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ABSTRACT: In July 2021, Typhoon In-Fa (TIF) triggered a significant indirect heavy precipitation event (HPE) in cen-
tral China and a direct HPE in eastern China. Both these events led to severe disasters. However, the synoptic-scale condi-
tions and the impacts of these HPEs on future estimations of return periods remain poorly understood. Here, we find that
the remote HPE that occurred ;2200 km ahead of TIF over central China was a predecessor rain event (PRE). The PRE
unfolded under the equatorward entrance of the upper-level westerly jet. This event, which encouraged divergent and adia-
batic outflow in the upper level, subsequently intensified the strength of the upper-level westerly jet. In contrast, the direct
HPE in eastern China was due primarily to the long duration and slow movement of TIF. The direct HPE occurred in
areas situated less than 200 km from TIF’s center and to the left of TIF’s propagation trajectory. Anomaly analyses reveal
favorable thermodynamic and dynamic conditions and abundant atmospheric moisture that sustained TIF’s intensity. A
saddle-shaped pressure field in the north of eastern China and peripheral weak steering flow impeded TIF’s movement
northward. Hydrologically, the inclusion of these two HPEs in the historical record leads to a decrease in the estimated re-
turn periods of similar HPEs. Our findings highlight the potential difficulties that HPEs could introduce for the design of
hydraulic engineering infrastructure as well as for the disaster mitigation measures required to alleviate future risk, particu-
larly in central China.

KEYWORDS: Tropical cyclones; Climate change; Hydrology

1. Introduction

From the genesis to the demise of Typhoon In-Fa (TIF;
17–31 July 2021), heavy precipitation events (HPEs) occurred
in the central (mainly Henan) and eastern (mainly Jiangsu
and Zhejiang) provinces of China. During 19–21 July, while
TIF was located in the western North Pacific (WNP), TIF re-
motely triggered an indirect HPE situated more than 1000 km
away from its center, in central China. Subsequently, during
22–28 July, a direct HPE occurred in eastern China along TIF’s

eyewall, inner and outer spiral rainbands, within 100 km of its
center. Both the indirect and direct HPEs were rare and caused
catastrophic losses (Fu et al. 2022). For example, the most ex-
treme hourly precipitation during TIF in central China was
201.9 mm, exceeding the hourly precipitation recorded by mete-
orological observation stations over the mainland of China since
the establishment of these stations; similarly, the highest total
precipitation directly caused by TIF in eastern China was above
1034 mm and also record-breaking (Fu et al. 2022; W. Li et al.
2022). Understanding the synoptic-scale environments and hy-
drological impacts (i.e., return period analysis) of the HPEs indi-
rectly and directly induced by TIF is important to explain the
physical mechanisms and highlight the importance of mitigating
the damages of such extreme events.

Compared to the direct TIF-induced HPE in eastern China,
the socioeconomic losses of the indirect TIF-induced HPE in
central China were more deadly (i.e., 302 deaths and direct
property losses of more than 88.5 billion Chinese yuan, which
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represents around $13.67 billion (U.S. dollars) and EUR
11.56 billion). Given the catastrophic losses, it is imperative to
explore the possible mechanisms of the indirect TIF-induced
HPE (Cheng et al. 2022; Yang et al. 2022; Yin et al. 2022; Zhao
et al. 2022). For example, Yin et al. (2022) indicated that within
the convective system, the combination of cloud microphysics
and horizontal transportation enabled by the vertically rising
and converging zone facilitated the rapid accumulation and
settling of a substantial amount of water vapor. This in turn
precipitated the HPE in central China. Using the moisture
budget equation, Cheng et al. (2022) found that 75% and
22% of the HPE in central China was explained by dynamic
and thermodynamic factors. However, these studies mostly
focused on the large-scale circulation mechanisms of the
HPEs, ignoring how TIF remotely triggered the HPE in cen-
tral China.

Some HPEs distantly induced by tropical cyclones (TCs)
have been reported in the past and they are usually described
as predecessor rain events (PREs; Galarneau et al. 2010;
Bosart et al. 2012; Moore 2010; Moore et al. 2013; Baek et al.
2015; Yuan et al. 2018). For example, Galarneau et al. (2010)
found that record-breaking PREs of .250 mm within 24 h in-
duced by Hurricane Erin (2007) were situated ;1200 km pole-
ward of Erin (i.e., over Minnesota and Lake Michigan of the
United States). Yuan et al. (2018) detected that 19% of TCs
generated in the Bay of Bengal during 1981–2012 led to PREs
in the southeast Yunnan province of China. Cote (2007) defined
a PRE as a coherent area of heavy precipitation, with 24-h accu-
mulated precipitation exceeding 100 mm, located more than
1000 km poleward of a landfalling TC, and physically separated
from the main precipitation belts directly induced by the TC.
TC-induced PREs can trigger devastating floods and economic
losses (Galarneau et al. 2010), and therefore, there is an urgent
need to carefully consider PREs and their impacts. However, im-
portant research questions remain: was the indirect TIF-induced
HPE in central China a PRE, and if so, how did TIF remotely
trigger this PRE?

The region of eastern China, which was close to TIF’s center
and directly influenced by TIF, experienced more extreme pre-
cipitation due to the record-breaking duration of TIF over land
(W. Li et al. 2022; Yang et al. 2022; Wu et al. 2022). Some stud-
ies have analyzed some of the circulation features of the HPE
directly induced by TIF in eastern China. For instance, the
weak steering flow led by the large-scale environment and the
long persistence of TIF’s circulation were the two most impor-
tant background conditions explaining the extreme duration of
the HPE in eastern China (Yang et al. 2022). Nevertheless, it is
still unclear which physical mechanisms contributed to the re-
cord-breaking process precipitation event in eastern China, and
can explain both the long duration and the slow movement of
TIF as it made landfall.

