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ABSTRACT: Precipitation induced by tropical cyclones (TCs) over cities is associated with both TC duration and urbani-
zation; however, observational evidence of the impacts of TC duration and urbanization on precipitation in megalopolises
is limited. In this study, the Yangtze River Delta (YRD) of eastern China is taken as a typical region because this region
has been experiencing both rapid urbanization processes and frequent TC attacks. During 1979–2018, we find reduced
translation speed and increased meandering of TCs over the YRD, resulting in increased TC duration and the proportion
of TC stalling in this region. The correlation between TC duration and TC-induced precipitation amount is significant
across the YRD region but is relatively weak in areas with faster urbanization expansion rates. Long-term increases in
TC-induced precipitation are found in both rural and urban areas but are larger for urban areas. Urbanization plays an im-
portant role in enhancing TC-induced precipitation over urban areas of the YRD region. Areas with faster urbanization
expansion rates and longer TC durations have larger TC-induced precipitation, suggesting that urban expansion and TC
duration jointly amplify TC-induced precipitation. Our findings suggest that urban planners, in areas potentially affected
by TCs, should consider adaptation measures to mitigate the impacts of urban rainstorms amplified by the combined ef-
fects of TCs and urbanization.

SIGNIFICANCE STATEMENT: The combined impacts of tropical cyclone (TC) duration and urbanization on pre-
cipitation have received limited attention, especially in populated urban areas. Here, we focus on the Yangtze River
Delta (YRD) of eastern China, an urban agglomeration frequently impacted by TCs. We find that slowed translation
and increased meandering of TCs have led to longer TC duration and stalling over the 500-km YRD buffer during
1979–2018. Significant positive correlation between TC duration and TC-induced precipitation indicates that longer-
lasting TCs trigger greater precipitation. The greater TC-induced precipitation due to increased TC duration is further
amplified by urban expansion.

KEYWORDS: Extreme events; Tropical cyclones; Urban meteorology

1. Introduction

Rainstorms induced by tropical cyclones (TCs) often lead
to environmental disasters (Peduzzi et al. 2012; Shao et al.
2021; Woodruff et al. 2013; Q. Zhang et al. 2018; W. Zhang
et al. 2018; Wang et al. 2023a, 2023b), such as flooding and
waterlogging (Marsooli et al. 2019; Wang et al. 2021; Lai et al.
2021), which pose serious threats to human life and property,

especially in urban areas. For example, Hurricane Harvey in
2017 brought more than 1300 mm of precipitation in five days
to densely populated Houston, causing unprecedented flood-
ing across the city (W. Zhang et al. 2018). Supertyphoon
Lekima in 2019 brought exceptionally heavy precipitation
over densely populated and highly urbanized areas of east-
ern China, causing severe flooding and affecting around
14 million people, with direct losses reaching 51 billion
Chinese yuan (Shao et al. 2021).

Heavy precipitation induced by TCs is associated with TC
motion characteristics (Hall and Kossin 2019; Lai et al. 2020).
Generally, the slower a TC moves, the longer duration it
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travels (Hall and Kossin 2019; Liu andWang 2020; Wang et al.
2022, 2023c). This may lead to the TC lingering in a region,
leaving the region vulnerable to persistent TC-induced storms
and thus greater likelihood of flooding, especially for urban
areas. In urban areas, the urban heat island (UHI) effect may
further amplify heavy precipitation (Yu et al. 2022; Singh et al.
2016; X. Yang et al. 2017), and impervious surfaces can also
exacerbate rainstorm-flooding (Shao et al. 2019; Ress et al.
2020; Zhou et al. 2013), which can further increase TC-induced
rainstorm damages. Understanding the response of TC-induced
precipitation to both TC duration and urbanization in urban
areas is essential to enable adaptation to future urbanization
and changes in TC characteristics.

TC motion features, such as translation speed, duration,
and decay rate, have changed noticeably over the past deca-
des (Hall and Kossin 2019; Kossin 2018; Lai et al. 2020; Li and
Chakraborty 2020; Song et al. 2021; Zhang et al. 2020). The
translation speed of global TCs has decreased by about 10%
during 1949–2016, and this slowdown is the most pronounced
over the western North Pacific (WNP), with a drop of 21%
(Kossin 2018, 2019). The translation speed of global landfal-
ling TCs also showed a downward trend (Kossin 2018), and
the translation speed of TCs over the coast of China has de-
creased by about 11% from 1961 to 2017 (Lai et al. 2020). Ad-
ditionally, previous studies showed that the decay in intensity
of landfalling TCs has slowed during the past decades in the
North Atlantic (Zhu and Collins 2021; Li and Chakraborty
2020) and the WNP (Song et al. 2021). Once TCs make land-
fall, both the reduced translation speed and the decrease in
the rate of decay may result in increased TC duration over
land. For example, Chen et al. (2011) found that overland TC
duration significantly increased over China during 1975–2009.
As mentioned above, changes in TC motion features have
been paid a lot of attention; however, just a few studies have
quantified the responses of TC-induced precipitation to these
changes in TC motion features (Hall and Kossin 2019; Lai
et al. 2020). For example, the total amount of TC-induced
precipitation is proportional to TC duration and the inverse
of TC translation speed (Hall and Kossin 2019; Lai et al.
2020): Lai et al. (2020) reported that slow-moving TCs are
more prone to deliver high total precipitation in coastal areas
of China during 1961–2017, and Hall and Kossin (2019) found
that there is a clear increase in accumulated rainfall per TC
with residence time over the North American coast during
1948–2017. To our knowledge, observational evidence on the
response of TC-induced precipitation over various regions is
still limited, especially over densely populated and urbanized
regions.

