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ABSTRACT: A Lagrangian model}the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT)}is
used to quantify changes in moisture sources and paths for precipitation over North China’s Henan Province associated with
tropical cyclone (TC) over the western North Pacific (WNP) during July–August of 1979–2021. During TC-active periods, an
anomalous cyclone over the WNP enhances southeasterly and reduces southwesterly moisture transport to Henan. Accord-
ingly, compared to TC-inactive periods, moisture contributions from the Pacific Ocean (PO), eastern China (EC), and the local
area (Local) are significantly enhanced by 48.32% (16.73% versus 11.28%), 20.42% (9.44% versus 7.84%), and 2.89% (4.91%
versus 4.77%), respectively, while moisture contributions from the Indian Ocean (IO), Southwestern China (SWC), Eurasia
(EA), and the South China Sea (SCS) are significantly reduced by 231.90% (8.61% versus 12.64%), 216.27% (4.60% versus
5.50%), 28.81% (19.10% versus 20.95%), and 26.92% (12.18% versus 13.09%). Furthermore, the moisture transport for a
catastrophic extreme rainfall event during 17–22 July (“21?7” event) influenced by Typhoon Infa is investigated. Compared to
the mean state during TC-active periods, the moisture contribution from the PO was substantially increased by 126.32%
(37.87% versus 16.73%), while that from IO significantly decreased by 298.26% (0.15% versus 8.61%) during the “21?7”
event. Analyses with a bootstrap resampling method show that moisture contributions from the PO fall outside the16s range,
for both the TC-active and TC-inactive probability distributions. Thus, the “21?7” event is rare and extreme in terms of the
moisture contribution from the PO, with the occurrence probability being less than 1 in 1 million times.

SIGNIFICANCE STATEMENT: Henan, one of the most populated provinces in China, experienced a catastrophic
extreme precipitation event in July 2021 (the “21?7” event), coinciding with the activity of a tropical cyclone (TC) over
the western North Pacific, which helps establish the moisture channel. Using a Lagrangian model, we provide a better
understanding of how moisture transport changes associated with TC for the mean state of 1979–2021, and reveal how
extreme is the moisture transport for the “21?7” event with the bootstrap technique. It is found that during active TC
periods, the moisture contribution from the Pacific Ocean (the Indian Ocean) is significantly enhanced (reduced). For
every 1 000 000 six-day events, less than one instance like the “21?7” event should be expected.

KEYWORDS: Lagrangian circulation/transport; Extreme events; Precipitation; Moisture/moisture budget

1. Introduction

During 17–22 July 2021, the Henan Province, located in
North China (black quadrilateral area in Fig. 1a) experienced

a catastrophic extreme rainfall event (“21?7” event, hereafter),
with maximum daily rainfall reaching 624.1 mm at the Zhengzhou
station (purple pentagram in Fig. 1b). Such rainfall amount
accounted for 97.4% of the climatological annual precipita-
tion of Zhengzhou, leading to over 300 deaths and more
than $1.5 billion economic losses (https://en.wikipedia.org/
wiki/2021_Henan_floods). The “21?7” event occurred during
the rainy season of North China (RSNC), which is one of
the three major monsoon rainy seasons in China (Ding and
Chan 2005). Due to a usually weaker moisture transport
along a longer transport channel, the total rainfall amount
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of the RSNC is relatively low, compared with the other two
monsoon rainy seasons, i.e., the presummer rainy season
over South China and the mei-yu season over central East
China. However, rainfall events during the RSNC can also
be featured with high intensity (Luo et al. 2016), occasion-
ally causing disasters, e.g., the “7?21” (21 July 2012) Beijing
extreme rainfall (Zhang et al. 2013), and both the “75?8”
(5–7 August 1975; Ding 2015) and “21?7” extreme rainfall
event over Henan Province (Luo et al. 2023; Yin et al.
2022). Coincidentally, the occurrences of such heavy rainfall
events are often accompanied by the activity of tropical cy-
clones (TCs) over the western North Pacific (WNP) (Wen
et al. 2015; Yang et al. 2017; Yin et al. 2022), which helps es-
tablish and strengthen the moisture channels for the precipi-
tation processes during these events.