Both HPEs, whether indirectly or directly induced by TIF,
triggered heavy urban floods and stormwater, causing economic
losses and casualties (Chan et al. 2022; Wang et al. 2022). To
prevent or decrease the losses from HPEs and associated floods,
hydraulic engineering infrastructure (such as open channels and
pipes) is constructed using specific design standards, which nor-
mally refer to return periods which are estimated by using the

generalized extreme value distribution based on historical HPE
and/or flood time series (Mirhosseini et al. 2013; Zeng at al.
2019; Aiyelokun et al. 2021). Extreme precipitation frequency
analysis is an essential basis for estimating the return periods re-
quired for the design of such infrastructure. The upper-tail be-
havior of the frequency curve determines the accuracy of return
period estimates for rare events (Gu et al. 2017; Ben Alaya et al.
2020; Quesada-Román et al. 2022). Past studies have shown
that TCs play an important role in the shape of extreme precipi-
tation frequency curves and their upper-tail features (Risser and
Wehner 2017; Gu et al. 2017; Zhou et al. 2018). For example,
the East Asian coasts and southeastern American coasts show
common heavy tail characteristics of extreme precipitation fre-
quency curves due to the impacts of landfalling TCs (Cavanaugh
et al. 2015). Combined with synoptic-scale environment analysis,
investigating the impacts of indirect and direct TIF-induced
HEPs on local return period (i.e., precipitation frequency)
estimations can provide important scientific information for
water disaster management institutions to enhance risk miti-
gation measures.

In this study, we first describe the spatiotemporal evolution
of the two HPEs indirectly and directly induced by TIF, then
explore the synoptic-scale environments during TIF for both
HPEs in central and eastern China, and finally analyze how
the TIF-induced HPEs affect local return period estimation of
precipitation extremes.

2. Data and methods

a. Precipitation data and typhoon data

Observed station-based hourly precipitation at 2481 sta-
tions and gridded daily precipitation at 0.58 resolution during
1961–2021 were collected from the China Meteorological
Data Service Center (http://www.nmic.cn/en). Hourly global
real-time satellite precipitation with high spatial resolution
(i.e., 4 km 3 4 km) from 2003 to the present was developed
by the Center for Hydrometeorology and Remote Sensing at
the University of California (https://chrsdata.eng.uci.edu/).

Typhoon data covering the WNP during 1961–2021 were ob-
tained from the International Best Track Archive for Climate
Stewardship (IBTrACS; https://www.ncdc.noaa.gov/ibtracs/;
Knapp et al. 2010, 2018). TIF track was downloaded from the
Department of Water Resources of Zhejiang Province (http://
typhoon.zjwater.gov.cn/default.aspx).

b. ERA5 data

Large-scale environmental variables during 1961–2021 were
obtained from the European Centre for Medium-RangeWeather
Forecasts Re-Analysis 5 (ERA5; https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era5; Hersbach et al. 2018a,b)
dataset. The ERA5 dataset has a 0.258 3 0.258 spatial resolution
and hourly temporal resolution. All 2D and 3D variables presented
in subsequent analyses are taken fromERA5.

c. Generalized extreme value distribution

Extreme value frequency analysis based on the generalized
extreme value (GEV) distribution is typically employed to
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estimate return periods of hydrometeorological variables
(e.g., heavy precipitation and flood peaks; Vasiliades et al.
2015; Fowler and Kilsby 2003). Here, we conduct heavy
precipitation frequency analysis using the GEV distribution
(Schaller et al. 2016; Gu et al. 2017; Yang et al. 2019):

F(x|m, s, j) 5 exp 2 1 1 j
x 2 m

s

( )[ ]21/j⎧⎪⎪⎪⎨⎪⎪⎪⎩ ⎫⎪⎪⎪⎬⎪⎪⎪⎭, (1)

where m, s, and j represent location, scale, and shape parame-
ters, respectively. The location and scale parameters (i.e., m
and s) are connected with precipitation magnitude and vari-
ability, respectively. The shape parameter (i.e., j) dominates
the upper tail of the heavy precipitation frequency curve. Pos-
itive and negative j values represent thick and light upper tails
of the heavy precipitation frequency distribution, respectively.
The return period estimation of rare events largely depends
on the upper tail (i.e., shape parameter).

d. Extreme precipitation ratio and relative percent
difference based on return period

A HPE is defined as the maximum 1- and 5-day accumulated
precipitation per year (Rx1day and Rx5day), and is area

averaged over the study regions (i.e., central China and eastern
China, respectively). We use the GEV distribution to compute
the 10-yr precipitation peak from the annual precipitation series
(i.e., Rx1day and Rx5day) over the period of 1961–2021, i.e., the
precipitation peak that occurs, on average, once in 10 years and

TABLE 1. List of abbreviations used in this study.

Full name Abbreviation

Typhoon In-Fa TIF
Heavy precipitation event HPE
Predecessor rain event PRE
Western North Pacific WNP
Tropical cyclone TC
International Best Track Archive for Climate

Stewardship
IBTrACS

European Centre for Medium-Range Weather
Forecasts Re-Analysis 5

ERA5

Generalized extreme value GEV
Max 1-day accumulated precipitation Rx1day
Max 5-day accumulated precipitation Rx5day
Extreme precipitation ratio EPR
Relative percent difference RPD
Western Pacific subtropical high WPSH

FIG. 1. Maps of observed gridded daily precipitation during Typhoon In-Fa (TIF; 17–31 Jul 2021). The red curves indicate the best
tracks of TIF (in eastern China) and Typhoon Cempaka (in southern China). The red polygon in each panel represents the Henan prov-
ince of China. The blue polygon in each panel represents the Jiangsu and Zhejiang provinces of China.
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is appropriate for the examination of extreme events (Ntegeka
and Willems 2008; Stevenson and Schumacher 2014). Given the
strong connection between precipitation properties and geo-
graphic regions, it is important to normalize the HPEs by their
local 10-yr precipitation peak (i.e., the extreme precipitation ra-
tio, EPR), providing a regional view of the HPEs during TIF
(Czajkowski et al. 2013; Villarini et al. 2014; Yang et al. 2020).
The EPR evaluates how much larger than the 10-yr precipita-
tion peak the TIF-induced HPEs were. When EPR values are
larger or smaller than 1, it suggests that the HPEs caused by
TIF were larger or smaller than the 10-yr precipitation peak.

