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Abstract. Synoptic forcings have traditionally played a piv-
otal role in extreme rainfall over North China. However,
there are still large unexplained gaps in our understanding
of the formation of extreme rainfall events over this region.
This heavy rainfall event, lasting from 29 July to 2 August
2023 (referred to as the “23-7” event), is characterized by
a long duration, widespread coverage, and high accumula-
tion of rainfall over North China. Overall, the persistent ex-
treme rainfall is closely associated with the remnant vortex
originating from Typhoon Doksuri (2305), Tropical Storm
Khanun (2306), and the unusual westward extension of the
western North Pacific subtropical high (WNPSH), as well
as quasi-stationary cold, dry air masses surrounding North
China on the west and north sides. Based on wind pro-
files and rainfall characteristics, the life cycle of the 23 -7
event is divided into two stages. In the first stage, the west-
ern part of the WNPSH was weakened by Tropical Storm
Doksuri, where it appeared that the WNPSH retreated east-
ward with decreasing height. The marginal zone of this sub-
tropical high then became inclined below 500 hPa. There-
fore, convection was limited by the tilted WNPSH, with
a warm, dry cover embedded in the low-to-middle tropo-
sphere. Meanwhile, mountain areas in the western part of
North China were occupied by cold air masses above ap-
proximately 3.0 km. Combining the orographic and cold-air
blocking, only a thin layer of southeasterly wind (between
1.3 and 3.0km) was able to pass over the mountains. Al-
though the warm and moist southeasterly flows were lifted
by orography, no convection was triggered because of the

local capped cold and dry air masses overhead. Under this
regime, equivalent potential temperature (0.) gradients were
established between warm, humid and dry, cold air masses,
similar to a warm front, causing warm air to lift and gen-
erating widespread but low-intensity rainfall. However, the
lifting was too weak to allow convection to be highly orga-
nized. In the second stage, the WNPSH was further weak-
ened by the enhancement of Khanun, and thus the embed-
ded warm, dry cover associated with the tilted WNPSH was
significantly thinned. Consequently, convection triggered by
orographic blocking was able to extend upward and develop
further, forming deep convection. Generally speaking, the
convection in the second stage is much deeper than that in
the first stage. The results may shed new light on a better un-
derstanding and forecasting of long-lasting extreme rainfall.

1 Introduction

A persistent severe rainfall event occurred over central China
and North China during the period from 29 July to 2 August
2023 (referred to as “23-7” event), which was regarded as
one of the global precipitation extremes of 2023 (Fowler et
al., 2024). Despite the low intensity of the rainfall, it was
long-lasting and widespread, resulting in a large accumula-
tion of rainfall. Overall, the average accumulation of rain-
fall over North China (including Beijing, Tianjin, and Hebei
province) was 175 mm, which was approximately one-third
of the average annual precipitation in this region. Flooding
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from this event affected 1.3 million people, bringing severe
human casualties and economic losses. The sustained severe
rainfall over Beijing left 33 people dead and 18 missing. One
of the distinct features of this rainfall event was closely as-
sociated with the remnant vortex originating from Typhoon
Doksuri (2305), Tropical Storm Khanun (2306), an unusual
westward extension of the western North Pacific subtropi-
cal high (WNPSH), and quasi-stationary cold, dry air masses
surrounding North China on the west and north sides.

It is common for rainfall to occur over North China due
to strong water vapour supply by tropical cyclones over the
East China Sea and/or Southern China Sea (e.g. Ding, 1978;
Feng and Cheng, 2002; Yin et al., 2022c). Like the “96 - 8”
severe rainfall event (Sun et al., 2006; Bao et al., 2024), the
present persistent rainfall event was closely linked to two
tropical storms, Doksuri (2305) and Khanun (2306). Note
that Doksuri weakened to a typhoon remnant vortex (typhoon
low pressure) at the moment that it moved inland after mak-
ing landfall, while Tropical Storm Khanun was in a fast-
developing stage. Tropical Storm Khanun and the typhoon
remnant vortex jointly built a water vapour bridge, transport-
ing a large amount of water vapour to North China from the
East China Sea. Previous studies (e.g. Hirata and Kawamura,
2014; Gao et al., 2022; Yang et al., 2017) have pointed out
that large amounts of water vapour brought by a typhoon over
the North Pacific are favourable for severe rainfall generation
in eastern China.

In the last several decades, considerable attention has been
paid to remote rainfall events associated with tropical cy-
clones, with substantial progress having been made (e.g.
Wang et al., 2009; Xu et al., 2023a, b; Lin and Wu, 2021).
Commonly, sufficient water vapour provided by a tropical cy-
clone plays an important role in extreme rainfall over North
China (e.g. Rao et al., 2023; Xu et al., 2023b). Aside from
this, many studies confirmed that the WNPSH is closely re-
lated to water vapour transportation and the spatial distri-
bution of rainfall (e.g. Hu et al., 2019; Gao et al., 2022).
Additionally, orographic forcing of the approaching warm
and moist unstable airflow plays a critical role in determin-
ing the location of convection initialization, although some-
times orographic forcing plays a small role compared to the
typhoon’s circulation (Wang et al., 2009). Moreover, severe
rainfall can be generated by the complicated cloud micro-
physical processes due to the interactions between tropical
oceanic warm, moist and midlatitude cold, dry air masses
(Wang et al.,, 2009; Xu and Li, 2017; Xu et al., 2021).
Despite some experience gained, there are still large unex-
plained gaps in understanding the formation of extreme rain-
fall (Meng et al., 2019).

