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Abstract

From July 19 to 21, 2021, Henan, a province in northern China (NC), was affected by severe flooding (referred to

hereafter as “21-7”) caused by a prolonged record-breaking extreme precipitation (EP) event. Understanding the extremes of the
large-scale circulation pattern during “21-7” is essential for predicting EP events and preventing future disasters. In this study, daily
atmospheric large-scale circulations over NC in the summers from 1979 to 2021 were investigated using the circulation classifi-
cation method of an obliquely rotated principal component analysis in T-mode (PCT). The geopotential heights at 500 hPa and 925
hPa were applied successively in classification. Among the nine summer circulation patterns found at 500 hPa, the three days of
“21-7” belonged to the Type 8 pattern, which had the second highest probability of EP days among all patterns. It was characterized
by a southeasterly wind toward North China Plain driven by a dipole geopotential height field, with the West Pacific subtropical
high (WPSH) extending far north to 30°N and low pressure to the south near NC. Tropical cyclones (TCs) occurred on 72.5% of EP
days, in which larger amounts of precipitation and a longer duration of EP days were found along the mountains in NC, as compared
with other patterns. The distribution of EP events under this pattern was mainly influenced by the location of the low pressure at
925 hPa in the dipole. The subtype 8-3 circulation, with low pressure in the east of Taiwan Island, included “21-7” and accounted
for 1.6% of all summer days. Typhoon In-fa, together with the WPSH, gave rise to intense column integrated moisture flux
convergence (IMFC) via the southeasterly wind to Henan, which occurred continuously during the 3 days of “21-7”, resulting in the
largest (second largest) mean IMFC among 3 consecutive EP days under type 8 (all types) during the past 43 summers in NC.
Further analysis revealed that the large-scale dynamic process could not completely explain the record-breaking EP during “21-7”,
indicating possible contributions of other dynamic processes related to meso-scale convective storms.
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1. Introduction

Henan Province, located in northern China (NC), experi-
enced three consecutive days of extreme precipitation (EP)
with record-breaking daily accumulated precipitation at 20
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national operational weather stations from July 19 to 21,
2021 (Figure 1; referred to as “21-7” hereafter). Maximum
hourly rainfall of 201 mm and daily precipitation of 624 mm
were observed at the Zhengzhou weather station on July 20,
2021 (Yin et al., 2022). There were nine stations with 3-day
precipitation reaching 500 mm in Henan (Figure 1). The EP
led to floods, urban water logging, debris flows, and house
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Accumulated precipitation from (a) 0800 LST July 19 to 0800 LST July 22, (b) 0800 LST July 19 to 0800 LST July 20, (c) 0800 LST July 20 to

0800 LST July 21, and (d) 0800 LST July 21 to 0800 LST July 22. Crosses in (b)—(d) indicate that precipitation at the station reached a historical maximum
daily amount in the summers of 1951-2021. Hebei (Hb), Beijing (Bj), Henan (Hn), and North China Plain (NCP) are shown. Gray shading denotes the terrain
height. The mountains are marked. The black circle shows the location of the Zhengzhou rain gauge station. The cross marks from north to south denote

Beijing, Tianjin, and Shijiazhuang, respectively.

collapses, and caused 398 deaths and an economic loss of
120.06 billion RMB Yuan, according to a government dis-
aster report (Disaster Investigation Team of The State
Council of China, http://www.gov.cn/xinwen/2022-01/21/
content 5669723.htm). Northern China has frequently been
subject to urban water logging and flash floods due to EP
during summer in recent years, including EP events in
Beijing on July 21, 2012, and July 16, 2018, and in Hebei
province on July 19, 2016 (Zhou et al., 2013; Zhang et al.,
2013; Xia and Zhang, 2019; Cao et al., 2020). As the Yan,
Taihang, and Qinling Mountains run along the northern and
western parts of NC, according to 2020 statistics, the human
population is concentrated on the plains parallel to the
mountains (National Bureau of Statistics of China, data.stats.
gov.cn). Most of the cities except Tianjin along the Taihang
and Yan mountains in the North China Plain (NCP) have
populations exceeding 5 million, and four cities (Zhengzhou,
Beijing, Tianjin, and Shijiazhuang) have populations ex-
ceeding 10 million. Interestingly, all four cities are near the
delta region (Figure 1a). The topography may facilitate the
initiation and maintenance of mesoscale convection bringing
intense precipitation through lifting or mountain-valley cir-
culation processes with the summer monsoon circulation
(Yin et al., 2011; Zhong et al., 2015; Pan and Chen, 2019);
thus, affecting the safety of the human population and the
economy in NC. It is, therefore, necessary to obtain a better
understanding of when and where EP events in NC have

