

We divide all HP events into HW-preceded and NoHW-
preceded events and first explore the spatial distributions of
trends in their frequency, duration, maximum intensity, and
cumulative intensity (Fig. 4). The YRD is dominated by in-
creasing trends in these HP characteristics (Figs. 4a–d). More

FIG. 3. Fractional contribution of HW-preceded HP events (HWs within a 3-day window prior to a HP event) to all HP events during the
summer season of 1961–2019 over the YRD. All HP events and HW-preceded HP events are identified using in situ daily observations at the
115 stations across the YRD. For each of the 115 stations, the fractional contribution is the ratio of HW-preceded HP events to all HP events.
The HP events are identified by using the (a),(b) 90th percentile of wet days (daily precipitation above 0.1 mm) and (c),(d) 50 mm as the
threshold, respectively. The spatial distribution of the fractional contributions is shown in (a) and (c). In (b) and (d), the red (blue) bar plots
show regional average frequency of all (HW preceded) HP events, the black solid lines are the annual fractional contribution of HW-preceded
HP events (i.e., the value of blue bar divided by the value of red bar), and the dashed lines are the corresponding linear trends.
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FIG. 4. Maps showing trends in the annual characteristics (frequency, duration, maximum intensity, and cumulative intensity) of (a)–(d)
all HP events, (e)–(h) NoHW-preceded HP events (i.e., HP events not preceded by moist HW), and (i)–(l) HW-preceded HP events
across the YRD during the summer season of 1961–2019. All HP events, NoHW-preceded HP events, and HW-preceded HP events are
identified using in situ daily observations at the 115 stations across the YRD. Each colored dot represents one station, dots with black out-
lines indicate that trends in the annual characteristics of HP events are significant at the 95% confidence level, and the percentage of sta-
tions with significant trends to all the 115 stations is indicated in parentheses in the bottom right of each panel. Inset scatterplots in each
panel show linear regressions between the trends in annual HP characteristics during the summer season of 1961–2019 and urban expan-
sion rates during the period 1980–2015. For each of the 115 stations, urban expansion rate is estimated as the trend of annual built-up areas
in the 10-km buffer around this station. The annual built-up areas are obtained from the LULC data with a 1-km resolution during the pe-
riod 1980–2015. In the scatterplots, blue (red) dots indicate rural (urban) stations.
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frequent, longer-lasting, and more intense HP events are
found in the areas that have experienced widespread urbani-
zation (e.g., eastern YRD), which is also confirmed by the
significant positive relations between trends in all four HP
characteristics and urban expansion rates (see scatterplots in
Figs. 4a–d). These results indicate that urbanization contrib-
utes to the increases in HP events (and their characteristics)
over the YRD, which is also widely reported in previous stud-
ies (Jiang et al. 2020; Jie Wang et al. 2021; Liang and Ding
2017). However, the amplification effects of urbanization on
HP are only found in HW-preceded HP events (Figs. 4e–h)
and are very weak/absent from in NoHW-preceded ones
(Figs. 4i–l). Specifically, there is high consistency in the
spatial distribution of trends in the frequency, duration,
maximum intensity, and cumulative intensity of all HP
events and HW-preceded HP events. Increases in the four

indices of HW-preceded HP events are most prominent in
stations with high urban expansion rates, but this relation
is not seen in NoHW-preceded HP events (see scatterplots
in Figs. 4e–l).

We also compare the probability density function
(PDF) of the anomalies of frequency, duration, maximum
intensity, and cumulative intensity of all, HW-preceded,
and NoHW-preceded HP events between urban and rural
stations, respectively (Fig. 5). The anomalies are calculated
relative to the climatological period 1961–90, and we plot
the PDFs during the less (more) urbanized period [i.e.,
1961–80 (2000–19)]. During the less urbanized period, no
differences in the PDFs (i.e., p . 0.05) between urban and
rural stations are observed in the four indices as well as all,
HW-preceded, and NoHW-preceded HP events. In contrast,
both urban and rural stations have experienced a shift toward