The influence of TCs on rainfalls has been extensively stud-
ied over many regions, e.g., North America (Prat and Nelson

2013, 2016), Middle America (Jiang and Zipser 2010; Franco-
Dı́az et al. 2019), Australia (Villarini and Denniston 2016),
North Atlantic (Rodgers et al. 2001), and East Asia (Ren et al.
2006; Chang et al. 2013; Chen et al. 2017; Liu and Wang
2020). In addition to the production of extreme rainfall in a
TC’s circulation, TCs can also significantly influence distant
rainfall by modulating the moisture channel and affecting cir-
culation patterns (e.g., Schumacher et al. 2011; Yoshida and
Itoh 2012; Bao et al. 2015; Wang et al. 2015; Deng et al. 2017;
Arakane et al. 2019). In East Asia, TCs over the WNP can sig-
nificantly influence the position and intensity of the western
North Pacific subtropical high (WNPSH), which is closely related
to the moisture transport over eastern China in the warm season
(Ding and Chan 2005). The contribution of TCs to the regional
water budget can be comparable with other contributors (Guo
et al. 2017), such as the mean circulation of the East Asia sum-
mer monsoon. Significant differences in moisture budgets along
the boundaries of the eastern China monsoon region have been
found between TC days and non-TC days, i.e., days with and
without the presence of TCs over WNP, respectively (Lin et al.
2017). About 80% of the water vapor transport are via the east-
ern boundary of the eastern China monsoon region during TC
days, while for non-TC days most moisture inflows are via the
southern boundary. The aforementioned studies suggest that
TCs could have a substantial impact on the water cycle in East
Asia. However, how moisture sources and paths for precipitation
over North China, including Henan Province, would change as-
sociated with TC activities is not well understood.

To identify the quantitative moisture contribution of vari-
ous factors or different moisture sources for the rainfall over
a certain area, Lagrangian methods have recently been devel-
oped and successfully applied around the world (e.g., Gustafsson
et al. 2010; Izquierdo et al. 2012; Salih et al. 2015; Huang and
Cui 2015a,b; Sun and Wang 2014; Chen and Luo 2018; Nieto
et al. 2019; Shi et al. 2020; S. Zhang et al. 2021). While air
parcels of a target precipitation region cannot be traced back
to the possible source regions in an Eulerian frame, the analy-
sis based on a Lagrangian method can determine the trajectories
of the air parcels and then estimate the moisture contribution
of each source to the target area quantitatively. Despite this
advantage, the use of Lagrangian methods to understand
the TC influence on the moisture transport for rainfall over
the Henan Province has received limited attention in the
literature.

In this study, we aim to quantify the changes in large-scale cir-
culation and, more importantly, the moisture paths and sources
associated with TCs for precipitation in Henan during RSNC
(July–August). To achieve this goal, we focus on a comparison
between periods with and without TCs over theWNP, and adopt
the Lagrangian methodology to better understand the moisture
sources for both the mean state during 1979–2021 and the “21?7”
event. The layout of this paper is as follows. Section 2 describes
the data and methodology; section 3 illustrates the influence of
TCs on the moisture paths and sources for Henan rainfall in the
mean state. This is followed by a case study of the “21?7” event
in section 4, with a discussion on how extreme the moisture
transport was, compared to historical data; section 5 provides the
concluding remarks.
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FIG. 1. (a) Topography (shaded) over east Eurasia and adjacent
oceans, with Henan Province of China labeled. The gray curves in-
dicate the province boundaries of China. (b) Distribution of the ac-
cumulated rainfall over Henan Province during the “21?7” event.
The pentagram indicates the Zhengzhou station.
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2. Data and method

The TC best track data, covering the period of 1979–2021, are
obtained from the Shanghai Typhoon Institute of China Meteo-
rological Administration (https://tcdata.typhoon.org.cn/zjljsjj_
zlhq.html). This dataset provides essential information on each
TC over the WNP, including its name, position, center pressure,
and maximum sustained winds at 6-h intervals. Following Zhong
et al. (2019), only those TCs reaching tropical storm intensity
(maximum sustained wind speed$ 17.2 m s21) were selected for
this study. To investigate the influence of TC on circulation pat-
terns and the associated moisture flux, we define a TC-active pe-
riod when a TC is observed over the WNP (west of 1508E) and a
TC-inactive period when no TCs over theWNP.