An additional heavy precipitation frequency analysis is con-
ducted to explore TIF’s impact on return period estimates. Barth
et al. (2017) used the estimated magnitudes of the given annual
exceedance probabilities [i.e., the reciprocals of return periods;
de Lange and Gibb (2000), O’Connell (2005), Cooley (2012),
Jenkins et al. (2012), Osetinsky-Tzidaki and Fredj (2022)] from
all flood peaks and from atmospheric river-induced flood peaks
to compute the relative percent difference (RPD). In this study,
the relative percent difference (RPD) between the estimated
magnitudes of the given return periods from Rx1day and
Rx5day records, with and without the TIF-induced HPEs,
for each given station, is calculated:

RPD 5
MEntire 2 MNo2TIF

MEntire
3 100%, (2)

where MEntire and MNo–TIF represent the Rx1day and Rx5day
estimated with and without inclusion of TIF under the given re-
turn periods (i.e., 10, 50, and 100 years), respectively. A positive
or negative RPD value indicates a higher or lower GEV return
period estimate from the entire precipitation series when includ-
ing the TIF-induced HPE. For the convenience of reading, a list
of the abbreviations used in the dataset is shown in Table 1.

Using the station-based and gridded precipitation data and ty-
phoon track data, we show the spatial–temporal features of pre-
cipitation during TIF. Further, we explore the synoptic patterns
of the indirect and direct HPEs in central and eastern China.
From the perspective of PRE, we reveal the moisture configura-
tions, lifting and frontogenesis, and upper-level jet during the in-
direct TIF-induced HPE. For the direct HPE in eastern China,
using satellite precipitation and large-scale environmental varia-
bles from ERA5, we described the evolution of precipitation
distribution as a function of distance (#500 km) to TIF’s center
(i.e., Lagrangian approach) and explored the evolution of pre-
cipitation distribution near the TC. In addition, using large-scale
environmental variables from ERA5, we conducted an anomaly
analysis to analyze why the long duration of TIF occurred, and
to explain the slow movement of TIF. Both HPEs in central
and eastern China caused serious economic losses, infrastruc-
ture damage and casualties. Normally, hydraulic engineering in-
frastructures, which can prevent HPEs and associated floods
and further losses, are designed based on return periods which
are estimated by the GEV distribution; however, such HPEs
may influence the GVE distribution and further change the re-
turn period estimations, influencing the prevention of future
HPEs. Therefore, we explored the impact of TIF on return pe-
riod estimations by using the GEV distribution, and included

further EPR and RPD analyses also. The flowchart of this study
is shown in Fig. S1 in the online supplemental material.

3. Results and discussion

a. Spatial–temporal features of the precipitation
during TIF

We show the spatial distribution of daily precipitation in China
during TIF in Fig. 1. While TIF was located over the WNP, a
HPE in part of Henan province (i.e., central China) occurred on
19 July, peaked on 20 July (i.e.,.150–400 mm), and receded in a
northeasterly direction northeasterly on 21 July. The distance be-
tween the HPE in central China and TIF was approximately

FIG. 2. (a) Accumulated precipitation amounts (based on ob-
served gridded daily precipitation) and (b) latitude–temporal cross
section of hourly accumulated precipitation (based on observed
station-based hourly precipitation) during TIF (i.e., 17–31 Jul 2021).
In (a) the large red box represents the region that experienced
heavier precipitation. The black box to the right indicates the
main provinces included in the large red box. The small red boxes
indicate central China (on the left; 338–378N, 111.58–115.58E) and
eastern China (on the right; 288–348N, 1188–123.58E). In (b) hourly
precipitation is averaged latitudinally based on the right black box
in (a).
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2200 km. In the South China Sea, another Typhoon, Cempaka,
also appeared during 19–21 July. Over the period of 22–29 July,
a HPE (i.e., .50–150 mm) appeared and developed in eastern
China as TIF made landfall, and traveled over eastern China. It
should be noted that the two HPEs in central China and eastern
China are geographically divided, suggesting they were gener-
ated by different mechanisms.

For the accumulated precipitation (Fig. 2a), there were two
main heavy precipitation regions: one was largely confined to
central China (338–378N, 111.58–115.58E; left red box), and
the other was largely confined to eastern China (288–348N,
1188–123.58E; right red box). The two regions are consistent
with the spatial distribution of heavy precipitation shown in
Fig. 1. In central China, precipitation mainly occurred during
19–21 July, with a maximum accumulated precipitation amount
exceeding 400 mm. Over the period of 22–29 July, there were
two accumulated precipitation centers (one in the northwest of
eastern China, and the other in the southeast), with accumu-
lated precipitation amounts exceeding 250 mm.

From the perspective of the latitudinal–temporal evolution of
hourly average precipitation (Fig. 2b), there were two clear pre-
cipitation phases. Phase 1 occurred during 19–21 July when the
HPE region was along 358N, reaching two precipitation peaks
at 1600 UTC 20 July and 1000 UTC 21 July, respectively.
Phase 2 was during 23–29 July when the precipitation center
first appeared along 308N and eventually moved northward to
408N, which was associated with the landfall and northward
movement of TIF. The distinct spatial–temporal separation
between the two precipitation phases indicates the two HPEs
during TIF were independent.

Considering that both of the two HPEs persisted over
3–5 days, we focus on the maximum 1- and 5-day accumulated

precipitation (i.e., Rx1day and Rx5day). The Rx1day and
Rx5day in central China during TIF exceed the climatology of
1981–2010 by 51 and 130 mm, respectively, breaking historical
records for the period of 1961–2021 (Figs. 3a,b). In eastern
China, the Rx1day during TIF is slightly higher than the cli-
matology by only 5 mm, while Rx5day is 54 mm, i.e., the
fourth-highest event in the past 60 years (Figs. 3c,d).

Overall, the HPE in central China was extremely strong in
terms of local precipitation. This event occurred ;2200 km
poleward of the location of TIF, while the accumulated precipi-
tation amount far exceeded 100 mm within 24 h. According to
Cote (2007) and Galarneau et al. (2010), PREs occur over conti-
nental areas . 1000 km poleward of TCs (i.e., existing a clear
separation between the two kinds of systems) and are associated
with precipitation amounts exceeding 100 mm within 24 h. The
distance and the accumulated precipitation amount (Fig. 2) sug-
gest that the HPE in central China was a typical PRE indirectly
triggered by TIF. However, the extremity of the HPE in eastern
China is reflected in the accumulated total precipitation (Fig. 2a)
rather than the daily precipitation peak, and is connected with
the record-breaking duration of TIF’s movement over eastern
China and the neighboring seas. In a following study, we focus
on analyzing how TIF triggered the PRE in central China and
the circulation mechanisms of TIF’s long-term movement over
eastern China and the neighboring seas.

b. Synoptic patterns of TIF distantly triggering PRE in
central China

1) MOISTURE CONFIGURATIONS

In this section, we explore how TIF remotely triggered the
indirect HPE in central China from the perspective of PRE.