FIG. 5. PDFs of anomalies of annual frequency, duration, maximum intensity, and cumulative intensity of all, HW-preceded, and
NoHW-preceded HP events between 68 urban and 47 rural stations (see Fig. 1h for their locations) over the YRD. All HP events,
NoHW-preceded HP events, and HW-preceded HP events are identified using in situ daily observations at the 115 stations across the
YRD. The anomalies are calculated relative to the climatological period 1961–90, and anomalies are plotted for the less/more urbanized
period (i.e., 1961–80/2000–19). The significance of the differences in PDFs between urban and rural stations is tested by using the Kolmogorov–
Smirnov method (Massey 1951; Mazdiyasni and AghaKouchak 2015).
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more frequent, longer-lasting, and stronger HP events since
2000 (see the rightward shifts in these PDFs during the period
2000–19). These increases in HP events in both urban and ru-
ral stations have been attributed to anthropogenic climate
change (Lu et al. 2020; Chen and Sun 2017; Ma et al. 2017).
However, larger urban–rural differences are evident in the
more urbanized period, that is, the PDFs for urban stations
show farther rightward shifts and considerably larger tails than
that for rural stations. This urban–rural contrast (p , 0.01) is
observed for all HP events and for HW-preceded HP events.
However, there are still no differences in the urban/rural
PDFs (p . 0.05) of NoHW-preceded HP events in the re-
cent 20-yr period. These findings suggest that HWs play a
key role in urbanization-induced increases in the four HP
characteristics.

Overall, during the past six decades, the YRD has experi-
enced 47.32% (30.05%), 53.73% (34.27%), 58.42% (39.92%),
and 84.72% (55.20%) of increases in frequency, duration,
maximum intensity, and cumulative intensity of HP events

in urban (rural) areas (Figs. 6a–d). The corresponding con-
tributions of urbanization are estimated as 34.25%, 37.50%,
24.62%, and 22.66%. For HW-preceded HP events, much
faster increases in these four indices are found in urban than
rural areas (Figs. 6i–l), and the contributions of urbanization
are even higher for HW-preceded events than for all HP
events (i.e., 59.74%, 58.66%, 37.54%, and 43.05%). How-
ever, there are no differences in the trends of the four indi-
ces of NoHW-preceded HP events between urban and rural
stations (Figs. 6e–h). Additionally, positive urban effects
are not observed in NoHW-preceded HP events but are
found in all and HW-preceded HP events (Figs. 6m–p). The
urban effects are even higher in HW-preceded than all HP
events. These results confirm that moist HWs magnify
urbanization-induced increases in the four HP characteristics.
This finding is not altered when altering the buffer radius from
1 to 20 km and the percentage of built-up areas from 20% to
250% within the buffer to identify urban stations (Figs. S2
and S3).

FIG. 6. Differences between urban and rural stations of trends in the annual characteristics (frequency, duration, maximum intensity,
and cumulative intensity) of (a)–(d) all HP events, (e)–(h) NoHW-preceded HP events, and (i)–(l) HW-preceded HP events during the
summer season of 1961–2019. All HP events, NoHW-preceded HP events, and HW-preceded HP events are identified using in situ daily
observations at the 115 stations across the YRD. The irregular blue (red) lines in (a)–(l) indicate time series of the mean HP characteris-
tics from all 47 rural (68 urban) stations over the YRD during the summer season of 1961–2019, and the corresponding straight blue (red)
lines are their linear trends. UC in (a)–(l) indicates contribution of urbanization to these trends in urban areas. In (m)–(p), blue (red) bar
plots indicate the linear trends in rural (urban) areas, green bar plots indicate UE (differences between urban and rural trends), and error
bars are their 25%–75% confidence intervals obtained by bootstrapping.
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b. Possible mechanisms of moisture HWs magnifying
increases in urban HP