The Lagrangian model named the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT) (Stein
et al. 2015) (https://www.arl.noaa.gov/hysplit) is used to carry
out the moisture backward tracking experiments. The latest
reanalysis dataset of ECMWF}ERA5 (Hersbach et al.
2020)}was used to analyze the circulation and also as the
input data for HYSPLIT. The variables are at 6-h intervals
with a horizontal resolution of 0.258 and 37 vertical levels from
1000 to 1 hPa, including geopotential height, zonal and meridi-
onal winds, vertical pressure velocity, and specific humidity.
Note that to minimize the influence of complex terrain over
the regions moisture trajectories passing through, the ERA5
data with the highest horizontal resolution, i.e., 0.258, are
used.

The air parcels released over the target area, i.e., Henan
Province, with 89 grids (Fig. S1 in the online supplemental
material) at 5 vertical levels above ground (500, 1500, 3000,
5000, and 9000 m), which roughly correspond to 925, 850, 700,
500, and 300 hPa, are tracked backward every 6 h to obtain a
good representation of the moisture pathways. Every trajec-
tory calculation is run for 10 days, which is the approximate
time that moisture remains in the atmosphere (Eagleson
1970). As a result, we identify 4 745 480 trajectories during
July–August 1979–2021. Only effective trajectories with a
decrease of specific humidity during the last 6 h before arriv-
ing at the target (the initial) grid are taken into consideration.
In total, 1 892837 effective trajectories are obtained, with
985 439 trajectories falling in TC-active periods and 907 398
trajectories in TC-inactive periods. We then calculate the tra-
jectory frequency in a 183 18 grid box as the ratio of the num-
ber of effective trajectories passing through the grid cell to
the total number of effective trajectories. As the trajectories
might intersect the lowest level, i.e., the ground, of the input
data, the trajectories would continue along the surface until
they depart from the ground by a vertical motion or a terrain
drop-down (Draxler and Hess 1998), and hence, the moisture
transport in the abundant moisture regions of the lowest part
of the troposphere is adequately considered.

Since an air parcel may experience multiple cycles of mois-
ture gain and loss during its pathway from the source area to
the target area, the source attribution method proposed by
Sodemann et al. (2008) is used to calculate the moisture
contribution of the relevant sources to the target area. This
method was successfully used in several previous studies

FIG. 2. Spatial distributions of mean geopotential height
(contours; unit: dagpm) at 500 hPa, moisture flux (shading;
unit: 1023 m s21 kg kg21), and horizontal wind fields (vectors;
unit: m s21) at 850 hPa over East Asia during the (a) TC-active
and (b) TC-inactive periods of 1979–2021, and (c) the associ-
ated difference between the TC-active and TC-inactive periods.
Dotted regions in (c) present the 99% confidence level for geo-
potential height at 500 hPa and moisture flux at 850 hPa, and
black vectors in (c) present the 99% confidence level for hori-
zontal wind fields at 850 hPa based on Student’s t test. The
black solid rectangle indicates the location of Henan Province
as presented in Fig. 1b.
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(e.g., Sodemann and Stohl 2013; Martius et al. 2013; Huang
and Cui 2015a,b; Chen and Luo 2018; S. Zhang et al. 2021).
The details of this method are as follows.

As Stohl and James (2004, 2005) suggested, the moisture
budget of an air parcel along the trajectory can be expressed as
the balance between changes in moisture content [m(Dqa/Dt)]

and “evaporation minus precipitation (ea 2 pa),” which can be
written as follows:

ea 2 pa 5 m
Dqa
Dt

, (1)

Dqt 5 qt 2 qt2Dt, (2)

FIG. 3. Spatial distribution of the effective trajectory frequency (shading; unit: %) during the
(a) TC-active periods and (b) TC-inactive periods of 1979–2021, and (c) the associated difference
between the TC-active periods and TC-inactive periods of 1979–2021. The red rectangle indi-
cates the target area presented in Fig. 1b.
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where m is the mass of the air parcel a; ea and pa are evapora-
tion and precipitation rates, respectively; Dt (6 h in this study)
is the time step of the backward tracking; and Dqt is the spe-
cific humidity changes from time t2 Dt to t.