FIG. 3. Time series of regional average maximum 1- and 5-day accumulated precipitation (Rx1day and Rx5day;
based on observed station-based hourly precipitation) anomalies during 1961–2021. The period 1981–2010 is used as
the climatology to calculate the anomalies. The HPEs in 2021 are selected during the period of TIF (17–31 Jul 2021).
The black bar in 2021 shows the HPE anomaly during TIF.
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The PRE peak timing occurred at 1600 UTC 20 July; thus, we
show circulation patterns at this time and in the prior and pos-
terior 24 h (Figs. 4 and 5). At 1600 UTC 19 July, the western
Pacific subtropical high (WPSH) was located over the Sea of

Japan (Fig. 4a). The strong pressure gradient between the
WPSH and TIF strengthened the southeasterly flow in the
south of the WPSH, and steered TIF, conveying abundant trop-
ical moisture from the western Pacific northwestward (Fig. 4g).

FIG. 4. Synoptic circulation of TIF indirectly triggering a predecessor rain event (PRE) in central China during 19–21 Jul 2021.
(a)–(c) The 500-hPa geopotential height (black contour lines; unit: gpm), 500-hPa vertical velocity (blue shading; unit: Pa s21), and
700-hPa wind field (black arrows); (d)–(f) 200-hPa zonal wind (black contour lines; unit: m s21), 200-hPa wind field (black arrows), and
700-hPa meridional wind (colored shadows; unit: m s21); and (g)–(i) precipitable water (black contour lines; unit: mm), integrated water
vapor transport (black arrows), and divergence of the integrated water vapor transport (blue shading; unit: 4 kg m22 s21). The timing of
the HPE peak in central China occurred at 1600 UTC 20 Jul (see Fig. 2b); therefore, we show the synoptic circulation at this time, 24 h
earlier (i.e., 1600 UTC 19 Jul), and 24 h after (i.e., 1600 UTC 21 Jul). The line A–B in each panel denotes the main channel conveying
abundant moisture. Two red dots represent the location of TIF (in the WNP) and Cempaka (in the South China Sea).
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Correspondingly, high precipitable water with a maximum greater
than 60 mm occurred in the surroundings of TIF (Fig. 4g). Abun-
dant moisture might trigger thickening of the saturated moist
layer, which is favorable for the occurrence of the PRE over cen-
tral China.

Accompanying TIF’s movement to China’s mainland at
1600 UTC 20 July, the WPSH expanded farther westward and
strengthened the southeasterly flow (Fig. 4b). The strengthened
southeasterly flow brought abundant precipitable water, and the

convergence of integrated water vapor flux spread northwest-
ward from TIF’s vicinity to central China (Fig. 4h). Similar re-
sults were reported by Nie and Sun (2022) who found that 30%
and 38.1% of moisture was transported from the western North
Pacific and southern China to central China. The southeasterly
flow is a key factor for transporting abundant moisture from
TIF’s vicinity to central China. Zhao et al. (2022) found that the
strong channel for conveying water vapor triggered by TIF and
the WPSH played an essential role in the HPE in central China.

FIG. 5. As in Fig. 4, but for (a)–(c) vertical cross sections (along line A–B in Fig. 4) of relative humidity (shaded;
unit: %) and equivalent potential temperature (red contours; unit: K); and (d)–(f) vertical velocity (shaded; unit:
1022 Pa s21), zonal wind (red contours; unit: m s21), and flow (horizontal flow and vertical flow). The gray areas are
terrain, and the blue triangle represents central China. The cross-sectional plots are along the line A–B (see Fig. S3),
which passes through the Zhengzhou station, which experienced the record-breaking hourly precipitation (201.9 mm)
and 24-h precipitation (552.5 mm) during TIF (F. Li et al. 2022). This line was expanded to a parallelogram region
(the green polygon). We computed averaged variables in Fig. 5 over this region along latitude.
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The southwesterly flow also transported moisture from the vi-
cinity of Typhoon Cempaka to central China; however, Ty-
phoon Cempaka played a minor role in the occurrence of the
PRE (Nie and Sun 2022; Yin et al. 2022).

2) LIFTING AND FRONTOGENESIS

An assessment of the main channel conveying abundant mois-
ture during TIF (i.e., A–B line segment in Fig. 4 and Fig. S3) indi-
cates that upward motion dominated in the south of central
China and the periphery of the WPSH at 1600 UTC 19 July. This
coincided quite well with mid- and low-level frontogenesis in the
south of central China (Figs. 4a and 5a,d). Strong southeasterly
flow appeared in the southern flank of the WPSH and impinged
upon the mountains almost perpendicularly. This flow of abun-
dant moisture triggered strong convergence, and thus forced as-
cent and frontogenesis on the windward slope (Figs. 5a,d). Strong
ascent appeared from 1000 to 200 hPa on the windward slope
over central China. Areas with high relative humidity (.80%)
extended above 200 hPa. In addition, a slightly northerly down-
draft appeared north of 368N. The cold and dry flow moved
southerly and collided with the southeasterly warm and moist air,
resulting in the frontogenesis. To be specific, an anticyclone in
the northern side of central China conveyed cold flow in the mid-
dle and upper atmosphere to the northwestern side of central
China (Fig. S4a). This cold flow was dry and descended from the
upper to the lower atmosphere, which is reflected by an obvious
belt with low relative humidity and strong downward motion (see
positive vertical velocity) in the northwest and north sides of cen-
tral China in the upper atmosphere (Fig. S5a). This cold and dry
flow in the middle and upper atmosphere in this heavy precipita-
tion event in central China, has been also found in previous stud-
ies (Xue 2023; Yin et al. 2023). Furthermore, this dry and cold
flow in the middle and upper atmosphere moved southward and
collided with the southeasterly warm and moist flow, characteriz-
ing as a cyclone in the northwestern central China (Fig. S4a). The
collision of the warm and cold flow contributed to the frontogen-
esis, and one of its manifestations was the denser isotherm
(shown by equivalent potential temperature) in central China
and its adjacent areas from 1600 UTC 19 July to 1600 UTC
20 July (Fig. S4).