As suggested in previous studies, HWs can provide favor-
able large-scale environmental conditions before the occur-
rence of HP events (Zhang and Villarini 2020; You and Wang
2021; Wang et al. 2019). We first diagnose the differences in
composite anomalies of CAPE, 850-hPa specific humidity,
surface sensible heat flux, and 850-hPa moisture convergence
in the lower atmosphere in the 1, 2, and 3 day(s) prior to all,
HW-preceded, and NoHW-preceded HP events relative to cli-
matological summer mean, respectively (Fig. 7 and Figs. S4, S5).
Among the three categories, positive anomalies of CAPE,

specific humidity, surface sensible heat flux, and moisture
convergence are the most prominent for HW-preceded HP
events, with the highest values located over urban areas.
This is also the case when comparing values of these large-
scale environmental variables in the 1, 2, and 3 day(s) prior
to HW-preceded HP events with those from NoHW-preceded
events (Fig. S6). During consecutive HW–HP events, moist
HWs enhance surface sensible heat flux, accumulate atmo-
spheric moisture, and then increase atmospheric instability
and strengthen moisture convergence. These HW-driven
synoptic preconditions prior to HP events are clearly
stronger in urban areas, indicating the synergistic effects

FIG. 7. Composite anomalies of CAPE, 850-hPa specific humidity, surface sensible heat flux, and 850-hPa moisture convergence ob-
tained from the ERA5 reanalysis data in the one day prior to all, NoHW-preceded, and HW-preceded HP events, respectively, during the
summer season of 1961–2019 over the YRD. All HP events, NoHW-preceded HP events, and HW-preceded HP events are identified us-
ing in situ daily observations at the 115 stations across the YRD. If one of the 115 stations is located at an ERA5 grid, we match daily val-
ues of CAPE, 850-hPa specific humidity, surface sensible heat flux, and 850-hPa moisture convergence in this ERA5 grid with this station.
The anomalies are differences of values in the 1 day prior to HP events relative to the climatological summer mean during the period
1961–90; in the three left columns, the difference in the stations with black outlines is significant at the 95% confidence level. Boxplots for
the anomalies at 68 urban and 47 rural stations (see Fig. 1h for their locations), respectively, are shown on the right.

J OURNAL OF CL IMATE VOLUME 36702


FE+#A*�*E�-E+��-��2/8-45/�:�3��3��34��4���0/��-�.��D�+*A"D*B �*"!�.��EIDCE�!"!��� �	 ����
�����1����



of HWs and urbanization on the increases in the four HP
characteristics.

We further create vertical profiles of the atmosphere along
a 30.08–30.68N transect (because of this meridional belt lo-
cated in the middle of the YRD and through the core metropol-
itan areas) of differences in air temperature, specific humidity,
moisture convergence, and vertical wind speed at multiple
layers between the 1 day prior to HW-preceded HP events and
the 1 day prior to NoHW-preceded HP events during the more
urbanized period 2000–19 (Fig. 8; see for 2 days and 3 days prior
to these events in Figs. S7 and S8). A strong surface tempera-
ture perturbation occurs across the whole profile and is most
prominent above the urban areas (Fig. 8a), which are responsi-
ble for the enhancement of atmospheric instability. More mois-
ture occurs in the low–middle atmosphere above the urban
areas (Fig. 8b), together with an intense ascending motion
(Fig. 8d), low-level moisture convergence, and upper-level
moisture divergence (Fig. 8c). More available moisture and
stronger moisture convergence over the urban areas further
confirm that HWs favor more intense HP events in urban areas.

These changes in large-scale environmental conditions are
usually associated with UHI effects (Li et al. 2020; P. Yang

et al. 2017; Zhang et al. 2017). Therefore, we investigate
whether there are differences in UHI intensity between the
1 day prior to HW-preceded HP events and the 1 day prior to
NoHW-preceded HP events (Fig. 9a). We find that UHI in-
tensity is clearly enhanced under HWs compared to no-HW
conditions before HP events, revealing synergistic interactions
between UHI and HWs, which have also been reported in
previous studies (Li and Bou-Zeid 2013; Li et al. 2015; Zong
et al. 2021). On the one hand, stronger negative relations be-
tween UHI intensity and near-surface wind speed in urban
areas are found for HW-preceded than for NoHW-preceded
HP events (Fig. 9b), and lower wind speed under HWs can re-
duce advective cooling from rural areas (Wang et al. 2017).
On the other hand, according to the surface energy budget
Rn 1 AH 5 H 1 LE 1 G (where Rn is the net radiation de-
termined by net short- and longwave radiation, AH is the an-
thropogenic heat flux, H is the surface sensible heat flux, LE
is the surface latent heat flux, and G is the heat flux into
the ground or buildings; Bateni and Entekhabi 2012; Li and
Bou-Zeid 2013; Li et al. 2015; Zong et al. 2021), urban areas
receive more net radiation, especially net shortwave radiation
during HWs, while the radiative energy input into urban areas