Heavy precipitation in cities is usually intensified by urbani-
zation, which is associated with thermodynamic and dynamic
responses of atmosphere to urbanization (Gu et al. 2019; Li
et al. 2020; Wang et al. 2018; P. Yang et al. 2017). Specifically,
urban impacts on heavy precipitation occur by the following
possible mechanisms (Qian et al. 2022; Ao et al. 2022; Yu et al.
2022): 1) enhancement of increasing surface roughness on
moisture convergence; 2) impacts of UHI effects on the urban
boundary layer and atmospheric circulation; 3) impacts of ur-
ban aerosols on cloud condensation nuclei; and 4) impacts of

the urban canopy on the bifurcation of precipitation systems.
The urban effects on heavy precipitation and TC-induced pre-
cipitation have been shown by observations and simulations
in many metropolises, including the Yangtze River Delta
(YRD) of eastern China, an urban agglomeration frequently
impacted by TCs. For example, Yu et al. (2022) found that ur-
banization led to an increase in 26.4% of heavy precipitation
in the YRD urban areas during 1961–2019; Jiang et al. (2020)
found increased trends in the frequency of occurrence and
amount of both non-TC and TC-induced summertime ex-
treme hourly precipitation in the YRD urban areas during
1975–2018. For TC-induced precipitation, numerical simu-
lations carried out for one TC suggested that urbanization
amplifies Hurricane Harvey–induced heavy precipitation
over Houston, Texas, in 2017 (W. Zhang et al. 2018). How-
ever, no study to our knowledge has yet analyzed the im-
pact of urbanization on long-term changes in TC-induced
precipitation.

The YRD urban agglomeration of China includes 26 cen-
tral cities within the provinces of Jiangsu, Zhejiang, and An-
hui, as well as Shanghai city. It is one of the most densely
populated and urbanized regions in the world, is home to
about 225 million people, and contributes about 25% of the
national GDP in 2019. Due to its proximity to the WNP, it is
also one of the areas most frequently impacted by TC-related
disasters (Zhou et al. 2022; Xu et al. 2013; Xu and Du 2015).
Therefore, in this study, taking the YRD region as an exam-
ple, the following questions are addressed:

• Have the characteristics (e.g., translation speed and dura-
tion) of TCs affecting the YRD region changed during
recent decades?

• If yes, how have these changes in TC characteristics af-
fected TC-induced precipitation over the YRD region?

• How does urbanization affect the long-term changes of TC-
induced precipitation?

2. Data

a. Gridded precipitation data

Based on remote sensing products, reanalysis datasets, and
in situ observations, Yang and He (2019) developed the China
meteorological forcing dataset (CMFD) with a temporal reso-
lution of 3 h and a spatial resolution of 0.18 3 0.18 during
1979–2018. The precision of this dataset is better than satellite
data and the existing international reanalysis data and is al-
most as good as meteorological observational data (Yang and
He 2019; Yang et al. 2010; He et al. 2020). The CMFD in-
cludes 2-m air temperature, surface pressure, specific humid-
ity, precipitation rate, and other variables and has been
widely used in climate-related studies in China (Chen et al.
2020; He et al. 2021; Ren et al. 2018; Su et al. 2019; B. Wang
et al. 2020; S. Wang et al. 2020), due to its temporal continuity
and consistency in quality. This dataset was also used to ana-
lyze urbanization effects on extreme precipitation. For exam-
ple, based on the CMFD, Su et al. (2019) found larger upward
trends of extreme precipitation in urban areas of South China
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during the presummer season of 1979–2015 than in rural
areas.

b. Tropical cyclone best track data

The TC best track dataset is obtained from the International
Best Track Archive for Climate Stewardship (IBTrACS)
version 4.0 (Knapp et al. 2010). The IBTrACS merges multi-
ple TC datasets from various agencies (such as the China
Meteorological Administration, the Regional Specialized
Meteorological Center Tokyo–Typhoon Center of the
Japan Meteorological Agency, the Joint Typhoon Warning
Center, and the Hong Kong Observatory) into a global and
uniform TC database. Attributions of TC tracks (such as trans-
lation direction, and latitude and longitude of TC centers)
from these agencies are revised, merged, and maintained by
an algorithm in IBTrACS. These attribution values are inter-
polated from the 6-hourly TC tracks into 3-hourly ones. The
temporal resolution of 3 h for the IBTrACS dataset is in line
with that of the CMFD. The IBTrACS dataset has been col-
lated and validated and hence widely used for TC-related stud-
ies (Daloz and Camargo 2018; Kossin 2018; Yamaguchi et al.
2020; Zhang et al. 2020). However, since global satellite obser-
vations of TCs have only become available since 1967, there
are serious systematic biases in the pre-1967 TC data (Kang
and Elsner 2012; Kossin et al. 2013; Landsea et al. 2006, 2010).
Considering the homogeneity of TC tracks and the record pe-
riod of the CMFD, we set the analysis period as 1979–2018 in
this study.

c. Land use/land cover data

The land use/land cover (LULC) data used in this study were
produced by Xu et al. (2020), with a spatiotemporal resolution
of 30 m and an annual scale over China during 1980–2015. The
authors integrated high temporal resolution and coarse spatial
resolution satellite images with the 5-yearly 30-m China Land
Use Database to generate the LULC dataset. The LULC data-
set includes 11 land use types, with the built-up type (including
settlement, factory, quarry, mining, transportation, and airport)
representing urban areas. The quality assessment results show
that this LULC dataset performs well in all types of LULC
change detection (Xu et al. 2020).

3. Methods

a. Definition of TC motion indices

Previous studies have indicated that TC-induced precipita-
tion is usually within a 500-km radius around the TC centers
(Jiang and Zipser 2010; Khouakhi et al. 2017; Knight and
Davis 2009; Q. Zhang et al. 2018). Therefore, we build a
500-km buffer around the YRD (Fig. 1a) and consider that
TCs passing through this buffer could trigger precipitation in
the YRD region. We identify a total of 123 TCs crossing the
buffer during 1979–2018 and use their tracks to analyze the
motion features of TCs (Figs. 1a,d–f).