At 1600 UTC 20 July, the southeasterly flow, ascent and
frontogenesis were significantly intensified (Figs. 4b and 5b,e,
Figs. S4b,e and S5b,e). This strengthened flow caused stronger
convergence due to the orographic forcing effect, which inten-
sified the frontogenesis. The stronger southeasterly wind con-
veyed abundant warm-moist air northward to central China.
This increased the thermal gradient and intensified the fronto-
genesis in central China (Figs. 5b,e). The equivalent potential
temperature reveals a ridge from 800 to 300 hPa in the north
of central China, which intensified the instability of atmo-
sphere, causing stronger deformation and frontogenesis in the
central China. Accompanying the strengthening frontogene-
sis, the equivalent potential temperature lines became in-
creasingly dense and uplifted northward over the central
China (Figs. 5b,e). The constant motion from the lower to
the upper troposphere over central China was conducive to
lifting abundant moisture and weakening the instability of

atmosphere. At 1600 UTC 21 July, WPSH, the convergence of
integrated water vapor flux, lifting motion, and frontogenesis
all weakened in central China (Figs. 4c,i and 5c,f, Figs. S4c,f
and S5c,f), resulting in the weakening of the PRE in central
China.

An upper-level westerly jet (i.e., upper-level circulation)
can be found in the north of central China (Figs. 4d–f). Before
1600 UTC 21 July, this jet gradually developed and contributed
to the occurrence of the PRE. Abundant moisture was trans-
ported northward by TIF and Typhoon Cempaka, steered by the
southwesterly flow and southeasterly flow (presented as two low-
level jets; Luo and Du 2023), and forced to ascend along the
frontogenesis in the equatorward entrance region of the upper-
level westerly jet (Figs. 4d–f and 5). Conversely, heavy precipita-
tion-producing systems (e.g., TIF and the PRE) with deep ascent
and strong latent heat release drove the outflow divergently
and adiabatically in the upper level, and thus intensified the
upper-level westerly jet (Bosart et al. 2012; see Fig. S2). From
1600 UTC 19 July to 1600 UTC 20 July (Figs. 4d,e and
Figs. S2a,b), an upper-level westerly jet developed in the
north of central China and contributed to the occurrence of
the PRE in central China. Meanwhile, there was a clear in-
creased divergence (blue areas) above central China. At
1600 UTC 20 July, weaker potential vorticity and stronger
irritational wind showed in the south and west of the upper-

FIG. 6. Schematic illustrating the HPE remotely induced by TIF
(i.e., PRE) in central China. The blue contour denotes the subtrop-
ical high (i.e., H). The dashed orange line is frontogenesis. The pur-
ple inverted-V symbols behind PRE represent mountains. The
green shading marks the location of the PRE. The gray shading de-
notes the 200-hPa zonal wind with the central wind speed exceed-
ing 30 m s21, indicating an upper-level jet. The red arrows mark
700-hPa meridional wind with the central wind speed exceeding
12 m s21, indicating a low-level jet.
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level westerly jet compared with 1600 UTC 19 July, which
reinforced the intensified westerly jet. Therefore, weaker
potential vorticity, which was accompanied by diabatically
driven outflow of the PRE and concentrated in the entrance
of the upper-level westerly jet due to irrotational wind,
might lead to large potential vorticity gradient and the in-
tensification of the upper-level westerly jet. At 1600 UTC
21 July, this jet showed eastward displacement, accompany-
ing the weakening PRE in central China (Fig. 4e).

Note that there were lower zonal wind values at 300 hPa
and no zonal wind below ;400 hPa (Figs. 5b,d,e). We com-
puted averaged zonal wind components over the A–B line
and its extended region along latitude (see Fig. S3), which
might offset the high zonal wind values. To better show the
zonal wind distribution, we plotted the zonal wind and wind field
at 300, 400, and 500 hPa (see Figs. S6 and S7). Taking 1600 UTC
20 July (Figs. S6a,e,h) as an example, the 300-hPa zonal wind
value is greater in the northwestern part (i.e., .5 m s21), and
smaller in the southeastern part. When we computed the mean
zonal wind value along latitude, the high values in the north-
western part were offset by the lower values in the southeast-
ern part. Meanwhile, Fig. S7 showed a stronger easterly in the
southeastern part, which decreased the zonal wind values.
Therefore, the zonal wind values at 300 hPa were relatively
lower. When we shifted to 400-hPa and lower levels (Figs. S6
and S7e,h), the lower zonal wind value in the northeastern
part and stronger easterly at most half of the eastern part fur-
ther reduced the zonal wind component, which is why there
were no zonal wind contours below;400 hPa. Although some

of our analyses (i.e., moisture transport, easterly flow and as-
cent) are similar to previous studies, no study has analyzed the
frontogenesis and upper-level circulation in the indirect HPE
in central China at present, to the best of our knowledge. Part
of our results are consistent with previous studies, which adds
further confidence in our analyses about frontogenesis and up-
per-level circulation in this study.

3) OVERVIEW SCHEMATICS OF TIF DISTANTLY

TRIGGERING PRE IN CENTRAL CHINA

Figure 6 shows a summary schematic of TIF remotely
triggering PRE in central China. In the southeast and south
of central China, two strong flows (i.e., southeasterly and
southwesterly flows), which present as low-level jets, moved
northward along the strong channel between the WPSH
and TIF and only Typhoon Cempaka, conveyed abundant
tropical moisture from the vicinity of TIF and Typhoon
Cempaka to central China, respectively. These flows with
abundant moisture triggered strong convergence, forcing
ascent due to the impacts of orographic forcing and fronto-
genesis on the windward slope, resulting in the occurrence
of the PRE. Zhang et al. (2022) found that the similar
strong easterly flow and upward motion anomaly that gen-
erated this PRE also led to another catastrophic HPE in
August 1975 in central China. In this study, the PRE was lo-
cated beneath the equatorward entrance of the upper-level
westerly jet and interacted with this jet as well. The PRE
associated with deep ascent and strong latent heat release