FIG. 8. Impact of urban areas on the vertical structure of the atmosphere. Vertical transect along 30.08–30.68N of mean differences in
(a) air temperature, (b) specific humidity, (c) moisture convergence, and (d) vertical velocity at multiple layers between the 1 day prior to
HW-preceded HP events and the 1 day prior to NoHW-preceded HP events during the period 2000–19 with the highest urbanization.
Daily values of multilayer air temperature, specific humidity, moisture convergence, and vertical velocity are obtained from the ERA5
reanalysis data. All NoHW-preceded HP events and HW-preceded HP events are identified using in situ daily observations at the
115 stations across the YRD. For each ERA5 grid in this meridional belt (i.e., the 30.08–30.68N transect), we match this grid with its
nearest station and match the NoHW-preceded HP events and HW-preceded HP events identified in this station with this ERA5
grid. In (a), we extract multilayer values of air temperature in the one day prior to HW-preceded (NoHW-preceded) HP events to
form series 1 (2), and calculate the difference of mean value between series 1 and 2 [i.e., mean (series 1) minus mean (series 2)]; the
black dots in (a) indicate the difference between series 1 and 2 is significant at the 90% confidence level. (b)–(d) As in (a), but for
specific humidity, moisture convergence, and vertical velocity, respectively. In (d), vectors are differences in zonal wind and vertical
velocity between the 1 day prior to HW-preceded HP events and the 1 day prior to NoHW-preceded HP events along the cross sec-
tion. Gray polygons in each panel indicate topography, and the bottom bars show the fraction of built-up areas (estimated in the
year 2015) in each longitude grid along the cross section.
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is lower than into rural areas for NoHW-preceded HP events
(Fig. 9c). As a result, surface sensible heat flux and available
energy show a positive (negative) urban–rural contrast for
HW-preceded (NoHW-preceded) HP events (Fig. 9d). The
contrasting responses of the surface energy budget also explain

the stronger UHI intensity in the days prior to HW-preceded
HP events. These results are not sensitive to the choice of 1, 2,
and 3 day(s) prior to HP events (Figs. S9 and S10).

The anthropogenic heat flux is defined as “the heat con-
verted from consumption of biological, chemical and electrical