Each of the 123 TCs consists of multiple 3-h segments (i.e.,
3-h intervals between each two neighboring positions of a
TC). For each segment, the TC translation speed is its length

along a circle arc divided by its duration (i.e., 3 h); the TC an-
gular deviation is the angle between its displacement vector
(v1) and the next (v2), i.e., cos

21(v1 ? v2/|v1||v2|) (Li and Chak-
raborty 2020). Thus, each TC segment has three attributes:
translation speed, angular deviation, and duration. For each
TC segment, if either one or both of its two positions lie over
the 500-km YRD buffer, this segment is identified as a valid
segment. We average the corresponding attributes of all valid
segments of a TC to obtain its translation speed and angular
deviation, and we sum the duration of all valid segments of a
TC to obtain its duration.

b. Identification of TC-induced precipitation

TC-induced precipitation is usually identified as precipita-
tion events located within an effective radius (e.g., 500 km) of
the TC centers during a time window (e.g., 61 day) (Jiang
and Zipser 2010; Khouakhi et al. 2017; Knight and Davis
2009; Q. Zhang et al. 2018). This identification approach as-
sumes that all precipitation within the given radius of TC cen-
ters during the given time window is TC-induced. However,
TC intensity varies with time, and the TC-induced precipita-
tion shield is irregular in space (Liu andWang 2020; Ren et al.
2006, 2007).

To solve the above issues, Ren et al. (2006, 2007) developed
an objective synoptic analysis technique (OSAT) to separate
TC-induced precipitation from daily precipitation. The OSAT
can identify precipitation induced by single TC, double TCs,
and TCs in conjunction with other weather systems. In the
OSAT, all potential precipitation centers are first filtered out,
and precipitation belts associated with these centers are then
identified. The distance function (linked to TC intensity) be-
tween precipitation belts and TC centers is built to identify
TC-induced precipitation belts. The details of the OSAT can
be found in Ren et al. (2006, 2007).

Compared with using daily precipitation, we employ 3-h
precipitation data from the CMFD to improve the precision
of detection of TC-induced precipitation events. Total annual
TC-induced precipitation is counted for each grid of the YRD
region during 1979–2018, and their climatological means
(1979–2018) are shown in Fig. 1b. The climatological mean of
annual total TC-induced precipitation gradually decreases
from the southeastern to the northwestern YRD. Both the
spatial distribution and magnitude of annual total TC-induced
precipitation are consistent with the values shown in Yang
(2019). The southern YRD region is often affected by TCs
and TC-induced precipitation, and the northwestward prevail-
ing tracks usually bring precipitation on the southwest side of
their moving tracks (i.e., the southern YRD region). In our
study, the selected 123 TCs are dominated by the northwest-
ward prevailing track (Fig. 1a), and the largest TC-induced
precipitation amounts indeed occur in the southern YRD re-
gion (Fig. 1b). However, the most urbanized areas over YRD
are located in the central-northern YRD region (Fig. 1c) with
relatively small TC-induced precipitation amounts. It suggests
that the amounts and spatial distributions of TC-induced pre-
cipitation are mainly determined by TCs.
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We define two precipitation indices at the grid scale and at
the event scale, respectively. For a given grid in the YRD region,
all TC-induced precipitation events are identified every year.
Taking one grid cell as an example (Fig. 2a), we identify seven
TC-induced precipitation events in 2018. The accumulated TC-
induced precipitation amounts (ATPA; units: mm) for each of
the seven events are 4.2, 38.5, 16.9, 59.8, 43.6, 61.0, and 24.0 mm,
respectively. Then, the annual-mean (maximum) ATPA of this
grid in 2018 is computed as the average (maximum) value of
these seven events, namely, 35.4 (61.0) mm.

For each TC-induced precipitation event, accumulated TC-
induced precipitation volume (ATPV; units: km3) is the sum
of all 3-h precipitation volume during this event:

ATPV 5 p1a1 1 p2a2 1 · · · 1 pkak (i 5 1, 2, · · · , n), (1)

where n represents the number of units of precipitation time
(i.e., 3 h) caused by a TC; for each 3 h during a TC-induced
precipitation event, p1, p2, … , pk represent the area-weighted

average precipitation depth for all grids affected by the TC, and
a1, a2, … , ak are the corresponding total areas of these grids.

Taking the precipitation event induced by Typhoon Jongdari
in 2018 as an example, we plot the spatiotemporal evolution of
this event every 3 h from 1 to 4 August over the YRD region
(Fig. 2b). For each 3 h during this event, the precipitation
volumes (i.e., area-weighted average of precipitation depth
multiplied by the corresponding total area of TC-affected
grids in every 3 h) are 0.0067, 0.1413, … , 0.1643, 0.0825, and
0.0135 km3, respectively. The ATPV induced by Typhoon
Jongdari is the sum of all these 3-h precipitation volumes,
that is, 6.6163 km3. Therefore, the annual-mean (maximum)
ATPV is the average (maximum) value of all TC-induced
precipitation events in a year.

c. Quantification of urban effects on TC-induced precipitation

Based on the LULC dataset developed by Xu et al. (2020),
the urban area proportion in each grid point is calculated by