Before arriving at the target region, an air parcel may
undergo multiple uptakes and releases of moisture, making
the moisture contributions of source regions far away from
the target area much less than those of regions around the

FIG. 4. The moisture contribution (shading; units: %) to precipitation over Henan Province
during the (a) TC-active periods and (b) TC-inactive periods of 1979–2021, and (c) the associ-
ated differences between TC-active periods and TC-inactive periods of 1979–2021. The red rect-
angle indicates the target area presented in Fig. 1b.
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target area (Sodemann et al. 2008). Therefore, to quantify
moisture contributions from different sources to the precipi-
tation in the study area, we apply a source attribution
method proposed by Sodemann et al. (2008). The details are
as follows:

1) The effective change in specific humidity, denoted as Qt,
is set to zero when the evaporation rate is less than or
equal to the precipitation rate (et 2 pt # 0).

2) Qt is temporarily set to Dqt when et 2 pt . 0. The calcula-
tion of the final Qt depends on moisture budget of all

FIG. 5. (a) Distribution of the seven relevant moisture sources used in the present study. Shad-
ings indicate the topography. IO, SCS, PO, SWC, EC, Local, and EA represent the Indian
Ocean, the South China Sea, the Pacific Ocean, Southwest China, East China, the local area,
and Eurasia, respectively. (b) Moisture contributions from the seven sources to the total
moisture of rainfall over Henan Province during the TC-active periods (sky-blue columns) and
TC-inactive periods (pink columns) and the associated differences (dark-orange and royal-blue
columns) between the two periods.
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time after time t, excluding the final time reached the
target grid. For any time t′ after time t, if Dqt′ , 0, Qt is
proportionally decreased as follows:

Qt 5 Dqt 3
q′t

qt′2Dt

: (3)

When Dqt′ . 0 maintained,Qt is kept equal to Dqt.
3) The effective water vapor contribution ratio from region A

to the target area CR(A) can be express as the following
formula:

CR(A) 5 ∑Q(A)
∑Qt526

3 100%, (4)

where ∑Qt526 is the total moisture content of all air par-
cels at the time of last 6 h before arriving at the target
area, and ∑Q(A) is the total of effective changes in spe-
cific humidity at region A.

3. The influence of TC on moisture contributions for
rainfall over Henan Province

The averaged geopotential height at 500 hPa and the mois-
ture flux at 850 hPa over East Asia for all TC-active and TC-
inactive periods during July–August of 1979–2021 are shown
in Fig. 2. Compared with TC-inactive periods, the intensity of
WNPSH is significantly weakened during TC-active periods,
with the western edge of WNPSH (represented by the con-
tour line of 588 dagpm) moving eastward to nearly 1368E.
Meanwhile, a pair of anomaly cyclone, centered to the east of
Taiwan island, and anticyclone, centered over the Japan Sea,
can be observed south and north of about 328N (Fig. 2c). As
a result, an abnormal easterly airflow is seen in the lower
troposphere (850 hPa) from the WNP to East China during
TC-active periods. Meanwhile, there is a significant anomaly
moisture flux from the Pacific Ocean, with its maximum reach-
ing 0.06 m s21 kg kg21 (Fig. 2c).

We further investigate the moisture transport for the July–
August precipitation over Henan Province using the HYSPLIT
model. There are roughly three moisture pathways (Figs. 3a,b)}
the southwesterly path from the Bay of Bengal (BoB; path 1),
the southeasterly path from the WNP (path 2), and the westerly
path from the Mediterranean (path 3)}in the mean states of
both periods (TC-active and TC-inactive periods). Path 1 brings
moisture from the Indian Ocean to Henan via the Indo-China
Peninsula and South China. Moisture from the Pacific Ocean
(path 2) is transported to Henan Province via eastern China.
Moisture from the Mediterranean (path 3) experiences a rela-
tively long journey to the target area. These air parcels travel
through west and central Asia, Siberia, and Mongolia before
they reach Henan. The trajectory frequency differences be-
tween TC-active and TC-inactive periods are shown in Fig. 3c.
The trajectory frequency from the Pacific Ocean is notably
higher during the TC-active periods than that during the TC-
inactive periods due to circulation differences, which are consis-
tent with the anomalous easterly wind in Fig. 2c. In contrast, the
trajectory frequency from the BoB is significantly reduced in

TC-active periods. The trajectories from the Mediterranean
are comparable for both periods, which is consistent with the
less evident circulation differences over the mid–high latitudes of
East Asia (Fig. 2c).