FIG. 9. (a)–(f) Synergistic effects of HWs and UHI on HW-preceded HP events in urban areas of the YRD region
during the summer season of 1961–2019. In (a)–(e), daily near-surface air temperature, near-surface wind speed, sur-
face net shortwave radiation flux SWnet and surface net longwave radiation flux LWnet, surface sensible heat flux H
and surface latent heat flux LE, 850-hPa specific humidity, and integrated water vapor are obtained from the ERA5
reanalysis data. In (f), near-surface VP, near-surface SVP, and near-surface VPD are estimated based on the in situ
daily observations at the 115 stations across the YRD. All NoHW-preceded HP events and HW-preceded HP events
are identified using in situ daily observations at the 115 stations across the YRD. If one of the 115 stations is located
at an ERA5 grid, we match daily values of the above variables [see (a)–(e)] in this ERA5 grid with this station. For
each of the 68 urban stations, we pair this urban station with its nearest rural station. In (a), the difference in near-
surface air temperature in the one day prior to HW-preceded (NoHW-preceded) HP events between the urban
stations and paired rural stations, i.e., the UHI intensity, is shown in red (blue) boxplot. In (b), the same as the near-
surface air temperature, we calculate the difference in near-surface wind speed, which is plotted by the UHI intensity
(each red/blue dot indicates one urban station). Panels (c)–(f) are as in (a), but for SWnet, LWnet, and total net radia-
tion (SW1 LW)net in (c);H, LE, and available energy (H1 LE) in (d); 850-hPa specific humidity and integrated wa-
ter vapor in (e); and VP, SVP, and VPD in (f). Bar plots in (c)–(f) are the mean of the difference for all the 68 urban
stations, error bars indicate the corresponding 25%–75% uncertainty intervals, and ** (*) indicates the difference is
significant at the 95% (90%) confidence level.
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energy and released to the atmosphere due to human activities”
(Liu et al. 2022, p. 4721). The AH value is usually obviously
larger in urban areas than in the surrounding rural areas, which
positively contributes to the UHI intensity (Sailor 2011; Li et al.
2015). During HWs, the increased demand of water and elec-
tricity for cooling in cities can enlarge the AH difference be-
tween urban and rural areas, resulting in stronger UHI intensity
(Zong et al. 2021). However, it is a great challenge to quantify
the effects of AH on the UHI due to lacking specific AH data
(Chow et al. 2014; Nie et al. 2014).

The synergistic effects of HWs and UHI on HW-preceded
HP events are usually associated with local-scale weather
systems, which are mainly controlled by thermal effects. We
observe a positive urban–rural contrast in 850-hPa specific
humidity for HW-preceded HP events, as well as a positive
contrast in near-surface vapor pressure (VP), saturated vapor
pressure (SVP), and vapor pressure deficit (VPD; Figs. 9e,f).
However, the urban–rural contrast is negative for NoHW-
preceded HP events. In this study, daily mean near-surface
air temperature is included to identify HWs. Actually, HWs
can be identified based on daytime and/or nighttime hot ex-
tremes. Previous studies found that compound HWs (i.e., co-
occurring daytime and nighttime hot extremes on the same
day) increase substantially in China during the past decades,
mainly due to the significant increases in nighttime HWs
(Chen and Zhai 2017; Wu et al. 2021). Urbanization contrib-
utes larger to the increases in compound HWs than the in-
creases in daytime HWs (Ma and Yuan 2021; Wang et al.
2021). Increases in compound HWs indicate both higher
daytime and nighttime air temperature in urban areas, re-
sulting in more persistent UHI intensity. On the other
hand, increases in nighttime air temperature over the
YRD is mainly driven by downward longwave radiation,
which is linked to increases in atmospheric humidity
(transported from the oceans due to an anticyclonic anom-
aly over the South China Sea; Luo et al. 2022). More per-
sistent UHI intensity and higher atmospheric humidity
during compound HWs can provide more favorable envi-
ronmental conditions for the subsequent HP formation in
urban areas.

There is no obvious difference in the urban–rural contrast
of integrated water vapor between HW-preceded and
NoHW-preceded HP events, indicating a limited influence
of the UHI on external moisture transport. Nevertheless,
the lower wind speed in areas with a greater UHI effect
(Fig. 9b) could favor the longer residence times of local
stormy weather systems over urban areas and prolong HP
events (Bornstein and Lin 2000). For NoHW-preceded HP
events, large-scale weather systems that are mainly con-
trolled by dynamic effects may play a more important role
in their occurrences and changes (Ng et al. 2021). HP events
produced by large-scale weather systems tend to experience
HP stalling over large spatial extents (such as the recording-
breaking mei-yu precipitation in 2020; Liu et al. 2020), with
front systems and meridional circulation (Ng et al. 2021;
Ding et al. 2020), while the impacts of HWs and urban ef-
fects may be relatively less important.