occurred and will occur in the future.

Extreme precipitation can be associated with daily large-
scale circulations (Liu et al., 2016; Zhao et al., 2019; Da-
venport and Diffenbaugh, 2021). It has been reported that the
sources of uncertainty in climate projections are largely due
to large-scale circulations (e.g., Shepherd, 2014; Zappa et al.,
2015). Additionally, EP events are often correlated with
convective storms (e.g., Dowdy and Catto, 2017; Ng et al.,
2022; Zhao, 2022) and large-scale circulation could result in
conditions favorable for the occurrence of convection.
Therefore, an investigation of the daily large-scale atmo-
spheric circulations associated with EP events may improve
our understanding of key dynamic factors related to EP,
which would be helpful for predicting EP events. Climate
warming and urbanization will lead to more frequent and
intense EP in the summer monsoon region, including NC
(Wang et al., 2021). Clarifying the types of circulation that
are conducive to EP in NC in summer is crucial for both a
scientific understanding and preventing disasters.

Previous research on large-scale circulation-related to EP
in NC has included composite and case studies. A composite
analysis revealed several circulation patterns associated with
EP in NC, including meridian circulation with a northward
and westward extended West Pacific subtropical high
(WPSH) (Tao et al., 1980; Ding and Chan, 2005; Zhao et al.,
2013; Zhao et al., 2019), warm (cold) anomalies in the upper-
level troposphere (Sun et al., 2015), large-scale frontal
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systems, and weakened landfall tropical cyclones (TCs)
(Zhou et al., 2020). However, none of these patterns corre-
sponded to the circulation of “21-7”, with a TC far from the
East China Sea (Yin et al., 2022), suggesting that such EP
events may be relatively low-probability events missed by
previous composite analyses. The large-scale circulation
characteristics of this EP event and its precipitation char-
acteristics, such as the intensity and duration, are largely
unknown.

Case studies related to EP in NC have revealed that a low
vortex (Liao et al., 2013), the combined effects of a sub-
tropical high and upper trough (Cao et al., 2020), low level
jet, extratropical cyclogenesis, and topography lifting (Xia
and Zhang, 2019) are conducive to EP in NC. These case
studies demonstrated the diversity of individual circulations
in EP events and were unable to reveal the common large-
scale circulation characteristics that may be the key dynamic
factors and signals in the projection and forecasting of EP
events.

This study initially used the large-scale circulation patterns
associated with EP in NC between 1979 and 2021 to de-
termine the common key dynamic factors underlying each
circulation pattern. It then sought to clarify whether the
circulation related to “21-7” was extreme.

2. Data and methods

2.1 Observation and reanalysis data

Summer was defined as the period from June 1 to August 31.
Daily accumulated precipitation data were collected from
08:00 LST (local solar time) to 08:00 LST of the next day
from the 617 national meteorological operational rain gauge
stations in NC. Data were obtained from the National Me-
teorological Information Center of the China Meteorological
Administration (CMA; http://data.cma.cn/) and subjected to
quality control. Data from stations missing more than 10% of
records in the 43 summers from 1979 to 2021 were removed,
and the remaining data of 579 stations were used to study
precipitation extremes (Figure 1).