FIG. 1. (a) Spatial distribution of TC trajectories during 1979–2018 in the western North Pacific (WNP), (b) climatological means (1979–2018)
of annual total TC-induced precipitation over the Yangtze River Delta (YRD) of eastern China, and (c) urbanization expansion rate during
1980–2015 over the YRD. (d)–(f) TC track density during two subperiods (i.e., 1979–98 and 1999–2018) and its difference between the two sub-
periods. In (a) and (d)–(f), the areas enclosed by the black (purple) line denote the YRD region (the 500-km YRD buffer), the color-filled areas
show the accumulated frequency of TCs with a spatial resolution of 28 3 28, and the red line marked with an arrow shows the composite track of
123 TCs crossing the 500-kmYRD buffer. In (b), black dots represent urban grids, and the remaining grids represent rural grids. In (c), blue dots
represent the grids where the urbanization expansion rate is not significant (p$ 0.05); all other grids are significant.
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(Nu/Na)3 100%, where Nu is the built-up area (i.e., urban
area in this study) in a grid and Na is the total area of this
grid. The urbanization expansion rate (units: km2 per decade)
is defined as the rate of change in urban area for a given grid
during 1980–2015 (Fig. 1c). Widespread urban sprawl is found
in the YRD region, especially the central and eastern YRD.
A grid is identified as an urban grid if the urban area propor-
tion is greater than 35%. This percentage is consistent with
previous studies (X. Yang et al. 2017; Luo and Lau 2019).

All the grids over YRD are divided into two categories: urban
and rural grids. In section 3b, we define four indices to quantify
TC-induced precipitation: annual-mean (maximum) ATPA and
annual-mean (maximum) ATPV. Then, the four indices are cal-
culated over urban grids as Pu and over rural grids as Pr. Calcu-
lating TC-induced precipitation in this way can ensure a minor

difference in TC durations between urban and rural areas within
TC-affected regions. With reference to previous studies on the
effect of urbanization on surface air temperature (Luo and Lau
2019; Ren and Zhou 2014) and precipitation (Li et al. 2020,
2023; Yu et al. 2022), the urban effect and urban contribution
metrics are adopted to quantify the impacts of urbanization on
TC-induced precipitation. The urban effect is quantified as
|Trend_Pu 2 Trend_Pr|, and the urban contribution is esti-
mated as |(Trend_Pu 2 Trend_Pr)/Trend_Pu| 3 100%, where
Trend_Pu (Trend_Pr) is the Sen’s slope of Pu (Pr). The way to
estimate urban effects has a potential assumption that each
TC-induced precipitation event has the same climate back-
ground (such as circulation pattern) between urban and rural
grids in this TC-induced precipitation field. We must acknowl-
edge that it is a sample approach to estimate urban impacts on

FIG. 2. Examples of TC-induced precipitation events. (a) This example grid cell experienced seven TC-induced precipitation events in
2018, including Typhoon Jongdari, which triggered a total of 59.8-mm precipitation in this grid. (b) Typhoon Jongdari reached the YRD re-
gion from 1 to 4 Aug 2018, and the spatial distribution of precipitation induced by Typhoon Jongdari at each 3 h is shown. The red line indi-
cates the typhoon track over the entire period. The Jongdari-induced accumulated precipitation volume over the YRD region is 6.6163 km3.
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TC-induced precipitation without considering their complex
interactions, such as nonlinear relationships.

The Sen’s slope of Pu (Pr) in this study is estimated by the
nonparametric modified Mann–Kendall method (Hamed and
Rao 1998). The significance of differences in the Sen’s slope
of TC-induced precipitation between urban and rural areas
(i.e., Pu and Pr) is estimated with a bootstrapping approach,
similar to Vittal et al. (2013) and Singh et al. (2016). Specifi-
cally, we use the bootstrapping approach to subsampling time
series from Pu (Pr) for 1000 times, and each subsampling time
series has an equal length with original one. The nonparamet-
ric modified Mann–Kendall method is used to estimate Sen’s
slope of each subsampling time series. The Sen’s slopes be-
tween Pu and Pr have an obvious difference if the two groups
of their corresponding 1000 Sen’s slopes from the 1000 sub-
sampling time series are different at the 5% statistical signifi-
cance level by the Student’s t test.

4. Results

a. Variation characteristics of TC motions

Over the 500-km YRD buffer during 1979–2018, we observe
a nonsignificant increasing trend in the annual-mean TC dura-
tion (1.76% per decade, p 5 0.67; Fig. 3a), and this increasing
trend is higher for longer-lasting TCs (90th percentile of annual
TC duration: 2.61% per decade, p 5 0.55; Fig. 3b), but still not
significant. Chen et al. (2011) also found an upward trend in
the overland duration of TCs over China during 1975–2009,
and this national trend was significant. The increase in TC du-
ration is directly related to the slower translation speed and
increased angular deviation of TCs. Specifically, the annual-
mean TC translation speed has decreased at a rate of 21.98%
per decade (p 5 0.46; Fig. 3c), and there is a faster decreasing
rate for the slower-moving TCs (10th percentile of annual TC
translation speed: 26.00% per decade, p 5 0.29; Fig. 3d). This

FIG. 3. Changes in TC (a),(b) duration, (c),(d) translation speed, and (e),(f) angular deviation within the 500-km
YRD buffer during 1979–2018, where annual-mean duration and annual high duration (90th percentile of the annual
values) are shown in (a) and (b), annual-mean translation speed and annual low translation speed (10th percentile of
the annual values) are shown in (c) and (d), and annual-mean angular deviation and annual high angular deviation
(90th percentile of the annual values) are shown in (e) and (f). The solid black line represents the original time series,
and the dotted red line represents the fitted linear trend using the ordinary least squares method.
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result is consistent with Lai et al. (2020), who showed that TCs
over the coastal areas of China have significantly slowed down
during 1961–2017. In addition to the translation speed, we find
an increasing tendency in the annual-mean TC angular devia-
tion (3.29% per decade, p 5 0.30; Fig. 3e), and this upward
trend is faster for TCs with high angular deviation (90th per-
centile: 4.88% per decade, p 5 0.22; Fig. 3f). Slow translation
speed and large angular deviation can make TCs more likely to
stall and meander in the 500-km YRD buffer, resulting in in-
creased TC duration.