FIG. 7. Satellite-based hourly precipitation distribution (based on hourly global real-time satellite precipitation) as a
function of distance to TIF’s center. The precipitation under the direct effects of TIF is decomposed into four differ-
ent quadrants (i.e., front-left, back-left, front-right, and back-right quadrants) according to the direction of TIF’s prop-
agation during 22–29 Jul 2021. The dashed vertical black lines indicate the time of the first and second landfalls.
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was beneficial for driving divergent and adiabatic outflow in
the upper level, and then intensified the upper-level west-
erly jet.

c. Synoptic patterns of TIF directly producing the HPE
in eastern China

1) EVOLUTION OF PRECIPITATION DISTRIBUTION

OVER LAND

In comparison with the remote PRE in central China, the
HPE in eastern China was directly linked with the direct ef-
fects of TIF. Therefore, we first describe the precipitation dis-
tribution as a function of distance to TIF’s center. Instead of
considering the usual geographic directions (i.e., east, west,
south, and north), we use the Lagrangian approach (Villarini
et al. 2011) to investigate the radial precipitation distribution
from four different quadrants (i.e., the front-left, back-left,
front-right, and back-right quadrants) with respect to the
propagation direction of TIF. This method enables a detailed
analysis of the spatial–temporal evolution of precipitation
triggered by landfalling TIF (Villarini et al. 2011).

The left quadrants (i.e., the front-left and the back-left quad-
rants) of TIF experienced more precipitation (Figs. 7a,b). Before

landfall, the maximum precipitation tended to be concentrated
within 50–200 km from the center of TIF. At the time of the first
landfall, the precipitation maximum was concentrated within
50 km of TIF’s center, suggesting a trend of the collapse of TIF’s
eye (Villarini et al. 2011). As TIF progressed farther inland, the
maximum precipitation tended to decrease and move away from
TIF’s center, dissipating after 28/29 July. As mentioned above,
the direct HPE in eastern China was mainly concentrated within
200 km from the center of TIF and even in the vicinity of TIF’s
eye. Therefore, the HPE in eastern China can mainly be ex-
plained by TIF’s position and duration over land. As shown in
Fig. 3, it was the accumulated precipitation (i.e., Rx5day), rather
than the short-term precipitation (Rx1day), which was extreme.
For instance, some stations (e.g., station Siyang and Jiangdu; see
Fig. 12 for the locations of the two stations) in eastern China wit-
nessed record-breaking accumulated precipitation values (322.3
and 319.0 mm, respectively), due to the long duration and slow
movement of TIF in eastern China.

2) LONG DURATION OF TIF

The average translation speed of TIF during its lifetime was
10.6 km h21, which is approximately 51% lower than that of all
typhoons over the WNP during 1961–2021 based on the

FIG. 8. Anomaly analysis of synoptic circulation for TIF during the HPE in eastern China during (a) 17–24 Jul and (b)–(f) 22–27 Jul
relative to the summer (June–August) climatology of 1981–2010. The 2-m temperature and other variables during TIF are averaged
based on 17–24 Jul and 22–27 Jul, respectively. Color shading in (a)–(f) represents 2-m temperature (unit: K), surface soil moisture
(unit: 1022 m3 m23), 700–1000-hPa specific humidity (unit: 1023 kg kg21), 200-hPa divergence (unit: 1025 s21), 500-hPa vertical velocity
(unit: 1022 Pa s21), and precipitable water (shaded, unit: mm), respectively. In (f), vectors represent integrated water vapor transport.
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IBTrACS TC best track dataset. The total overland dura-
tion of TIF (.90 h) was 3.5 times longer than the average
overland duration (20 h) of all landfalling typhoons over
the WNP. However, the total translation distance of TIF is
3491 km, which is 61% of the average translation distance
(5760 km) of all typhoons over the WNP. The unusually
low translation speed, long duration, and short translation
distance indicate that TIF stalled and meandered over east-
ern China, which explains the anomalous persistent heavy
precipitation in this region.

The World Meteorological Organization defines the 30-yr
normal period of 1981–2010 as a climatological baseline pe-
riod which is popular among present studies for anomaly anal-
ysis of a group of events or a single extreme event (Hoerling
et al. 2013; Blunden and Arndt 2017; Fazel-Rastgar 2020; Li
et al. 2021; Overland and Wang 2021; Hermanson et al. 2022).
Here, for the first time, to the best of our knowledge, we dis-
cuss the possible reasons for the long duration of TIF by using
anomaly analysis. Before the landfall of TIF (17–24 July), 2-m
temperature showed positive anomalies in eastern China and
the neighboring seas (Figs. 8a,b), which was conducive to the
intensification of TIF before landfall and its maintenance on
land. After TIF’s landfall, the enhanced surface roughness

and the decrease in high heat and ocean-derived moisture flux
led to the weakening intensity of TIF. However, these energy
losses could be compensated by the enhancement of surface
heat flux (Shen et al. 2002; Emanuel et al. 2008; Andersen and
Shepherd 2014; Hlywiak and Nolan 2021). The warmer 2-m
temperature was conducive to the enhancement of sensible
heat and the mitigation of the cooling rate of the warm core
after TIF made landfall (Fig. 8a). The wetter surface soil
moisture and the low-level (1000–700 hPa) specific humidity
were conducive to the longer-lasting release of latent heat, re-
sulting in a slower rate of decay of and increasing the duration
of TIF over land (Figs. 8b,c).

In addition to the favorable thermodynamic conditions men-
tioned above, dynamic factors (such as positive divergence
anomalies in the upper troposphere and ascending motion
anomalies in the middle troposphere over eastern China)
also contributed to TIF’s maintenance in eastern China
(Figs. 8d,e). Abundant atmospheric moisture also played a
key role in TIF’s maintenance in eastern China (Fig. 8f).
Eastern China and the neighboring seas experienced positive
precipitable water anomalies and a cyclonic convergence of
the integrated water vapor flux. The increased humidity in a
TC’s periphery is conducive to an intensification of the TC

FIG. 9. Synoptic circulations for TIF during the direct HPE in eastern China during 22–27 Jul. The shaded areas represent 500-hPa geo-
potential height (unit: gpm). The vectors indicate 500-hPa steering flow. The black lines represent the 5860-gpm line that is used to identify
the location of the subtropical high. The red lines represent TIF tracks at the given time.
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and an increased probability of precipitation (Kimball 2006;
Jiang et al. 2008; Hill and Lackmann 2009).