The fifth generation of the European Centre for Medium-
Range Weather Forecasts atmospheric reanalysis data of the
global climate (ERAS) (Hersbach et al., 2020; https://cds.
climate.copernicus.eu/) at 08:00 LST with a latitude-long-
itude grid of 0.25° resolution and 37 vertical levels was
used in a circulation analysis to investigate precursor cir-
culations. In calculations of the daily mean and accumu-
lated column integrated moisture flux convergence (IMFC),
hourly data from 08:00 to 07:00 LST of the next day were
applied.

Hourly precipitation data from 932 hydrological and
10,352 meteorological rain gauge stations was used to
generate daily gridded precipitation data from July 19 to 21,
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2021 with a latitude—longitude grid of 0.01° resolution in the
region of 30°-38°N, 109°-117°E. Hourly and daily data
from each station were compared with the data from sur-
rounding stations. Stations with abnormal data were ex-
cluded as a quality control procedure. Grid data with a
horizontal resolution of 0.01° were generated by the
Cressman interpolation method (Cressman, 1959), with the
radius of influence being reduced from 0.18° to 0.02°. The
grid data were used for verification of ERAS daily pre-
cipitation.

Advanced time of arrival and direction system (ADTD)
lighting location data from July 19 to July 21 2021 obtained
from the China Meteorology Administration was used in the
thunderstorm analysis. The data included the time, location
and polarity of the lightning (Hu et al., 2018; Yao et al.,
2012). The location of the lighting was used in this study.

To analyze the TC activities in each type of summer cir-
culation, the CMA Tropical Cyclone Best Track Dataset from
1979 to 2020 (tcdata.typhoon.org.cn; Ying et al., 2014; Lu et
al., 2021) with 6-h intervals was applied. The track data of
Typhoon In-fa in 2021 were obtained from the National
Meteorological Center. For any given day, TC track data
from 08:00 to 08:00 LST the next day were collected and
only those with tracks in the region 15°-55°N, 95°-145°E
were considered.

2.2 Definition of EP days and dry days

Considering that 100 mm was the criterion for torrential rain
according to the Operational Weather Forecast Agency in
China and the intensity of the 99.9th percentile daily pre-
cipitation was no less than 100 mm at 81.5% of rain gauges
in NC (Figure 2a), daily precipitation no less than 100 mm
was defined as an EP event for each station between 1979
and 2021. Daily precipitation of 100 mm was within the top
third-percentile daily precipitation at all stations in NC
(Figure 2b). Continuous EP events were defined as no less
than two consecutive days of EP events at any given station.
Considering the social impact of precipitation extremes
within certain areas, EP days were defined as days in which
EP events were recorded at a minimum of five stations. In
contrast, dry days were defined as days in which no stations
recorded precipitation above 25 mm in NC, which is the
criterion for heavy rain according to the Operational Weather
Forecast Agency in China. Applying these criteria, 374 EP
days and 613 dry days were identified in the 3956 summer
days from 1979 to 2021.

2.3 Circulation classification method

An obliquely rotated principal component analysis (PCA) in
T mode (PCT) (Huth, 1993, 1996a, 1996b, 2000) was ap-
plied to classify atmospheric circulation patterns. This
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Figure 2 (a) Spatial distribution of the 99.9th percentile of daily precipitation intensity in summer and (b) the percentiles of 100 mm daily summer
precipitation from 1979 to 2021. The black circle shows the location of the Zhengzhou rain gauge station.

method has been used successfully in previous studies of
atmospheric circulation patterns associated with several
weather phenomena in China, such as the EP in spring in NC
(Xu et al., 2022, mesoscale convective systems in central
China (He et al., 2017), and hailstorms across the country (Li
et al., 2016), yielding stable results and explicit physical
explanations. To gain an objective overview of the atmo-
spheric circulations corresponding to EP days over the past
3956 summer days and to avoid false interpolation under
topography, 500 hPa geopotential heights, which can result
in more realistic and physically significant flow patterns in
summer, were applied in the classification. The classification
area was in East Asia (15°-55°N, 95°-145°E). A further
circulation classification at a geopotential height of 925 hPa
was conducted in an NC region (30°-42°N, 110°-122°E)
with the same circulation type as “21-7”.

