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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 Paci� c (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 Paci� c Ocean (PO), eastern China (EC), and the local
area (Local) are signi� cantly 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 signi� cantly reduced by 2 31.90% (8.61% versus 12.64%),2 16.27% (4.60% versus
5.50%), 2 8.81% (19.10% versus 20.95%), and2 6.92% (12.18% versus 13.09%). Furthermore, the moisture transport for a
catastrophic extreme rainfall event during 17–22 July (“ 21?7” event) in� uenced 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 signi� cantly decreased by2 98.26% (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 the 1 6s 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 Paci� c, 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 Paci � c Ocean (the Indian Ocean) is signi� cantly enhanced (reduced). For
every 1 000 000 six-day events, less than one instance like the“ 21?7” event should be expected.
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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_� oods). 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 Paci� c (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 in� uence 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-
Dṍaz 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 signi� cantly in� uence 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-
ni� cantly in� uence the position and intensity of the western
North Paci� c 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. Signi� cant 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 in� ows 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 in � uence 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 the WNP, 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 2describes
the data and methodology; section 3 illustrates the in� uence 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 5provides 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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