To quantify the moisture contributions of relevant sources
to the precipitation in the target area and the differences be-
tween the two periods, we use the source attribution method
(Sodemann et al. 2008). Figures 4a and 4b show the distribu-
tions of fractional moisture contribution for each 18 3 18 grid
box during the TC-active and TC-inactive periods, respec-
tively. It is not surprising to see that the grid boxes closer to
the target area tend to have larger moisture contributions
since they experienced less loss and obtain cycles of moisture
due to the short distance. In our case, the region with higher
moisture contributions stretches southward from the Henan
Province, which is tightly linked with the mean southwesterly

FIG. 6. Spatial distributions of mean geopotential height
(contours; unit: dagpm) at 500 hPa, moisture flux (shading; unit:
1023 m s21 kg kg21), and horizontal wind fields (vectors; unit:
m s21) at 850 hPa over East Asia during (a) the “21?7” event and
(b) the associated differences between the “21?7” event and the
TC-active periods. Dotted regions in (b) present the 99% confi-
dence level for geopotential height at 500 hPa and moisture flux at
850 hPa, and black vectors in (b) present the 99% confidence level
for horizontal wind fields at 850 hPa based on Student’s t test. The
black solid rectangle indicates the location of Henan Province
which is presented in Fig. 1b.
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monsoon circulation. Comparing the TC-active and TC-inactive
periods, there is an obvious dipole pattern of anomaly mois-
ture contribution with southwestward contributions reduced
and southeastward contributions enhanced during TC-active
periods (Fig. 4c). The anomaly dipole pattern coincides with
the anomaly cyclonic circulation in TC-active periods (cf. Figs. 4c
and 2c).

To quantify the influence of TC on moisture contributions
from different source regions, moisture contributions for
seven subregions (Fig. 5a) are calculated, including the Indian
Ocean (IO), the South China Sea and its adjacent area (SCS),
the Pacific Ocean (PO), Southwest China (SWC), East China
(EC), Eurasia (EA), and local area (Local). The moisture
contributions and the associated differences between the TC-
active periods and the TC-inactive periods are shown in Fig. 5b.
Compared with the TC-inactive periods, moisture contributions
from the PO, EC, and Local regions increase, while those from
the other four moisture sources decrease. The maximum in-
crease in amplitude by 48.32% (16.73% versus 11.28%) is ob-
served over the PO. For EC, its moisture contribution increases
from 7.84% to 9.44%, with a magnitude of 20.42% during the

TC-active periods. The fractional increase in moisture contri-
butions from Local is relatively low (2.89%). On the other
hand, the total moisture contribution from the IO and the
SWC, along the southwesterly moisture path of Henan Prov-
ince, is reduced from 18.13% to 13.21%, with the maximum
decrease magnitude of 231.90% (12.64% versus 8.61%) over
the IO. Meanwhile, the EA also shows a considerable moisture
decrease by28.81%, while the fractional change in moisture con-
tributions from SCS is relatively low (26.92%).

4. How extreme is the “21?7” event in moisture
transport?

During the “21?7” event, the TC Infa helped establish the
easterly moisture channel and contributed to the intensi-
fication of the extreme precipitation (Fig. 6a; Yin et al. 2022;
X. Zhang et al. 2021). Relative to the mean state of the TC-
active periods, the anomaly easterly moisture flux, between the TC
Infa and the northward WNPSH, could reach 0.1 m s21 kg kg21

or more. Indeed, the observed low-level easterly jet, rather than
the southwesterly flow in the mean state, becomes the main

FIG. 7. Spatial distribution of the effective trajectory frequency (shading; unit: %) during
(a) the “21?7” event and (b) the associated differences between the “21?7” event and TC-active
periods of 1979–2021. The red rectangle indicates the area presented in Fig. 1b.
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moisture channel (Fig. 6b), as also noted by previous studies
(Ran et al. 2021; Yin et al. 2022; S. Zhang et al. 2021). The quanti-
tative details of moisture transport for this event are shown in
Fig. 7. Compared with the TC-active periods, substantial in-
creases in moisture trajectories are observed for the easterly and
southeasterly channels during the “21?7” event (Fig. 8). Overall,
the trajectory frequency over PO and EC is sharply increased,
while the frequency over IO is significantly decreased.