Due to the tremendous impacts of the 23 -7 event, many
scholars have carried out studies of the event, focusing on
various aspects. M. Li et al. (2024) provided a detailed anal-
ysis of the fine characteristics of the precipitation using radar
and dense rain gauge observations. Xia et al. (2025) inves-
tigated extreme hourly rainfall from different episodes. Fu
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et al. (2023) paid attention to the effects of dynamic and
thermodynamic conditions on precipitation, while Gao et
al. (2024) focused on the impact of mountain—plain ther-
mal contrast on precipitation distribution. Although opera-
tional forecasts gave a reasonable spatial distribution of pre-
cipitation at that time, the precipitation intensity was un-
derestimated significantly. Indeed, it was found that, during
this event, the unusual westward extension of the WNPSH
played an important role in modulating convection initial-
ization and development, with several unusual features re-
vealed. However, given the unusual westward extension of
the WNPSH, some unexplainable questions have been raised,
to which little attention has been paid to-date. Firstly, what
mechanism(s) could account for the persistent severe rain-
fall? Aside from this, what is the role of the unusual west-
ward extension of the WNPSH in governing the rainfall over
North China? Therefore, we are motivated to conduct the
present modelling study to answer those questions.

The rest of the paper is organized as follows. A detailed
description of the main features of extreme rainfall and
synoptic-scale weather conditions is documented. Section 3
provides the detailed model configuration and verification
against observations. We present a detailed analysis of the ex-
treme rainfall production in Sect. 4. The paper finishes with
conclusions and outlooks.

2 Properties of rainfall and wind profiles
2.1 Characteristics of rainfall

Figure 1 shows the spatial distribution of 96 h of accumulated
rainfall from observations during the period from 00:00 UTC
on 29 July to 00:00 UTC on 2 August 2023, with the peak
amount of 1004 mm at the Liangjiazhuang station near Xing-
tai, Hebei province, in North China. An exceptionally long
duration of rainfall is a notable feature of the event, with
the longest duration being 80h within the 4d at some sta-
tions. The spatial distribution of the rain belt with three se-
vere rainfall cores is consistent with the orographic direction
of the Yanshan Mountains to the north as well as of the Tai-
hang Mountains to the south, suggesting that orography plays
an important role in the precipitation. It should be empha-
sized that three rainfall cores, marked by Mentougou (MTG,
741 mm) in Beijing and Yixian (YX, 753 mm) and Xingtai
(XT, 1004 mm) in Hebei province, correspond to the regions
with large topographic gradients (Fig. 1). Please refer to Li
et al. (2024) for a detailed analysis of the fine features of this
rainfall event.

2.2  Wind profiles

The wind profiles observed near MTG, YX, and XT are
shown in Fig. 2. It was found that temporal variations in
horizontal wind fields are distinct during the rainfall event.
Taking the wind profiles near MTG as an example (Fig. 2a),
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Figure 1. Spatial distribution of 96 h of accumulated rainfall (mm,
shading) from the intensive surface rain gauge observations dur-
ing the period from 00:00 UTC on 29 July to 00:00 UTC on 2 Au-
gust 2023; grey contours denote orography from 50 to 1000 m as
marked. Three rainfall cores, Mentougou (MTG) in Beijing and
Yixian (YX) and Xingtai (XT) in Hebei province, are denoted by
squares, with the values in parentheses indicating the maximum ac-
cumulation of rainfall (marked by an X symbol, x) for the respectie
regions. The blue asterisks (x) represent the locations of wind pro-
filer observational stations near the three rainfall cores. The star (v)
symbol indicates the location of Beijing (BJ) (similarly for the rest
of figures).

the easterly or southeasterly wind at the levels below 4 km
increased gradually from 2ms~! at 12:00 UTC on 28 July
to 24ms~! at 12:00 UTC on 30 July 2023. The easterly or
southeasterly wind lasted until 04:00 UTC on 31 July 2023,
turned southerly except near the ground, and then turned
southwesterly around 04:00 UTC on 1 August 2023. After
04:00UTC on 31 July, the wind speed decreased signifi-
cantly and then increased drastically. More specifically, the
wind speed decreased from 8 to 2ms~! and then increased to
14ms~! near 1km above the ground. However, the opposite
variations were observed above 4 km. One can see that the
horizontal wind shifted from southwesterly to southerly, then
back to southwesterly. Overall, the shift in wind direction and
speed altered the vertical wind shear, which directly affected
the development and organization of subsequent convection
(Pucik et al., 2021). Similar variations can also be found
at the YX and XT stations, although the timing of changes
is not synchronized (Fig. 2c, d). The variations proceeded
from south to north, starting first at XT and finally arriving at
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MTG, at the same pace as the typhoon moving from south to
north.

2.3 Synoptic conditions on 28 July 2023

Figure 3 displays a weather chart at 500 hPa at 12:00 UTC on
28 July 2023. One can see that the large-scale flow patterns
show the coexistence of Tropical Storm Khanun (2306) with
a remnant vortex originating from Typhoon Doksuri (2305).!
Note that Khanun was in the rapid development stage then,
while the vortex weakened significantly at that time. Another
important weather system was the WNPSH (denoted by the
588 isoline), with a square-head shape on its western border.
Clearly, a water vapour transportation passage was built due
to the cyclonic circulation of the tropical storm in combina-
tion with the anticyclonic circulation in the southwestern part
of the WNPSH. As a result, central China and North China
were covered by high levels of precipitable water (PW) of
over 68 mm. Similar patterns can be viewed at the level of
850 hPa (not shown).