3. The circulation pattern and its physical ex-
planation

Consistent with the recommended method of determining
circulation types (Huth, 1996b, 2000), daily circulations in
East Asia were classified in to nine types that could explain
83.2% variance of the 500 hPa geopotential heights in the
past 43 summers. In addition to the circulation characteristics
and EP event spatial distributions of the circulation type
related to “21-7”, other leading circulations of EP days in NC
were also investigated.

3.1 Circulation types and related EP event distribu-
tions in NC

According to the classification results, all days during the
period July 19-21, 2021 were classed as Type 8, which was

characterized by a dipole geopotential height field with a low
in southern China and a high in the adjacent seas of northeast
Asia (Figure 3h). The high extended to northeast China at
high latitudes. The transition zone between the high and low
was associated with southeasterly wind from the East China
Sea at 850 hPa to NC (Figure 3h). The WPSH ridge line was
defined as the line within the range of 5880 gpm at 500 hPa,
where the zonal wind speed () was zero and the meridional
gradient of u was above zero (Liu and Wu, 2004; Mao et al.,
2020). The location of the WPSH ridge line of Type 8 cir-
culation was at ~30°N, which was the northernmost location
among all nine circulation types (Figure 3). A correspond-
ingly high frequency of EP events was distributed along the
mountains in the NCP, especially in the delta topography
region in Henan, Hebei Province, and Beijing (Figure 4h).
Especially high frequencies of extraordinary rainstorms
(daily precipitation >250 mm) were distributed in the NCP
along the Qinling Mountains and Yan Mountains (Figure 4h).
A high frequency of EP events was also distributed in the
eastern part of the NCP, with a wide spatial distribution.
Although Type 8 circulation accounted for a small proportion
(8%) of all days in summer, it had the second highest
probability (13.6%) of EP days after Type 5 circulation
(Figure 5a). Additionally, Type 8 circulation EP days had a
continuous characteristic, with 40% occurring on 2 or more
consecutive days, which was the highest proportion among
the nine types (Figure 5a). The precipitation amount of EP
events was also highest for Type 8 among the nine types,
with the largest median, 75th percentile, 90th percentile, and
maximum values (Figure 5b).

In addition to Type 8 circulation, three other types of cir-
culation (Type 1, Type 5, and Type 6) with the WPSH ridge
line north to 25°N contributed 62.3% of the EP days (Figure
3a, 3¢ and 3f). These were the top three leading circulations
contributing to EP days, while Type 2, Type 4, and Type 7,
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Figure 3 Mean geopotential height (shadings) and zero zonal wind speed lines at 500 hPa (dark grey lines; red lines are the ridge lines of the West Pacific
subtropical high), and for horizontal winds at 850 hPa (vectors; unit: m sil) for the nine circulation types in the summers from 1979 to 2021. The three
numbers at the left top of each panel are the numbers of total days, extreme precipitation (EP) days, and dry days for each circulation type, respectively.

with WPSH ridge points south of 25°N, only contributed
12% of EP days in NC (Figure 5a). Type 1 is a type of Meiyu
circulation pattern (He et al., 2017), in which low pressure
was prevalent in NC. The ridge line of the WPSH was lo-
cated at ~25°N (Figure 3a). Extreme precipitation events
with extraordinary rainstorms and continuous EP events
were frequently distributed in the southern NC under Type 1
circulations (Figure 4a). Accounting for most of the EP days
in NC, Type 5 circulations had the most westward extended
subtropical high and low pressure covered eastern Mongolia
(Figure 3e). Type 5 was a meridional circulation (Tao et al.,
1980) with southwesterly wind prevailing in the eastern part
of NC. The EP days under Type 5 were frequently distributed
in the eastern parts of NC (Figure 4¢), while EP events with
extraordinary rainstorms were frequently distributed in the
NCP along the Yan Mountains and Taihang Mountains.
Continuous EP events were frequently distributed in south-
ern NC under Type 5 circulations (Figure 4e). The circula-
tions of EP events on July 21, 2012, and July 19, 2016, were
classified as Type 5. Compared with Type 5 circulations, the
low pressure in Mongolia associated with Type 6 circulations

was further north and the WPSH under Type 6 circulations
was further east, leading to a weaker southwesterly wind in
the eastern part of NC (Figure 3f). Accordingly, the fre-
quency of EP events under Type 6 circulations was lower
than under Type 5 circulations, and EP events were prone to
occur in the NCP along the mountains (Figure 4f).