The fractional moisture contribution of PO is enormously
increased to 37.87% (Fig. 9), ranking first in the seven source
regions, with an increase amplitude of 126.32% compared
with the mean state during TC-active periods. In contrast,
moisture contribution from the IO is sharply reduced by
98.26%, to a nearly negligible level (0.15%) during this event
(Fig. 9). Moreover, moisture contributions of the EA, Local,
and SCS all decrease significantly by 71.15% (5.51% versus
19.10%), 19.94% (3.93% versus 4.91%), and 16.51% (10.17%
versus 12.18%), respectively. The fractional moisture contri-
butions of EC and SWC during the “21?7” event are compara-
ble to the mean state of the TC-active periods, with changes
of about 5%.

We apply a bootstrap (Efron and Tibshirani 1994) tech-
nique to provide a statistical analysis on how TCs modulate
moisture transport supplied for precipitation in Henan Prov-
ince on a time scale of several days. This also helps us estab-
lish how extreme the moisture transport during the “21?7”
event was. Since the “21?7” event lasted for 6 days, all the
effective trajectories obtained during the TC-active period
in July–August from 1979 to 2021 are resampled into equiv-
alent 6-day blocks. Overall, we generate 10 000 6-day sam-
ples, with each 6-day block consisting of 24 randomly
selected 6-h outputs with replacement, including their three-
dimensional locations and specific humidity. A similar pro-
cedure is applied for the TC-inactive periods. To highlight
the regions with the most significant moisture contribution
increase (PO) and decrease (IO), we calculate moisture
contributions from the PO and IO during TC-active and
TC-inactive periods for all 10 000 samples, and their result-
ing probability distribution functions (PDFs; Fig. 10). The
PDFs all look like normal distributions, suggesting 10 000 times
resampling is large enough to provide statistically significant
analysis.

FIG. 8. The moisture contribution (shading; units: %) to Henan Province during (a) the “21?7”
event and (b) the associated differences between the “21?7” event and TC-active periods of
1979–2021. The red rectangle indicates the area presented in Fig. 1b.
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For moisture contributions from the PO, the mean values
of the distributions are 16.60% and 11.13% (Fig. 10a), re-
spectively, for the TC-active and TC-inactive periods. These
are comparable to the composite mean values, i.e., 16.73%
and 11.28% (Fig. 5b), for the whole period as illustrated
above. The corresponding standard deviations (s) are 3.48%
and 2.82%, respectively. Compared to the TC-inactive periods,
the moisture contributions PDF from the PO for the TC-
active periods shows a shift of the mean value to the higher
side with an insignificant difference in variance. For the “21?7”
event, the PO accounted for 37.87% of moisture contribution
(Fig. 9), which falls outside the 16s for the range of TC-active
and (of course) TC-inactive PDFs, so the occurrence probabil-
ity for such an event is less than 1026.

A similar procedure is applied to evaluate moisture contri-
butions from the IO. In contrast with the PO, the PDFs in
moisture contributions of the IO show a significant shift of the
mean value to the lower side (8.56% versus 12.58%) during
the TC-active relative to TC-inactive periods (Fig. 10b). The
corresponding standard deviations (s) are 2.13% and 2.60%
during the TC-active and TC-inactive periods, respectively.
During the “21?7” event, the moisture contribution from the
IO (0.15%) falls far outside the23s from the mean of the dis-
tributions for the TC-active and 24s from the TC-inactive
PDFs. Therefore, we may safely conclude that for a 6-day
time scale, TC activities could significantly modulate moisture
transport supplied for precipitation over Henan, with a signifi-
cant increase of contributions from the PO. We conclude that,
in terms of the moisture contribution from the PO, the “21?7”
event is a rare and extreme event, with the occurrence proba-
bility being less than one in a million times.

5. Conclusions and discussion

Changes in sources and paths of moisture for precipitation
over North China’s Henan Province associated with the activ-
ities of tropical cyclones (TCs) are not well understood. Using
the HYSPLIT model, we quantified TC-related changes in
moisture sources and paths for precipitation over Henan by a
comparison between the TC-active and TC-inactive periods
during July–August, 1979–2021. Moreover, the moisture trans-
port of the “21?7” catastrophic extreme rainfall event over
Henan is also analyzed. The major conclusions are as follows.

Compared to the TC-inactive periods, the western North
Pacific subtropical high (WNPSH) is weakened during TC-
active periods (Zhong et al. 2019), with the western ridge shift-
ing eastward to about 1368E on average. Correspondingly,
anomaly easterly winds are observed over eastern China and
the adjacent oceans in the lower troposphere. As a result, the
moisture transport flux from the Pacific Ocean (PO) is en-
hanced during TC-active periods.