Each of the selected 123 TCs has a measured duration and
angular deviation over the 500-km YRD buffer. Features of
TC tracks over WNP, such as frequency, translation speed,
and translation distance, have been reported with abrupt
changes around the mid-1990s (W. Zhang et al. 2018; Lanzante
2019; Wang and Toumi 2021; Wang et al. 2023c). For example,
W. Zhang et al. (2018) pointed out that the mean frequency of
the WNP TCs was significantly reduced by 18% from the pe-
riod 1980–96 to the period 1997–2014 (also see Figs. 1d–f in
our study); Wang et al. (2023c) found an abrupt reduction in
translation distance of the WNP TCs around the mid-1990s.
Therefore, using these values from the selected 123 TCs in this

study, we compare the probability density functions (PDFs) of
individual TC duration and TC angular deviation between two
periods of equal length (i.e., 1979–98 vs 1999–2018; Figs. 4a,b).
Relative to the first half period, the PDFs of TC duration and
angular deviation are both shifted to the right in the second
half period, but the probability of TC duration and angular de-
viation reaching higher values is not significantly greater (TC
duration: p 5 0.49; TC angular deviation: p 5 0.60) during
1999–2018 than during 1979–98. This confirms that TCs are be-
coming longer-lasting and increasingly wandering over the
500-km YRD buffer, increasing the probability of stalling TCs.
We define stalling TCs using the PDFs of TC duration and an-
gular deviation over the 500-km YRD buffer during 1979–2018
(Figs. 4c,d), consistent with the approach in Hall and Kossin
(2019). In this study, a TC is identified as a stalling TC if its
duration exceeds 48 h and its angular deviation is larger than
14 degrees (both above the 60th percentile value of the corre-
sponding PDF).

Both the annual number of TCs with duration above 48 h
and the annual fraction of above-48-h to total TCs show up-
ward trends during 1979–2018 (i.e., 10.67% and 6.28% per de-
cade, respectively; Figs. 5a,b). Additionally, the upward trend

FIG. 4. Probability density functions (PDFs) of TC (a),(c) duration and (b),(d) angular deviation in the 500-km
YRD buffer. PDFs of TC duration and angular deviation are shown during the periods of 1979–98 and 1999–2018 in
(a) and (b) and in 1979–2018 in (c) and (d). The Kolmogorov–Smirnov test is used to test the difference between the
two PDFs in (a) and (b) (see the p values).
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is greater for the annual number of TCs with angular deviation
above 148 (16.49% per decade; Fig. 5c). We notice that all the
trend signals in the three characteristics of TC motions (Fig. 3)
and the annual number or fraction of TCs with duration above
48 h (Figs. 5a,b) cannot pass the statistical significance test.
These insignificant trends in the characteristics of TC motions
(see Figs. 3 and 5) are likely affected by the short TC time series
(1979–2018) where the trend signal is hard to distinguish from
the noise due to the high natural variability of the TC itself.
These results are similar to those of Hall and Kossin (2019), who
found that the 1970s–2017 trends of TC translation speed and
angular deviation over the North American coast have signifi-
cance levels below 95%, less significant than trends of time series
from 1944 to 2017. However, the fraction of stalling to total TCs
has increased significantly during 1979–2018 (24.57% per decade,
p 5 0.06; Fig. 5d). TCs stall for a long time over the 500-km
YRD buffer, implying that there is greater potential for severe
torrential rainstorms and flooding.

The direct factors for the TC stalling are the slowing speed
and wandering track of TC movement (Hall and Kossin 2019;
Lai et al. 2020). Zhang et al. (2023) also found the stalling TCs
over WNP and increasing TC-induced heavy precipitation over
East Asian coast during 1979–2020. They pointed out that the
TC stalling over WNP is associated with a significant trough
anomaly to the northeast of TC location and that TC stalling is
more likely affected by a second coexisting TC in the northeast.
The binary cyclone interactions play an important role in trig-
gering TC stalling over WNP (including our study region). Since
TC stalling was found in recent years, the physical causes of TC

stalling are poorly understood and should be further investi-
gated in the future, which is beyond the scope of our study.

b. Relations between TC-induced precipitation and
TC duration

TCs stalling over a region are expected to bring greater
accumulated precipitation to the region. To validate this
expectation, we further analyze the relationship between TC-
induced precipitation and TC duration (Fig. 6). Quantile
regression (Koenker and Bassett 1978) of ATPV by TC dura-
tion for the 123 TCs shows that ATPV increases with the
increase in TC duration for all five quantiles (i.e., 5th, 25th,
50th, 75th, and 95th; p , 0.01 except for the 5th) and the
positive dependence between ATPV and TC duration is
stronger in higher quantiles (Fig. 6a). We bin the ATPV val-
ues of the 123 TCs into each category of TC duration, i.e.,
0–12, 12–24, … , and 108–120 h (Fig. 6b). It can be seen that
the longer the TC duration, the greater the ATPV (Fig. 6b).
Hall and Kossin (2019) also found an obvious increase in
ATPV per TC with residence time along the North American
coast during 1948–2017.

Annual-mean and maximum ATPV and their linear trends
are computed, respectively (Figs. 6c,d). The annual-mean
(maximum) ATPV and annual-mean (high) TC duration fluctu-
ate year to year in a relatively consistent manner (Figs. 6c,d),
with both pairs showing significantly (p, 0.05) positive correla-
tions (i.e., 0.64 and 0.58, respectively). This suggests that ATPV
is strongly influenced by TC duration at the interannual scale.