Although Type 1, Type 5, and Type 6 circulations con-
tributed more EP days than Type 8 circulation, only 26%,
25%, and 29% of EP days under Type 5, Type 6, and Type 1
circulations were continuous, while the corresponding rate
under Type 8 circulation was 40% (Figure 5a). Additionally,
EP events with extraordinary rainstorms and continuous EP
events under Type 8 were distributed in the NCP along the
mountains in NC, especially in the delta topography regions
in Henan, Hebei, and Beijing (Figure 4h).

In summary, compared with the leading EP day circula-
tions of Type 1, Type 5, and Type 6 circulations, all of which
were characterized by southwesterly winds in lower tropo-
sphere, Type 8 circulation, which was characterized by
strong southeasterly wind, was more likely to produce con-
tinuous EP days or EP events with large amounts of pre-
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Figure 4 Color-coded frequencies of EP events under each circulation type. Stars mark the stations where extraordinary rainstorms (daily precipitation
exceeding 250 mm) occurred at least once. Large marks indicate stations where continuous EP events occurred at least once. Grey shade represents the terrain
height. Light grey shading indicates elevation higher than 500 m but lower than 1,500 m. The dark grey shaded areas represent elevation over 1,500 m.

cipitation along the mountains in the NCP, especially in the
delta region.

3.2 Common large-scale dynamic processes related to
EP days under Type 8 circulation

Although Type 8 circulation promoted EP days in NC, only
13.6% of days under Type 8 circulation were EP days, in-
dicating the diversity of circulation. It was therefore con-
sidered important to determine if differences existed between
EP days and dry days under Type 8 circulation.

In the dipole geopotential height field, the high and low
pressures on EP days were stronger than average (Figure 6a
and 6¢). The WPSH was significantly stronger and extended
further westward to NC, leading to stronger pressure gra-
dients in the area from the East China Sea to NC, supporting
a stronger southeasterly wind at lower levels. This resulted in
a significantly stronger southerly wind from the East China
Sea to NC at low altitudes, bringing more moisture and warm
air with a higher equivalent potential temperature to NC on
EP days (Figure 6a, 6¢c and 6d). The WPSH was further

eastward on dry days in comparison to EP days (Figure 6c).
Although dipole geopotential height fields were also iden-
tified, they were in a different location on EP days. Large
pressure gradients were observed in the East China Sea,
while NC was dominated by northeasterly winds at 850 hPa
(Figure 6¢) on dry days.

To qualify the moisture transport by the significantly
strong southerly winds under Type 8 circulation, we also
composited the vertically integrated water vapor transport
(IVT), which is defined as:

p
VT =1 | gVap, )

g Fte
where g is the acceleration due to gravity, ¢ is the specific
humidity, V is the horizontal wind, py is the surface pres-
sure, and p was set to 300 hPa.

The IVT on EP days was significantly stronger than the
average in NC (Figure 7a, 7c, and 7d). A large IVT center,
with a maximum IVT > 500 kgm ' s ', occurred from the
East China Sea to NC, bringing abundant moisture to NC

(Figure 7a). However, EP events were mainly distributed
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in the NCP along the mountains and eastern NC, sug-
gesting that there may be more key large-scale dynamic
factors related to EP events under Type 8 circulation, such
as topographic lifting and atmospheric dynamic con-
vergence.