4. Conclusions

This work explores the role of moist heatwaves in driving
heavy precipitation over urban areas by using long-term daily
meteorological observations at 115 stations during the summer
season of 1961–2019 in a highly urban region, the Yangtze
River delta. During the past six decades, the YRD witnessed
increasing frequency, duration, maximum intensity, and cu-
mulative intensity of HP events, with the most prominent in-
creases over urban areas. We find the rapid urbanization of
the YRD indeed amplified increases in the four HP charac-
teristics in urban areas, with estimated contributions to the
increases of frequency, duration, maximum intensity, and cu-
mulative intensity of 34.25%, 37.50%, 24.62%, and 22.66%,
respectively. We only observe these urban effects in HW-
preceded HP events (i.e., HWs occurring within the 3 days
prior to a HP event), while the urban effects in NoHW-
preceded HP events are absent or very weak. These results
indicate that HWs play a key role in magnifying the effects of
urbanization-induced increases in HP over urban areas of the
YRD region.

The back-to-back occurrences of HWs and HP events have
been widely reported in recent years (Wang et al. 2019; Zhang
and Villarini 2020; Chen et al. 2021; You and Wang 2021; Gu
et al. 2022; Li et al. 2022; Ning et al. 2022). Chen et al. (2021)
expounded the causality between HWs and HP events in
southern China (including the YRD region): 1) the alternative
occurrences of wandering subtropical jets and tropical intra-
seasonal oscillations (Li and Zhou 2013; Chen and Zhai 2017)
could trigger the sequential hot and stormy days; 2) tropical
cyclones are likely to indirectly and/or directly promote the
formation of HWs (Parker et al. 2013; Matthews et al. 2019)
and trigger HP events (Q. Zhang et al. 2018; Lai et al. 2020,
2021), hence as an intermediary for the lagged occurrences of
HWs and HP events; and 3) more uneven intra-annual distri-
bution of precipitation (Pendergrass and Knutti 2018) and
prolonged hot–dry days (Ye and Fetzer 2019; C. X. Li et al.
2021) can increase the probability of HWs encountering se-
quential HP events.

In the YRD region, about 16.4% of summer HP events are
associated with tropical cyclones (Jiang et al. 2020). Besides
tropical cyclones, the East Asian summer monsoon (EASM)
carries abundant water vapor to produce HP events in sum-
mer, which is usually called mei-yu in China, and these HP
events are usually linked to the synoptic-scale mei-yu front
(Ding et al. 2020). During HWs, surface sensible heat flux is
enhanced, atmospheric moisture is accumulated, atmospheric
instability is increased, and low-level moisture convergence is
strengthened [also see Zhang and Villarini (2020) and You
and Wang (2021)]. These enhanced processes are more prom-
inent in urban areas than in rural areas. The enlarged demand
of atmospheric water vapor in urban areas under HWs can be
supplemented by the EASM (i.e., southerly wind brings mois-
ture from oceans to the YRD region when the mei-yu front
stays over this region). The increased atmospheric instability
and enhanced moisture convergence under HWs in urban
areas can provide favorable synoptic preconditions for se-
quential HP formation in the mei-yu system. The quantified
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evidence for the relationship between HWs, mei-yu front, and
HP events should be further investigated by numerical simu-
lation, which is beyond the scope of this study.

On the other hand, during HWs, urban areas receive more
net radiation, especially net shortwave radiation, than rural
areas. This leads to higher available energy, especially surface
sensible heat flux, in urban areas than the surrounding rural
areas, resulting in stronger UHI intensity. The strengthening
of UHI may further drive atmosphere instability and enhance
low-level horizontal convergence in urban areas, leading to in-
creases in HP. The amplification effects of UHI on HP have
been widely investigated in previous studies (Gao et al. 2021;
Yu et al. 2022). Low wind speed during HWs in urban areas
not only can reduce the cooling advection from rural areas
[i.e., enhance the synergistic interactions between UHI and
HWs; also see Li and Bou-Zeid (2013) and Zong et al. (2021)]
but also can favor the longer residence times of local stormy
weather systems over urban areas. These synergistic interac-
tions between UHI and HWs can further magnify the ampli-
fication effects of urbanization on HP in urban areas. Our
findings thus reveal that the amplification effects of urbani-
zation on HP occurs mainly in HW-preceded HP events,
suggesting that there is a need for further research into the
effects of moist HWs in the urban water cycle.
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