3 Model configuration and verification
3.1 Model description

In this study, the persistent severe rainfall event is repro-
duced with the Weather Research and Forecasting (WRF)
model version 4.1.3. The WRF model is configured in two-
way nested grids with horizontal grid sizes of 9, 3, and 1 km.
Figure 4 displays the geographical coverage of the WRF
model domains, with 901(nx) x 601(ny), 973 x 1231, and
1231 x 1591 grid points for the outer, intermediate, and in-
ner domains, respectively. The outermost domain (i.e. DO1)
is centred at 115°E, 35°N, and a total sum of 58c levels is
assigned in the vertical, with the model top fixed at 20 hPa.
Since the rainfall is closely associated with the spatial dis-
tribution of the orography over North China (Fig. 1), Shuttle
Radar Topography Mission (SRTM) high-resolution (90 m)
topographic data are employed in the present simulation. It
should be noted that the model vertical level distribution was
carefully tested and has achieved good performance (Yin et
al., 2018, 2020, 2022a, b). The WRF model physics schemes
are configured with the Yonsei University (YSU) scheme for
the planetary boundary layer (Hong et al., 2004) and the re-
vised MMS5 Monin—Obukhov (Jiménez) scheme for the sur-
face layer (Jiménez et al., 2012), as well as the Unified Noah
Land Surface Model (Tewari et al., 2004). The rapid radiative
transfer model (RRTM) (Mlawer et al., 1997) and the Dudhia
scheme (Dudhia, 1989) are used for longwave and shortwave

1Typhoon Doksuri (2305) weakened to a typhoon remnant vor-
tex as it was passing through East China’s Anhui province. The
China Meteorological Administration (CMA) stopped issuing up-
dates on Doksuri at 03:00 UTC on 29 July 2023. The remnant of
Doksuri remained in a vortex in the lower troposphere, although its
wind force diminished as it moved northward.
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Figure 2. Temporal evolution of the wind profile (a full barb is 4 ms™

! and shading denotes wind speed over 10 m s~1) from observations

near (a) MTG, (b) YX, and (¢) XT during the period of 00:00 UTC on 29 July to 00:00 UTC on 2 August 2023. Note that only the wind
profiles below 5 km above the ground were able to be observed due to the limitation of the instrumentation near Xingtai (XT) (see Fig. 1 for

their locations).

radiative flux calculations, respectively. The Kain—Fritsch
cumulus parameterization scheme (Kain, 2004) is utilized for
the outer two coarse-resolution domains but is bypassed in
the finest domain (i.e. D03). The Thompson-ensemble cloud
microphysics scheme is applied to the explicit cloud pro-
cesses (Thompson et al., 2008; Yin et al., 2022a).

The WRF model is integrated for 108 h, starting from
12:00 UTC on 28 July 2023, with outputs at 6 min inter-
vals. The model outputs in the first 12h are considered the
spin-up process and thus are not used for the present work.
The initial and outermost boundary conditions are interpo-
lated from the final operational global analysis of 1° x 1°
data at 6 h intervals from the Global Forecasting System of
the National Centers for Environment Prediction (NCEP). In
order to force large-scale fields consistent with the driving
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fields, grid analysis nudging is activated by performing four-
dimensional data assimilation (FDDA) throughout the model
integration (Bowden et al., 2012; Stauffer et al., 1991). The
innermost domain (i.e. D0O3) outputs are validated and used
for further analysis, and the outermost domain (i.e. DO1) out-
puts are used to demonstrate weather-scale dynamical and
thermal features. The wind profiler and surface hourly obser-
vations are provided by the National Meteorological Infor-
mation Centre (NMIC) of the China Meteorological Admin-
istration (CMA) after strict quality control.

3.2 Model verification

Figure 5 shows the spatial distribution of 96h of accumu-
lated rainfall from the simulation during the period from
00:00 UTC on 29 July to 00:00 UTC on 2 August 2023. Gen-
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Figure 3. Weather chart at 500 hPa at 12:00 UTC on 28 July 2023: geopotential height (black contours at 15 gpm intervals), temperature (red
contours at 2 °C intervals), wind barbs (a full barb is 4 m s_l), and precipitable water (kg m2, shading).
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Figure 4. The WRF model orography (m, shading) and the
nested model domains used for simulations, with the grid sizes of
9km (DO1), 3km (D02), and 1 km (D03).