FIG. 5. Time series of annual number and proportion of stalling TCs over the 500-km YRD buffer during
1979–2018. The variables analyzed are (a) the annual number of TCs with duration exceeding 48 h, (b) annual propor-
tion of above-48-h to total TCs, (c) annual number of TCs with angular deviation above 148, and (d) annual propor-
tion of stalling TCs (TC duration above 48 h and TC angular deviation above 148). The solid black line represents the
original time series, and the dotted red line represents the fitted linear trend using the ordinary least squares method.
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Additionally, the annual-mean (maximum) ATPV has an up-
ward trend of 0.33 (1.5) km3 per decade.

For TC-induced precipitation events in each grid of the
YRD region, annual-mean (maximum) ATPA and their lin-
ear trends are computed during 1979–2018 (Figs. 7a,b). The
YRD region is dominated by increasing trends (at about 85%
of grids) in both annual-mean and maximum ATPA, espe-
cially over the eastern and northwestern YRD. We calculate
anomalies of annual-mean (maximum) ATPA for each grid
and then average these anomalies regionally (Figs. 7e,f). Both
the regional averages of annual-mean and maximum ATPA
anomalies have a positive but weakly significant trend of 3.0
and 7.9 mm per decade, respectively. This positive trend in
annual-mean (maximum) ATPA is consistent with but stron-
ger than that in annual-mean (high) TC duration.

The correlation coefficients between annual-mean (maxi-
mum) ATPA and annual-mean (high) TC duration are signifi-
cantly (p, 0.05) positive in the whole YRD region (Figs. 7c,d),
suggesting that TC-induced precipitation at the grid scale is also
strongly affected by TC duration at the interannual scale. Nota-
bly, the correlation coefficients between annual-mean (maxi-
mum) ATPA and annual-mean (high) TC duration are much
lower in central and eastern YRD (Figs. 7c,d) where the ur-
banization expansion rate is the highest in the YRD region
(Fig. 1c). This implies that urbanization could weaken the

positive relationship between ATPA and TC duration; in
other words, the duration of a TC over an urban area may not
be the only factor explaining the total precipitation.

c. Impacts of urban expansion on TC-induced
precipitation

As shown in Figs. 7c and 7d, TC-induced precipitation may
potentially be influenced by urban expansion. To investigate
the relationship between TC-induced precipitation and urban
expansion, we bin trends in annual-mean (maximum) ATPA
for all grids into each category of urbanization expansion rate
(i.e., ,0, 0–3, 3–6, … , and .21 km2 per decade; Fig. 8). We
find that trends in annual-mean (maximum) ATPA roughly
increase with the urbanization expansion rate. However, this
increase is not monotonous; that is, the relationship between
changes in TC-induced precipitation and urbanization expan-
sion rate is nonlinear. Yao et al. (2022) built nonstationary
models to nonlinearly regress precipitation extremes by im-
pervious areas over the YRD region and then quantify the
urbanization effects. We further quantify the impacts of ur-
banization on changes in TC-induced precipitation (Fig. 9).
To compute the two precipitation indices (annual-mean
APTA and annual maximumAPTA) at the grid scale, we first
calculate the anomalies of annual-mean (maximum) ATPA
relative to a climatological period of 1979–2018 for each grid of

FIG. 6. (a)–(d) Relationships between accumulated TC-induced precipitation volume (ATPV) over the YRD region
and TC duration over the 500-km YRD buffer during 1979–2018. In (a), each black dot denotes a TC-induced precipi-
tation event, and this event is a function of TC duration and ATPV; the solid-colored lines are the 5th, 25th, 50th, 75th,
and 95th quantile regressions of ATPV by TC duration, respectively. In (b), boxplots show ATPV of these events
within each category of TC duration; the purple line indicates mean ATPV of the events within each category of TC
duration. In (c), the blue (red) solid line is the time series of annual-mean TC duration (annual-mean ATPV); the blue
(red) dashed line is the corresponding linear trend derived from the ordinary least squares method; and the correlation
between annual-mean TC duration and annual-mean ATPV is estimated using the Spearman method. Finally, (d) is
the same as (a), but for 90th percentile of annual TC durations and annual maximum ATPV.
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the YRD region and average the anomalies from all rural and
urban grids, respectively (Figs. 9a,b). For the two precipitation
indices at event scale (annual-mean ATPV and annual maxi-
mum ATPV), we calculate the ATPV of each TC over rural

and urban areas, respectively, severally count the annual-
mean (maximum) ATPV for corresponding areas, and extract
their anomalies (Figs. 9c,d) by removing the climatological
mean.

FIG. 7. Spatiotemporal changes of accumulated TC-induced precipitation amounts (ATPA) and their correlation with TC duration in
the YRD during 1979–2018. (a) Spatial distribution of trend in annual-mean ATPA (black dots indicate trends at a 0.05 significance level).
(c) Spatial distribution of Spearman correlation coefficient between annual-mean ATPA and TC duration (black dots indicate correlations
at a 0.05 significance level). (e) The black line shows temporal change in regional average of annual-mean ATPA anomalies (computed
relative to the climatological period 1979–2018); red dashed line is the corresponding linear trend derived from the ordinary least squares
method. (b),(d),(f) As in (a), (c), and (e), respectively, but for annual maximum ATPV.