Using the HYSPLIT model, we show that there are roughly
three moisture paths for precipitation over the Henan Prov-
ince from the Bay of Bengal (BoB), WNP, and the Mediterra-
nean. Accordingly, compared with TC-inactive periods, the
anomaly pattern in moisture contribution during TC-active
periods is demonstrated as a west–east dipole. Moisture con-
tributions from the PO, eastern China and the adjacent
oceans (EC), and the local area (Local) increased by 48.32%,

FIG. 9. Moisture contributions from the seven sources (divided
as in Fig. 5a) to the total moisture of the rainfall over Henan Prov-
ince during the “21?7” event (sea-green columns) and TC-active
periods (sky-blue columns) and the associated differences (dark-or-
ange and royal-blue columns) between the “21?7” event and TC-
active periods.

FIG. 10. Histograms of moisture contributions from the (a) PO
and (b) IO based on the 10 000 samples of the same 6-day blocks,
consisting of 24 times of 6-h results, the same as the time scale of
the “21?7” event, using the bootstrap resampling (with replace-
ment) technique during TC-active (sky-blue bars) and TC-inactive
(pink bars) periods. The sky-blue and pink dashed lines demon-
strate the mean value, and dark-green lines indicate the corre-
sponding moisture contribution during the “21?7” event.
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20.42%, and 2.89%, respectively, while those from the Indian
Ocean (IO), Southwest China (SWC), Eurasia (EA), and
South China Sea (SCS) are decreased by 31.9%, 16.27%,
8.81%, and 6.92%, respectively.

Furthermore, we investigate the role of TC Infa in modulat-
ing moisture transport in the catastrophic “21?7” extreme
rainfall event. Compared to the mean of the TC-active peri-
ods, moisture contribution from PO is substantially enhanced
with an amplitude of 126.32%, while those from the IO and
EA are substantially reduced, with a maximum amplitude of
298.26% observed over the IO. Using a bootstrap method
(with replacement), we generated 10 000 samples of the same
6-day blocks as the “21?7” event. Using this synthetic dataset,
we show that moisture contributions from the PO and IO for
the “21?7” event fall outside the 16s and 23s range, respec-
tively, for the TC-active and TC-inactive probability distribu-
tions. We further define the PSTC-active period as the time
when a TC is observed over the Philippine Sea (198–278N,
1248–1358E), consistent with the area Typhoon Infa remained
in during the “21?7” event. A similar bootstrap procedure in
section 4 is applied for the PSTC-active period to examine the
influence of the TCs, with locations similar to the Typhoon
Infa, on the moisture transport for the “21?7” event (Fig. S2).
Moisture contributions from the PO and IO for the “21?7”
event fall outside the 16s and 24s range, respectively, for the
PSTC-active probability distributions, which is similar to the re-
sults for the TC-active and TC-inactive probability distributions.
Thus, in terms of moisture contribution from the PO, the “21?7”
event is a rarely seen extreme event in moisture transport.

Moreover, we have also calculated the moisture contribu-
tion only when air parcels are below the boundary layer.
Overall, the moisture contributions below the boundary layer
account for about 10%–40% of all moisture calculated from
the whole atmosphere. Note that the main results remain
unchanged with those derived from the whole atmosphere
(Figs. S3–S7). Also, due to the effect of complex terrain, un-
certainties exist in moisture transport calculation, especially
for long-distance moisture transport across mountainous re-
gions such as Southwest China.

In this study, we mainly focus on the differences in moisture
contributions between TC-active and TC-inactive periods to
precipitation in Henan, but we should note that the “21?7” ex-
treme event is under extremely favorable conditions, with not
only the TC activities, but also the northward movement of
WNPSH and the special terrain topography of Henan Prov-
ince. Though we have shown that substantial changes in mois-
ture transport could be associated with TC activities, such
large-scale condition change does not guarantee the occur-
rence of extreme rainfall events. Furthermore, in terms of
changes in moisture transport associated with typhoon activi-
ties, further works need to be done such as to what extent and
how the changed moisture pathways and contributions would
influence the total moisture convergence, the mesoscale de-
velopment, and hence the extreme precipitation.
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