erally speaking, the WRF model replicates the spatial dis-
tribution of severe rainfall well. The rainfall belt with three
rainfall cores coinciding with the orography is reproduced
well, and the simulated extreme rainfall amount matches well
with the observations. Note that the model produces a 96 h
accumulated rainfall peak of 778 mm over the XT region,
while a maximum rainfall amount of 1004 mm was observed
over the XT region. Despite the simulation underestimating
rainfall over this region, it captures the main features of rain-
fall over central China and North China.
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Figure 5. Same as Fig. 1 but for the simulated rainfall (mm, shad-
ing).
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Figure 6 compares the spatial distributions of daily rain-
fall between observations and simulations during the pe-
riod from 00:00 UTC on 30 July to 00:00 UTC on 2 Au-
gust 2023. From observations, one can see that the daily
rainfall shows obvious variations. On the first day (Fig. 6a),
the rainfall occurred mainly in northern Henan province and
southern Hebei province, on the east side of the Taihang
Mountains, with rainfall cores over 250 mm. On the next
day (Fig. 6b), the rainfall extended significantly northeast-
ward, and a new, strong rainfall core occurred, covering cen-
tral Hebei province and southwest Beijing. On the third day
(Fig. 6c¢), rainfall significantly decreased in both coverage
and intensity, mainly occurring in Beijing and the surround-
ing areas. On the fourth day (Fig. 6d), rainfall moved east-
ward and weakened rapidly. It is apparent that the model re-
produces the evolution of the rainfall well (Fig. 6e-h), with
general characteristics similar to the observations (Fig. 6a—
d).

Figure 7 compares the time series of hourly rainfall rates
between the observations and the simulations over the MTG,
YX, and XT regions. The rainfall event is characterized by
long duration, widespread coverage, and high intensity. As
has been mentioned above, the rainfall extended from the
south to the north, covering Henan province, Hebei province,
and Beijing. The rainfall first occurred in the XT region and
ended around 00:00 UTC on 31 July 2023. In the wake of
that, the rainfall belt moved northeastward, rainfall occurred
over both the MTG and YX regions, and it ended around
00:00UTC on 2 August. The observed timings of initia-
tion and ending of the rainfall event are replicated by the
WRF model well, with the observed peaks reproduced as
well, although there are some timing biases. For example,
the strongest rainfall occurred over the MTG region during
the period from 00:00 to 06:00 UTC on 31 July. However,
the simulated strongest rainfall has a 6 h lag, occurring from
around 06:00 to 12:00 UTC on 31 July, depending on the re-
gion. Overall, good agreement between the simulation and
observations was obtained in terms of the timing and loca-
tion of the spatial distribution of rainfall.

The evolution of the simulated wind profile is presented
in Fig. 8. Similar to the observations (Fig. 2), the simu-
lated easterly wind increased gradually from approximately
12:00 UTC on 29 July, corresponding to the start of the pre-
cipitation (Fig. 6e-h). The horizontal wind shifted from east-
erly to southerly, except near the ground, and then turned
to the southwest, with wind speeds decreasing significantly.
Overall, the variations in the simulated wind profile were
consistent with those observed, indicating that the WRF
model was able to capture the main features of the wind pro-
file well. Based on the wind profile and rainfall features, the
simulated rainfall process is roughly divided into two stages.
The shift moments (roughly marked by thick black lines) are
around 08:00 UTC on 31 July, 20:00 UTC on 30 July, and
16:00 UTC on 30 July for the MTG, YX, and XT regions, re-
spectively. It should be noted that the wind field was signif-
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icantly influenced by Typhoon Khanun (2306) and the rem-
nant vortex originating from Typhoon Doksuri (2305) during
the present event. As the typhoon gradually moved north-
westward and the vortex weakened, the first region to be af-
fected was Xingtai (XT) in the south, then Yixian (YX) in
the centre, and finally Mentougou (MTG) in the north, sug-
gesting that the wind shift occurred at different moments.

4 Unique features of the extreme rainfall

4.1 Dominant dynamic processes for convection
initialization

The evolution of the dynamical and thermal systems of
the rainfall event in the first stage is shown in Fig. 9. Al-
though only a remnant vortex remained over central China
at this time, Typhoon Doksuri had an important influence
on the WNPSH when it was still a super typhoon. Several
days before the rainfall event, Super Typhoon Doksuri was
close to the WNPSH, and the southwest WNPSH edge was
within the typhoon’s outer region. Owing to the inflow mass
flux entering the typhoon region, the southwest part of the
WNPSH was severely weakened by Typhoon Doksuri (Sun
et al., 2015). As a result, the west boundary of the WNPSH
appeared to retreat eastward from 500 to 850 hPa, showing an
inclined vertical distribution on its western boundary, espe-
cially from 700 to 850 hPa. Capped by the inclined WNPSH,
water vapour was mainly transported to North China through
a passage under approximately 850 hPa that was built by the
typhoon remnant vortex combined with Tropical Storm Kha-
nun. At 500 hPa (Fig. 9a), the WNPSH (represented by the
588 isoline) covered a large part of eastern China, with an
unusual westward extension of the northwest corner over
northwestern China. At that time, the northwest corner ex-
tended much further westward compared to its position 12 h
previously (Fig. 3). Similar patterns can be seen at 700 hPa
(Fig. 9b), but the west boundary of the WNPSH (represented
by the 316 isoline) retreated to the East China Sea, except
for the northwest corner. At 850 hPa (Fig. 9¢), the WNPSH
(represented by the 156 isoline) completely retreated to the
western North Pacific, far away from China.