3) SLOW MOVEMENT OF TIF

The pressure field and steering flow anomalies played a key
role in the slowdown of TIF (Fig. 9). On 22 July, a saddle-shaped
field was formed by the continental high and the subtropical high
in the north of eastern China, impeding TIF’s movement north-
ward. Meanwhile, the weakened steering flow in the periphery of
TIF was too feeble to guide TIF northward (Figs. 9a–d). Yang
et al. (2022) have indicated that the speed of steering flow was
lower than that of TIF’s movement due to large-scale circulation
conditions. It was challenging for the weak steering flow to drive
the forward movement of TIF. After 27 July, an eastward move-
ment and a southward extension of the westerly trough cut off
the saddle-shaped field, and this also was accompanied by a weak-
ened eastward WPSH (Figs. 9e,f). These results are consistent
with Zhang (2021), who found that TIF merged into the westerly
trough; the steering flow in front of the westerly trough became
strengthened, and thus TIF’s northward movement accelerated.

The impact of climate change on TCs in the WNP has engen-
dered considerable interest. According to observations since 1961,
anthropogenic climate change has increased the frequency of TC-
induced HPEs (Utsumi and Kim 2022). Furthermore, Lai et al.
(2020) detected an anthropogenic forcing component to the ob-
served decrease in TC translation speeds over the WNP. These

findings imply that the TIF-induced HPE and slow movement of
TIF in eastern China and adjacent areas might be related to an-
thropogenic climate change.

d. Impact of TIF on return period estimations of
local HPEs

The HPEs that were distantly triggered by TIF in central
China or directly produced by TIF in eastern China were par-
ticularly extreme, causing huge economic losses, infrastructure
damages and casualties. To prevent or reduce these damages,
hydraulic engineering infrastructure (such as open channels
and pipes) is designed based on return periods. However, the
magnitude of the indirect and direct HPEs triggered by TIF in
central and eastern China was so extreme that they likely al-
tered the return period estimates of local HPEs. Major
changes in the return periods of HPEs can significantly affect
security risk evaluations and the flood control ability of local
hydraulic engineering infrastructure. Here, a mixed population
approach of the area-averaged Rx1day and Rx5day time series
generated by different mechanisms was used. As shown in
Fig. 10, the HPEs triggered by TIF led to an increase in the
shape parameters of the GEV distribution in both central and
eastern China, resulting in heavier upper tails of the local
heavy precipitation frequency curves (apart from Rx1day in
eastern China). For instance, in central China, the shape pa-
rameters of the entire series of Rx1day and Rx5day (0.01 and

FIG. 10. Return periods based on heavy precipitation series (i.e., Rx1day and Rx5day; based on observed station-
based hourly precipitation) in central China and eastern China during 1961–2021. Blue (red) curves indicate the re-
turn period based on the entire series (or no-TIF series, i.e., removing the TIF-induced HPE). “Shape” and “TIF RP”
values in each panel indicate the shape parameters of the GEV distribution and the return periods of the HPE trig-
gered by TIF. Black crosses are the HPEs during 1961–2020, and blue dots are the HPEs induced by TIF in 2021.
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0.19) were larger than those (20.04 and 0.12) of the no-TIF se-
ries (i.e., with the TIF-induced HPE removed). Dare et al.
(2012) also found that TCs tend to increase the shape parame-
ter of the heavy precipitation frequency curve. Gu et al. (2017)
found that TCs tend to increase the shape parameter and the
thick upper tails of heavy precipitation frequency curves.

In addition, the TIF-induced HPE might change the GEV
distribution and shape parameter, which further influenced the
upper tail of heavy precipitation frequency curve and changed
return period estimations. In central China, the return periods
of the Rx1day and Rx5day that occurred during TIF are esti-
mated as 84 and 93 years based on the entire heavy precipitation

FIG. 11. As in Fig. 10, but for typical stations in central China (Zhengzhou and Xinmi) and eastern China (Siyang and
Jiangdu). Please see the locations of the four stations in Fig. 12.
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series, respectively; however, if one excludes the TIF-induced
events, the same return periods increase to 165 and 182 years
(i.e., lower chance of occurrence; Figs. 10a,b). Similar results are
found in eastern China, especially for the Rx5day (Fig. 10d).
For the stations where the TIF-induced precipitation extremes
were record-breaking, the above results are even more obvious
(Fig. 11). Taking station Zhengzhou as an example, the Rx1day
induced by TIF is 636.7 mm, which is 447.3 mm larger than the
second largest value during 1961–2021. The return period of the
Rx1day induced by TIF in this station is estimated as 534 years
using the entire series, but exceeds 10000 years when excluding
the TIF-induced event (Fig. 11a). It is important to note that
the uncertainty of the upper tail of heavy precipitation frequency
curves is always considerable and the inclusion of record-breaking
events may contribute to even greater uncertainty (Fig. 11). Un-
precedented HPEs (i.e., TIF-induced HPEs) can change the shape
parameter and GEV distribution, such that the return period
based on the original GEV distribution would be overestimated
and thus lead to an underestimation of the risk of heavy

precipitation. Therefore, the hydraulic engineering infrastructure
designed using the original distribution would fail to meet the re-
quired design standard (i.e., return period), especially in inland
areas (e.g., central China).

TIF led to a decrease in the estimated return period of the
HPEs, which is also reflected in the relative percent differ-
ences (i.e., RPD) between the estimated precipitation magni-
tudes from the heavy precipitation series (i.e., Rx1day and
Rx5day) computed with the TIF-induced HPE included and
removed (Fig. 12). Both the Rx1day and Rx5day in central
China exhibit positive RPD values for the 10-, 50-, and 100-yr
return periods. The positive RPD is especially visible for the
100-yr return period, with RPD values above 40%. This indi-
cates that the GEV estimates from the entire precipitation se-
ries (i.e., including the HPEs triggered by TIF) are higher
than those estimated from the no-TIF series (i.e., removing
the HPEs triggered by TIF). In eastern China, however,
positive RPD values are found in a much smaller number of
stations, and are more visible for the Rx5day.