FIG. 8. (a),(b) The relationship between ATPA and urbanization expansion rate over the YRD region during 1979–2018.
In (a), each matchstick indicates trends of annual-mean ATPA in grids within the corresponding category of urban expan-
sion rate. The top and bottom of a matchstick represent the 75th and 25th percentiles of the distribution of trends, and the
red dot represents the mean of corresponding rank. Note that (b) is the same as (a), but for annual maximumATPA.
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In rural areas, the anomalies of annual-mean ATPA, an-
nual maximum ATPA, annual-mean ATPV, and annual maxi-
mum ATPV all showed increasing trends of 2.8 mm per decade,
7.2 mm per decade, 4.9 3 1025 km3 per decade, and
8.6 3 1025 km3 per decade (Figs. 9a,c,e,g), respectively.
However, these rising trends are greater in urban areas,
with trends of 4.3 mm per decade, 11.0 mm per decade,
6.0 3 1025 km3 per decade, and 12.0 3 1025 km3 per decade,
respectively. These significantly higher slopes (by the Student’s
t test) indicate that urbanization has enhanced TC-induced

precipitation. Specifically, urban effects of annual-mean ATPA, an-
nual maximum ATPA, annual-mean ATPV, and annual maximum
ATPV are estimated as 1.5 mm per decade, 3.8 mm per decade,
1.1 3 1025 km3 per decade, and 3.4 3 1025 km3 per decade
(Figs. 9b,d,f, and h), respectively. It is estimated that urbanization
contributes 35.3%, 34.3%, 18.5%, and 28.4% of the increase in
annual-mean ATPA, annual maximum ATPA, annual-mean
ATPV, and annual maximumATPV over the YRD urban areas.

In this study, a grid is identified as an urban grid if the
urban area proportion is greater than 35%. We also test

FIG. 9. Time series of regionally averaged anomalies in annual TC-induced precipitation for urban and rural areas
over the YRD during 1979–2018. (a) Annual-mean ATPA anomalies from all rural (urban) grids are averaged year
by year and then are shown as the blue (red) solid line; and the blue (red) dashed line is the corresponding linear
trend derived from the ordinary least squares method. (b) Bar plots show linear trends corresponding to (a), and esti-
mated urban effect and contribution. The other panels are the same as (a) and (b), but for (c),(d) annual maximum
ATPA, (e),(f) annual-mean ATPV, and (g),(h) annual maximum ATPV. The differences of trends between urban
and rural time series are all significant (p, 0.05) by the Student’s t test (see section 3c).
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whether our results are sensitive to this proportion. When the
urban area proportion is changed from 30% to 45% (i.e., 30%,
35%, 40%, and 45%), urban contributions to TC-induced
precipitation are estimated as 18.5%–36.9%, 18.5%–35.3%,
18.5%–33.7%, and 18.5%–32.9%, respectively. These urban
contributions show no obvious difference, suggesting that our
analysis results are robust. The contribution values in our
study are consistent with those shown in previous studies
(Jiang et al. 2020; Han et al. 2022; Yu et al. 2022; Li et al.
2023) where urban impacts on heavy precipitation over the
YRD urban areas were quantified. For example, over the
YRD urban areas during 1961–2019, Li et al. (2023) estimated
that urbanization contributed to the increases in frequency,
duration, and intensity of heavy precipitation by 22.7%–37.5%,
and Han et al. (2022) estimated this contribution to the
increase in intensity of heavy precipitation as 24.8%. These
consistent results enhance our confidence on the estimated
contributions of urbanization to TC-induced precipitation.
However, we must acknowledge that there are large uncer-
tainties in these estimations using this sample approach. For
example, one of the potential assumptions in this approach is
that impacts of urbanization on long-term changes of TC-
induced precipitation are linear, which may not be accurate
(see the relationship between TC-induced precipitation and
urbanization expansion rate over the YRD region in Fig. 8).
Despite these uncertainties, the estimated contributions in our
study can provide a valuable reference to the impacts of ur-
banization on long-term changes in TC-induced precipitation
over urban areas. We also emphasize that numerical simula-
tions should be developed to confirm the role of urbanization
in the long-term changes of TC-induced precipitation in the
future.

The correlations of the anomalies of annual-mean ATPA,
annual maximum ATPA, annual-mean ATPV, and annual
maximum ATPV between urban and rural areas are all statis-
tically significant, with values being 0.90, 0.92, 0.93, and 0.78,
respectively. These significant correlations are also shown in
heavy precipitation (despite induced by TCs or not) between
urban and rural areas of the YRD region (Yu et al. 2022; Han
et al. 2022). These significant correlations suggest that vari-
ability of heavy precipitation at interannual or a larger scale is

not determined by urbanization. For TC-induced heavy pre-
cipitation, its variability is mainly affected by TC tracks, which
is confirmed by the significant correlations between annual-
mean/maximum ATPA and TC duration (Figs. 7c,d). How-
ever, in this study, we analyze the impacts of urbanization on
long-term trends in TC-induced precipitation, similar to Yu
et al. (2022) and Han et al. (2022). Although the variability of
TC-induced precipitation is dominated by TC tracks, urbani-
zation can enhance the magnitude of TC-induced precipita-
tion and hence lead to a faster increase in urban areas.

Since both TC duration and urban expansion influence TC-
induced precipitation, we bin annual-mean (maximum) ATPA
anomalies of all the YRD grids as a function of the annual-mean
(maximum) TC duration and the fraction of urban area
(Fig. 10). A positive association between annual-mean
(maximum) ATPA anomalies and TC duration is evident,
and this is the case between annual-mean (maximum) ATPA
anomalies and the fraction of urban area. The highest annual-
mean (maximum) ATPA anomalies occur in the grids with
the longest-lasting TCs and with largest fraction of urban
area. This suggests the increase in TC duration and rapid ur-
banization expansion have combined to amplify TC-induced
precipitation over the urban areas of the YRD.