The spatial distribution of the high PW was consistent with
that of a large equivalent potential temperature (6,) of 344 K
at 500 hPa, indicating that the 334 K contour covered a rel-
atively warm and/or wet region (Fig. 9a). Most importantly,
the boundary of the high PW corresponded to a large value of
the potential temperature gradient over 8 K on the east side
and 12K on both the north and west sides. Previous studies
(e.g. Rao et al., 2023) proposed that the heavy rainfall region
was closely connected to the distributions of 6.. Although
the warm and moist conditions were favourable for precipita-
tion, the unfavourable large-scale forcings explain well why
no deep convection formed over this region (marked with a
dashed box in Fig. 9c, d). The convergence, resulting from
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Figure 6. Spatial distribution of (a—d) observed and (e-h) simulated daily rainfall (mm) during the period from 00:00 UTC on 30 July to

00:00 UTC on 2 August 2023.
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Figure 8. Same as Fig. 2 but for the simulations. The black lines denote wind shifts from southeasterly to southerly/southwesterly over the
levels in the low to middle troposphere, which roughly divided the rainfall event into two stages.

changes in wind direction and wind speed, was conducive to
triggering convection. Consequently, the weak convergence
led to weak lifting and consequent precipitation. Since the
convergence occurred at the junction of cold and warm air
masses, like a warm-front rainfall, rainfall formed with low
intensity but a long duration and widespread coverage. It is
important to note that the spatial distribution of rainfall is
usually considered to be consistent with the western bound-
ary of the WNPSH (i.e. the 588 isoline) at 500 hPa. How-
ever, the spatial distribution of rainfall in the present event is
consistent with the dense zone of 6, instead of the western
boundary of the WNPSH. Therefore, in addition to the iso-
line 588 at 500 hPa, the spatial distribution of 8, needs to be
given more attention in future operational forecasts.

The warm and moist features over North China can also
be seen from the cross-section along the line A—B, as shown
in Fig. 10. The western orography region was occupied by
a cold air mass over the levels above 3.0 km. Under the con-
ditions, significant equivalent potential temperature gradients
were established between the warm and cold air masses, sim-
ilar to a warm front. Meanwhile, owing to the blocking of
the orography below 1.3km and the strong cold air mass

Nat. Hazards Earth Syst. Sci., 25, 1719-1735, 2025

above 3.0 km, only the southeasterly flows between 1.3 and
3.0kma.s.l. (kilometres above sea level) were able to pass
over the mountains. It should be noted that although the
warm and moist southeasterly flows were lifted by the orog-
raphy, they could not move further upward to trigger con-
vection because of the local capped cold and dry air masses
overhead. Consequently, convergence mainly resulted from
the changes in wind direction and wind speed caused by up-
ward motion. As the warm and moist air was lifted, conden-
sation occurred and even generated precipitation. It should
be emphasized that the lifting was too weak to allow con-
vection to be highly organized (Fig. 10). For example, the
updraughts in strong, deep-convective systems (e.g. Yin et
al., 2020, 2022c) are 5-10 times as large as the updraughts in
the present event. Therefore, the weak lifting was responsible
for the rainfall with large coverage but low intensity. Aside
from this, the continuous and stable water vapour supply was
another favourable factor for the precipitation.

Also from Fig. 10, one can see that North China was sur-
rounded by warm, dry air masses on the east side and cold,
dry air masses on both the north and west sides. More specif-
ically, the air mass at the levels above 1 km on the east side

https://doi.org/10.5194/nhess-25-1719-2025
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Figure 9. Spatial distribution of geopotential height (blue contours at 40 gpm), equivalent potential temperature (red contours at 2 K intervals,
6e), wind barbs (a full barb is 4 m s_l), and water vapour flux (g s~lem—1hpa—l, shading) from the model DO1 at 00:00 UTC on 30 July
2023: (a) 500 hPa, (b) 700 hPa, (c) 850 hPa, and (d) 925 hPa. The isolines at 588, 316, and 156 are bolded to represent the WNPSH at 500,
700, and 850 hPa, respectively. The convergence zone of southeast and southwest flows is marked by a dashed box in panels (¢) and (d). The
thick black line A-B denotes the location of the cross-section along the water vapour transport pathway used in Fig. 10. Publisher’s remark:

please note that the above figure contains disputed territories.

was over 3 °C warmer than surrounding regions, but the wa-
ter vapour mixing ratio (¢y) was less than 14 gkg~! (humid-
ity was less than 70 %) because this region was controlled
by the WNPSH. The warm, dry cap overhead explains the
absence of convection and rainfall over this region well (see
Figs. 5 and 6). On the north and west sides, the air masses
were dry, with gy less than 2 gkg~!. The air was over 3 °C
colder than the surrounding region, except for the air near the
ground. Since the warm air near the ground might be associ-
ated with radiative heating from the ground owing to being
capped by the cold and dry air overhead, it is understandable
that convection was not enhanced over the mountains.

In the second stage (Fig. 11), obvious differences in dy-
namical and thermal processes can be seen compared to those
in the first stage (cf. Fig. 9). At 500hPa (Fig. 11a), the
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WNPSH expanded further westward, with its western bor-
der reaching western China. It should be emphasized that
the southwestern part of the WNPSH was severely dam-
aged by the rapid intensification of Khanun into a super ty-
phoon. Meanwhile, as the trough deepened over northeast-
ern China, cold air from the north poured southward. Con-
sequently, a north—south orientated 6. dense zone was estab-
lished over eastern China. Similar patterns in 6. and the hor-
izontal wind field can be seen at 700 hPa (Fig. 11b). How-
ever, the WNPSH (represented by the 316 isoline) was fur-
ther disrupted as Khanun continued to intensify; it seems
that the WNPSH retreated to the East China Sea, except for
the northwest corner. The north—south orientated 6. dense
zone largely prevented water vapour from being transported
to North China above 850 hPa, and thus water vapour was