FIG. 12. Relative percent differences (RPDs; unit: %) between the GEV estimates from the precipitation series (i.e., Rx1day and
Rx5day; based on observed station-based hourly precipitation) with the TIF-induced HPE included and removed. The RPDs are esti-
mated for the (a),(d) 10-; (b),(e) 50-; and (c),(f) 100-yr return periods. The dot, square, diamond, and triangle in each panel represent sta-
tions Zhengzhou, Xinmi, Siyang, and Jiangdu, respectively.
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The extreme precipitation ratio (EPR; HPEs normalized by
their 10-yr precipitation peak) is employed (see Methods) to es-
timate the relative magnitude of the TIF-induced HPEs
at a local scale and compare the relative influence of the TIF-
induced HPEs between central China and eastern China (Fig. 13).
Central China is dominated by EPR values above 1 (even 3 in sev-
eral stations) for both Rx1day and Rx5day, suggesting that the
TIF-induced HPE was much higher than the local 10-yr heavy
precipitation. However, ERP values above 1 only occur in several
stations in eastern China for both the Rx1day and the Rx5day.
Boxplots in Figs. 13b and 13d also show that EPR values for the
Rx1day and Rx5day in central China are notably higher than
those in eastern China, suggesting a larger local relative influence
of the TIF-induced heavy precipitation in central China.

Usually, TC-triggered averaged and extreme precipitation
magnitudes gradually decrease from the coastal areas to the
inland areas (Zhang et al. 2011; Khouakhi et al. 2017). TCs
also tend to cause more catastrophic losses in coastal areas
compared with inland areas, therefore there already exists a
range of infrastructure for mitigating TC-induced HPE dis-
asters in coastal areas. However, our results indicate that
TIF had a higher impact on the return period estimates of the
HPE in the inland areas (i.e., central China) than in the coastal
areas (i.e., eastern China), markedly reducing return period es-
timates of HPEs in the inland areas. Similarly, Villarini et al.
(2014) also found that hurricanes are responsible for major
flooding in inland areas of the United States. TC-induced
HPEs (especially PREs) pose a serious challenge for the safety

FIG. 13. Extreme precipitation ratio (EPR) (a),(c) maps and (b),(d) boxplots for the Rx1day and Rx5day based on
observed station-based hourly precipitation during the period of TIF in central China and eastern China, respectively.
The dot, square, diamond, and triangle in each panel represent stations Zhengzhou, Xinmi, Siyang, and Jiangdu,
respectively.
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of flood control projects in inland areas. These findings indicate
that more attention should be paid to such HPEs when estimat-
ing the design values of hydraulic engineering infrastructure, es-
pecially in inland areas.

4. Summary

In this study we focused on the HPEs indirectly and directly
triggered by TIF in central and eastern China, which caused
catastrophic losses of life and property. We evaluated the spa-
tiotemporal evolution of the two HPEs and examined the syn-
optic patterns during TIF for both. We revealed the moisture
configurations, lifting and frontogenesis and upper-level jet
during the HPE indirectly triggered by TIF, producing the
first such analysis, to the best of our knowledge. For the direct
HPE in eastern China, we uncovered the evolution of the pre-
cipitation distribution as a function of distance (#500 km) to
TIF’s center. Additionally, we conducted an anomaly analysis
to explain the long duration and slow movement of TIF. Fi-
nally, we explored the impact of TIF on return period estima-
tions by using the GEV distribution. Our results showed that
TIF triggered the HPE remotely in central China during
19–21 July 2021, and this HPE was a typical PRE. Two low-
level jets (i.e., southeasterly and southwesterly flow) conveyed
abundant moisture from the vicinity of TIF and Typhoon
Cempaka to central China, respectively. Due to the impacts
of orographic forcing, these flows of abundant moisture trig-
gered strong convergence and forced ascent and frontogenesis
on the windward slope, thereby generating the PRE in central
China. The PRE was located beneath the equatorward en-
trance of the upper-level westerly jet. Conversely, the deep
ascent and strong latent heat release was beneficial for driving
divergent and adiabatic outflow in the upper level, which then
intensified the strength of the upper-level westerly jet.

The HPE in eastern China was mainly located in areas situ-
ated less than 200 km from TIF’s center, and along the front-left
and back-left quadrants of TIF’s propagation trajectory. The
anomalous HPE is reflected in the accumulated precipitation to-
tals during TIF associated with the long duration and slow
movement of TIF. On the one hand, anomaly analysis showed
that the thermodynamic (warmer 2-m temperature, wetter soil
surface moisture, higher low-level specific humidity), and dy-
namic (stronger midlevel vertical velocity and upper-level diver-
gence) conditions sustained TIF’s intensity. Additionally, the
availability of abundant precipitable water and the cyclonic con-
vergence of the integrated water vapor not only slowed TIF’s
decay and but also strengthened the HPE in eastern China. On
the other hand, a saddle-shaped pressure field was formed from
the continental high and the WPSH, and weak steering flow oc-
curred in the south of the WPSH, which hindered TIF’s move-
ment northward.

Both the HPEs distantly and directly induced by TIF were ex-
ceptionally extreme, resulting in a notable alteration in the shape
of the heavy precipitation frequency curves, with an increased
shape parameter and heavier upper tails of the frequency distri-
bution. The return period estimated using the original GEV dis-
tribution (prior to the inclusion of the TIF-induced HPEs) would
thus be overestimated, i.e., underestimating the risk of heavy

precipitation. The decrease in return period estimates after the
inclusion of the TIF-induced HPEs is also reflected in positive
RPD between the estimated precipitation magnitudes obtained
from the precipitation series (i.e., Rx1day and Rx5day) com-
puted with and without the TIF-induced HPE. The positive
RPD reveals that the TIF-induced HPE is more extreme com-
pared with the HPEs induced by other mechanisms in central
China. The local relative magnitudes of the TIF-induced HPEs
were notably larger in central China, compared with eastern
China. Our results suggest that disaster management agencies
should enhance the prevention and early warning of anomalous
HPEs distantly triggered by TCs, and more attention should be
paid to such HPEs when estimating the design values of hydrau-
lic infrastructure in inland areas.
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