d. Possible mechanisms for the urbanization-enhanced
TC-induced precipitation

The enhancing effects of urbanization on precipitation can
be attributed to the UHI effect and changes in surface rough-
ness (Miao et al. 2011; Zhong et al. 2015; Zhong and Yang
2015; Li et al. 2020; Q. Zhang et al. 2018). The UHI effect is a
phenomenon where the air temperature in the city is signifi-
cantly higher than in the surrounding areas. The warming sur-
face perturbs the atmospheric boundary layer, destabilizes the
atmospheric stratification, and yields heat island circulation.
This effect can promote the formation of convective precipita-
tion and intensify heavy rainfall, when there is sufficient water
vapor, abundant condensation nuclei, or other favorable
weather conditions (Li et al. 2020; Zhong and Yang 2015;
Zhong et al. 2015). Additionally, the larger roughness of ur-
ban surfaces relative to the surroundings generates increased
friction velocities, which can reduce near-surface wind speeds,

FIG. 10. Annual-mean (maximum) ATPA anomalies as a function of the annual-mean (maximum) TC duration
and the fraction of urban area. In each grid in the YRD, the fraction of urban area is the percentage of built-up area
to the total area of the given grid in 2015.
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leading to the convergence of near-surface wind fields and
triggering convective precipitation (Hu et al. 2018; Yang et al.
2018; Miao et al. 2011; W. Zhang et al. 2018). Meanwhile, the
increased density and height of urban built structures can pro-
long the residence time of precipitation systems over the city,
making precipitation longer-lasting and more intense (Zhang
et al. 2019; Hu et al. 2018; Yue et al. 2019).

Whether the effects of UHIs and surface roughness can en-
hance TC-induced precipitation in urban areas has been in-
vestigated by numerical simulations of several TC events
(Deng et al. 2022; W. Zhang et al. 2018; Ao et al. 2022;
Du et al. 2023). The numerical simulations on precipitation
induced by Typhoon Rumbia (2018) and Typhoon Lekima
(2019) over the YRD region showed that the enhancement of
surface sensible heat flux over urban areas is quite weak
around the TC landfall time (Du et al. 2023; Ao et al. 2022).
Their results suggested that the very weak UHI intensity before
and during TC-induced precipitation is not the main reason for
the enhancement of urbanization on TC-induced precipitation.
However, the numerical simulations of precipitation induced by
Hurricane Harvey (2017) in Houston in the United States indi-
cated that the enhancement of Harvey-induced precipitation
over urban areas can be partly explained by the UHI effects
(e.g., changes in sensible heat flux and Bowen ratio; W. Zhang
et al. 2018). This inconsistency on the role of UHI effects in pre-
vious studies may relate to uncertainties of single TC simulations
and/or differences of background climate.

Nevertheless, previous studies have produced a consensus
that atmospheric dynamic responses to increasing surface
roughness play a key role in enhancing TC-induced precipita-
tion over urban areas (Deng et al. 2022; W. Zhang et al. 2018;
Ao et al. 2022; Du et al. 2023). Specifically, stronger friction
velocity induced by larger surface roughness can slow the tan-
gential wind, strengthen upward motion, increase water vapor
mixing ratio, enhance low-level convergence and upper-level
divergence, and finally lead to larger TC-induced precipita-
tion rate in urban areas. Moreover, surface drag may also
have a stalling effect on the TCs (Zhang et al. 2019; Hu et al.
2018; Yue et al. 2019), causing their precipitation systems to
linger over the cities for longer, which in turn may enhance
TC-induced precipitation. Since the simulation results on the
urbanization effects from one single TC case have large un-
certainties (Ao et al. 2022), the physical mechanisms (e.g.,
thermodynamic and dynamic responses) for impacts of urban-
ization on TC-induced precipitation should be deeply ex-
plored from a long-term perspective in the future.

5. Conclusions

The YRD region in eastern China is highly urbanized and
frequently impacted by TCs. In this study, we find that TCs in
the 500-km YRD buffer have become slower-moving, increas-
ingly wandering, and longer-lasting during 1979–2018. In par-
ticular, the annual proportion of stalling TCs (with duration
exceeding 48 h and angular deviation larger than 148) to total
TCs has significantly increased. Significant positive correla-
tions between TC-induced precipitation and TC duration indi-
cate the longer the TC duration, the greater the TC-induced

precipitation. This positive association supports the finding
that TCs stalling over the 500-km YRD buffer are more likely
to expose the region to severe TC-induced precipitation. A
consistent increasing trend is observed for both TC-induced
precipitation and TC duration; however, the increase is higher
for ATPV than for TC duration. Meanwhile, the significant
positive correlation between TC-induced precipitation and TC
duration across the YRD region is weaker in areas with high
urban expansion rates. This difference suggests that other
factors, such as urbanization, may also affect TC-induced
precipitation.

We analyze the effects of urban expansion on TC-induced
precipitation and find that the areas with higher urban expan-
sion rates also show faster increases in TC-induced precipita-
tion. Long-term increases in TC-induced precipitation over
urban areas are markedly higher than over rural areas. By
comparing the trends between urban and rural areas, we find
that urbanization plays an important role in the long-term in-
creases of TC-induced precipitation over urban areas. Taking
the annual-mean (maximum) ATPA anomalies as a function
of the annual-mean (maximum) TC duration and the fraction
of urban area, we find that grid cells with a larger fraction of
urban area and longer TC duration witness higher TC-
induced precipitation, suggesting that both longer-lasting TCs
and urban expansion amplify TC-induced precipitation.

Under global warming, climate models project that the re-
duction in both TC translation speed (Yamaguchi et al. 2020;
Zhang et al. 2020) and in the decay of TC intensity after land-
fall (Li and Chakraborty 2020) will continue, likely leading to
longer TC duration in the future. Meanwhile, urban areas are
continuously expanding in the YRD region and other megalo-
polises of the world. Given the expansion of urban areas and
possibly longer-lasting TCs, numerous cities are likely to be
impacted by increasingly intense TC-induced precipitation.
Our results suggest that adaptation measures should be adopted
by urban managers to mitigate the storm hazards amplified by
the combined effects of urbanization and TCs.
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