Nat. Hazards Earth Syst. Sci., 25, 1719-1735, 2025
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Figure 10. Vertical cross-section along the line A-B given in Fig. 9
for the following: temperature deviations (blue contours at 2 °C in-
tervals) from their level-averaged values in the cross-section, equiv-
alent potential temperature (red contours at 4 K intervals), the water
vapour mixing ratio (gy in g kgfl , shading), and in-plane flow vec-
tors (vertical motion amplified by a factor of 20) at 00:00 UTC on
30 July 2023. Grey shading denotes terrain.

mainly transported to North China by a shallow southeasterly
flow near the ground (Fig. 11c, d). Consequently, the water
vapour flux was significantly reduced (Fig. 12a). Aside from
this, North China was dominated by southerly flows over lev-
els above 500 hPa, and thus mid-tropospheric wind shear was
significantly enhanced.

As addressed above, it was the variation in environmen-
tal conditions that caused consequent rainfall changes in na-
ture. In particular, the shift in the wind field brought changes
in thermodynamic processes and water vapour sources. Be-
fore the wind shift (Figs. 9 and 10), water vapour was mainly
from the East China Sea, associated with the cyclonic circu-
lation of the typhoon remnant vortex, Tropical Storm Kha-
nun, and southeasterly flow below 925 hPa. After the shift,
water vapour flux was significantly reduced from both south-
westerly and southeasterly flows (Fig. 11). Under such a
framework, convection was largely triggered by orographic
blocking and the lifting of southerly and/or southwesterly
flows as convective instability air approached the orogra-
phy (Fig. 12). Unlike in the first stage, convection devel-
oped further northward over mountains, forming deep con-
vection (Fig. 12b), which might be attributed to the fact that
the cold air on the north side moved northward. Generally
speaking, the convection in the second stage is much stronger
and deeper than that in the first stage. Consequently, the rain-
fall intensity increased compared to the intensity in the first
stage (Fig. 7d, e).

4.2 Moisture budget

The shift in wind direction and speed implies a change in wa-
ter vapour source and rainfall properties (Fig. 13). As stated
above, water vapour was mainly from the East China Sea,
associated with the cyclonic circulation of Typhoon Kha-
nun before the wind shift, and was fuelled by the southeast-
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erly flow below 925hPa. After the shift, the water vapour
supply was significantly reduced due to both southwesterly
and southeasterly flow variations. Figure 13 shows the time—
height cross-sections of moisture flux across the eastern,
southern, western, and northern boundaries and the total lat-
eral boundary moisture flux for the MTG region. The mois-
ture flux is calculated as

L
QFluX:/ gyvdl.
0

Here, QFlux is the moisture flux across one of the four
boundaries, and gy, v, and L are the water vapour mixing
ratio, wind vector, and the length of the boundary, respec-
tively. The TOT is a summation of the QFluxes from the four
boundaries by taking inward (outward) as positive (negative).

One can see that the MTG region experienced vig-
orous lower-to-middle level inward (outward) moisture
fluxes across the eastern and southern (western and north-
ern) boundaries. For the eastern boundary (Fig. 13a), the
inward moisture flux began to increase gradually from
00:00UTC on 29 July, with the maximum values over
13500kgkg~ ! m?s~! occurring between 12:00 UTC on
30 July and 00:00 UTC on 31 July 2023. Then, the in-
ward flux moisture decreased rapidly and even transformed
into the outward flux at 00:00 UTC on 1 August 2023.
The inward moisture flux was mainly concentrated below
3 km a.s.l. because the upper levels were capped by the warm,
dry air masses associated with the WNPSH (cf. Figs. 9
and 10) movement. However, owing to weak lifting, most of
the water vapour flowed out through the western boundary
(Fig. 13b). Meanwhile, part of the water vapour was trans-
ported in this region from the southern boundary, except for
the lower levels from 00:00 UTC on 30 July to 00:00 UTC on
31 July 2023 (Fig. 13d). The outward flow of water vapour
was caused by the northeasterly branch around flow due to
the blocking of the Yanshan Mountains. Similar patterns can
be found at the northern boundary, with almost the same out-
ward water vapour flux (Fig. 13c). The temporal evolution of
the water vapour flux across the eastern boundary is consis-
tent with that of rainfall over this region (Figs. 13a and 7d),
suggesting that rainfall formation was dominated by the in-
ward flow of water vapour from the eastern boundary. Over-
all, the inward net moisture fluxes were concentrated in the
lower troposphere between 0.5 and 1.5km (Fig. 13e), sug-
gesting that most of the water vapour was consumed by con-
densation in this layer. Despite the high water vapour flux,
the water-vapour-rich layer is too thin (about 1km) to be
favourable for the formation of severe rainfall. Similar pat-
terns can be found over both the YX and XT regions (not
shown), although there were temporal and quantitative dif-
ferences.

In the second stage, the north—south orientated 6. dense
zone largely prevented water vapour from being transported
to North China by southeasterly flows from the East China
Sea, and thus water vapour was mainly transported to North
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Figure 11. Same as Fig. 9 but for 08:00 UTC on 31 July 2023. The thick black lines A-B and C-D denote the locations for the cross-sections
in Fig. 12. Publisher’s remark: please note that the above figure contains disputed territories.

China across the southern boundary (Fig. 13b, d). It is un-
likely that the water vapour was mainly provided by the
southeasterly (southwesterly) flow below (above) 500 hPa.
Figure 13 shows the time-height cross-sections of the mois-
ture fluxes. It can be seen from Fig. 13 that the amount of wa-
ter vapour flux decreased significantly. Despite the thicken-
ing of the water vapour flux layer associated with the souther-
ly/southwesterly flows, the water vapour flux is much smaller
compared to that of the first stage. Therefore, the wind shift
had strong effects on the reduction in water vapour flux and
consequent rainfall over North China. The same results can
also be obtained in the YX and XT regions (not shown).
It is worth emphasizing that strong hourly rainfall occurred
during the wind shift period (cf. Figs. 2, 7, and 8), suggest-
ing that the changes in wind direction enhanced wind shear
and thus promoted the development of convection and conse-
quent precipitation under moisture and instability conditions
(Chen et al., 2015; Rotunno et al., 1988; Schumacher and
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Rasmussen, 2020). Therefore, it is important to pay special
attention to environmental wind alterations in future remote
rainfall forecasts.

4.3 Properties of convection

Figure 14 shows the temporal evolution of maximum up-
ward motion and radar reflectivity over the MTG region
during the rainfall period from 00:00 UTC on 29 July to
00:00 UTC on 2 August 2023. In the first stage (i.e. before
08:00 UTC on 31 July), most of the maximum updraughts
were less than 3ms~!. Owing to the weak updraughts, the
storm did not stretch as high as typical convective systems
over North China, with hydrometeors concentrated on the
levels with a temperature above 0°C (Fig. 14a). As ad-
dressed above (Fig. 10), weak updraughts were attributed
to the unfavourable large-scale conditions. The vertical dis-
tribution of hydrometeors indicates that the warm-rain pro-
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Figure 12. Vertical cross-sections along the lines (a) A-B and
(b) C-D given in Fig. 11 for the following: equivalent potential tem-
perature (6, red contours at 4 K intervals), the water vapour mixing
ratio (gy in gkgfl, shading), and in-plane flow vectors (vertical
motion amplified by a factor of 10) at 08:00 UTC on 31 July 2023.
Grey shading denotes terrain.

cesses were dominant in the persistent rainfall event. The re-
sult is consistent with the layer of water vapour consumed
between 0.5 and 1.5km (Fig. 13e). It is unlikely that the
maximum updraught was over 11 ms~! in the second stage
(i.e. after 08:00 UTC on 31 July), which is much stronger
than that in the first stage (Fig. 14). Correspondingly, the
radar reflectivity penetrated through the 0°C level, with a
cloud top exceeding 12 km, indicating that both warm- and
cold-rain processes were active in this stage. Correspond-
ingly, the intensity of hourly rainfall increased significantly,
with the maximum value exceeding 100 mm (Fig. 7d). Gen-
erally speaking, there are larger strong convective areas in
the second than in the first stage. The same features were
also found in the regions of YX and XT (not shown). Un-
like the usual short-duration heavy rainfall in North China
(Mao et al., 2018; Xia and Zhang, 2019; Yin et al., 2022b;
H. Li et al., 2024), this precipitation was mainly dominated
by warm-cloud processes (Fig. 14), consistent with observa-
tions (e.g. Fu et al., 2023). As addressed above, the weak up-
draughts with warm, moist air were responsible for persistent
but low-intensity rainfall. A detailed analysis of cloud micro-
physical processes for this event will be given in a forthcom-
ing study, in which all microphysical source and sink terms
will be explained.
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Figure 13. Time-height cross-sections of the moisture fluxes
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5 Conclusions and outlook

In this study, we examined the convective initiation and sub-
sequent persistent heavy rainfall over North China during
the period from 29 July to 2 August 2023 in terms of ob-
servations and simulations with the WRF model. From ob-
servations, the rainfall was characterized by a long duration
and widespread coverage but low intensity, like a warm-front
rainfall. Firstly, the persistent severe rainfall event was repro-
duced by the WRF model. Further analysis based on the sim-
ulations shows that this persistent precipitation was caused
by the combination of a remnant vortex originating from Ty-
phoon Doksuri (2305), Tropical Storm Khanun (2306), the
western North Pacific subtropical high (WNPSH) with an
unusual westward extension of the northwestern corner, and
stable cold, dry air from over northern China.

According to the simulated wind profiles and rainfall fea-
tures, the persistent heavy rainfall event was divided into two
stages. Figure 15 summarizes the synoptic-scale forcings and
possible dynamic mechanisms for the persistent heavy rain-
fall. In the first stage (Fig. 15a), a water vapour transportation
passage was built by a typhoon remnant vortex and Tropical
Storm Khanun, providing a stable warm, moist water vapour
supply. Several days before the rainfall event, the southwest-
ern WNPSH was within Typhoon Doksuri’s outer region,
and thus the southwestern WNPSH was weakened by Trop-
ical Storm Doksuri. It appears that the west boundary of the
western North Pacific subtropical high (WNPSH) retreated
eastward from 500 to 850 hPa, showing an inclined vertical
distribution on the western boundary, especially from 700 to
850 hPa. Capped by the inclined WNPSH, water vapour was
mainly transported to North China through a water vapour
passage under approximately 850hPa (Fig. 10). Although
the warm and moist regions were favourable for precipitation
over North China, organized strong convective systems were
infrequent because of the absence of favourable large-scale
conditions. At the same time, the orography in the western
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part of North China was occupied by a dry, cold air mass over
levels above 3.0 km. Owing to the blocking of orography be-
low 1.3 km and the strong, cold air mass above 3.0 km, only
the southeasterly flows between 1.3 and 3.0km a.s.l. can pass
over the mountains. Although the warm and moist southeast-
erly flows were lifted by the orography, they could not go
further upward to trigger convection because of the locally
capped cold and dry air masses overhead. Under these con-
ditions, significant equivalent potential temperature gradients
were established between the warm and cold air masses, sim-
ilar to a warm front. Consequently, convergence mainly re-
sulted from the changes in wind direction and wind speed
that led to upward motion. As the warm and moist air was
lifted, condensation occurred and generated further precipi-
tation. However, the lifting was too weak to allow convec-
tion to be highly organized (Fig. 14), leading to rainfall with
low intensity but large coverage. Aside from this, the contin-
uous and stable transportation of water vapour provided by
Tropical Storm Khanun ensured stable precipitation over a
long period of over 80 h. Therefore, this event shows similar
rainfall features to those of warm-front rainfall, with a long
duration and widespread coverage but low intensity.

In the second stage (Fig. 15b), the WNPSH further ex-
panded westward at 500 hPa, with its western border reach-
ing western China. However, the southwest part of the
WNPSH was further damaged by the rapid intensification
of Khanun into a super typhoon. Consequently, the embed-
ded warm, dry cover associated with the tilted WNPSH sig-
nificantly thinned, favouring convective development. Mean-
while, as the trough deepened over northeastern China, cold
air from the north poured southward. Consequently, a north—
south-orientated equivalent potential temperature (6.) dense
zone was established over eastern China, which largely pre-
vented water vapour from being transported to North China
(Fig. 12a). However, owing to the clockwise-rotated south-
easterly flow, a deep southerly/southwesterly flow was built
over North China. The convection was triggered by oro-
graphic blocking and the lifting of southerly/southwesterly
flows as the air of the convective instability approached the
orography. Unlike the first stage, the convection developed
further northward over the mountains, forming deep convec-
tion. It should be noted that the northward-moving cold air
on the north side was another favourable condition. There-
fore, the convection in the second stage is much stronger and
deeper than that in the first stage, although the water vapour
flux is smaller in the second period. Consequently, the rain-
fall intensity increased compared to that in the first stage.
Correspondingly, both warm- and cold-rain processes were
active in the second stage, while warm-rain processes were
dominant in the first stage.

In this study, we have gained the principal results of the
persistent heavy rainfall event. It is important to note that
the spatial distribution of rainfall is usually consistent with
the western boundary of the WNPSH (i.e. the 588 isoline)
at 500 hPa. In the present event, the spatial distribution of
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Figure 15. (a) Three-dimensional diagram of the mechanisms for the persistent heavy precipitation in the first stage. Several distinct synoptic
systems, including Tropical Storm Khanun (2306), a remnant vortex originating from Typhoon Doksuri (2305), quasi-stationary cold, dry
air masses, and an abnormal western North Pacific subtropical high (WNPSH) with inclined vertical distribution on the western boundary
(thick black line), are present. Blue lines marked with 588 and 156 represent the WNPSH at 500 and 850 hPa, respectively. Red lines denote
the spatial distribution of the equivalent potential temperature (0¢) dense zone between 336 and 344 K. At 850 hPa, black arrows indicate jets
with wind speed over 12 m s~! and shading denotes water vapour flux. Orange shading indicates 96 h of accumulated rainfall over 200 mm,
blue contours denote sea level pressure, grey arrows denote surface (i.e. z = 10 m) horizontal wind with wind speed over 5m s~!, and black
contours indicate orography (m). (b) Same as (a) but for rainfall in the second stage. Publisher’s remark: please note that the above figure
contains disputed territories.
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rainfall is consistent with the dense zone of 6. rather than
the western boundary of the WNPSH. Therefore, in addi-
tion to the 588 isoline, the spatial distribution of 6. needs
to be given more attention in future operational forecasts.
Aside from this, we should give weight to environmental
wind shifts, which may lead to changes in convection and
the nature of consequent precipitation. Although reasonable
dynamic mechanisms for the present persistent heavy rain-
fall have been proposed, there are still several questions that
need to be answered. Among those, more work is required
to understand detailed cloud and precipitation processes. In
addition, diagnostic and budget analyses will be conducted
to understand how the orography facilitates the generation
of the rainfall belt with three rainfall cores along the moun-
tains. Nevertheless, the concept of synoptic-forcing-based
forecasting is discussed, as it might apply to a broader spec-
trum of forecast events than just over North China.

Code and data availability. The source code of the Weather Re-
search and Forecasting model (WRF v4.1.3) is available at https://
github.com/wrf-model/WRF/releases (NCAR, 2024). The National
Centers for Environmental Prediction (NCEP) Global Forecast Sys-
tem 1° final analysis data at 6 h intervals used for the initial and
boundary conditions for the specific period analysed can be down-
loaded at https://doi.org/10.5065/D6M043C6 (National Centers for
Environmental Prediction et al., 2000). The modified WRF model
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