According to the conservation of water vapor in pressure
coordinates (Banacos and Schultz, 2005):

Be

- ja‘ld - jv (qV)dp, )

where P is precipitation, £ is evaporation, and the overbar
represents a vertically integrated quantity. If evaporation is
small in areas of intense precipitation and saturation, the
above equation could be simplified as:

sfc

"0q
Pig I Lap I V- (qV)dp. 3)
where the term on the right hand side is the IMFC. In in-
P

sfc

tensive precipitation, the term — I 2 —-dp, which is the local

time variation of column integrated water vapor, is smaller
compared to IMFC. Therefore, the IMFC is directly related
to the local precipitation. Here, we calculated the IMFC from
the surface to 300 hPa. A composite analysis (Figure 7a, 7¢
and 7d) revealed a significantly stronger IMFC in the NCP
along the mountains in NC on EP days in comparison with
the average and dry days, especially in the delta topography

region in Henan, Hebei, and Beijing. The IMFC was also
significantly stronger in the eastern part of NC (Figure 7d),
which was consistent with the spatial distribution of EP
events in Type 8 circulation (Figure 4h).

To understand how extreme the large-scale circulation
during the “21-7” flood was, the composite average of the 3
days was analyzed (Figure 6b). A more northwestward ex-
tended WPSH and stronger low pressure extended from
southwestern China to NC. The low associated with Typhoon
In-fa, which was included in the composite average of the 3
days, was stronger than that on Type 8 EP days. There was a
strong southeasterly wind in Henan Province and adjacent
regions, which promoted the prolonged extreme IMFC
(Figures 6b and 7b).

There were obvious circulation differences between EP
and dry days under the same Type 8 circulation conditions,
however, EP “hot spots” exist in several different locations,
as shown in Figure 4h. We further categorized Type 8 cir-
culation days into groups based on the 925 hPa geopotential
height, to determine the dominant factor in the location di-
versity of EP events. Daily circulations in NC under Type 8
conditions were classified into five sub-types (Type 8-1,
Type 8-2, Type 8-3, Type 8-4, and Type 8-5) that explained
97% of the variance in the 925 hPa geopotential height
among 316 Type 8 circulation days.

The location of the low in the dipole differed among the
five circulation sub-types (Figure 8). The lows under Type 8-
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Figure 9 Same as Figure 4, but for the Type 8-1, Type 8-2, and Type 8-3 circulations.

2, Type 8-3, and Type 8-4 circulations were in the southern
part of China and adjacent seas (Figure 8b—8d), while the
lows under Type 8-1 and Type 8-5 circulations were to the
west of the WPSH (Figure 8a and 8e). Type 8-1, Type 8-2,
and Type 8-3 were the major circulation types on Type 8
circulation days, accounting for 88.4% of Type 8 circulation
EP days and 84.2% of all Type 8 circulation days. Type 8-3
accounted for 34.9% of EP days under Type 8 circulation,
and 23.1% of the Type 8-3 circulation days were EP days,
which represented the largest proportions among the five
sub-types. All 3 days of the “21-7” flood belonged to this
type of circulation. Interestingly, this sub-type of circulation
was most similar to the EP days of Type 8 circulation (Figure
6a) and there were no dry days. The low extended north-

eastward to NC, generating a southeasterly wind in the NCP.
Another low geopotential height center was identified in the
region east to Taiwan Island, and was accompanied by TCs
(Figure 8c). Influenced by the topographic lift, EP events
during this type of circulation frequently occurred along the
mountains in the NCP, especially in the delta region in He-
nan, Hebei Province, and Beijing (Figure 9c). Type 8-2 cir-
culation was characterized by a low centered in the region
east of the southern China coastline, in which substantial TC
activity occurred (Figure 8b), resulting in a strong southerly
wind in the southeastern part of NC. Correspondingly, the
frequent EP events in the eastern NCP (Figure 9b) were
mainly caused by TC precipitation. Interestingly, this type of
circulation accounted for 55% of the dry days under Type 8
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circulation, making it the sub-type of circulation most similar
to the dry day circulation under Type 8 conditions (Figure
6¢). Type 8-1 circulation was characterized by a low in the
western NC and a southerly wind. It was also influenced by
lifting due to the topography, and EP events frequently oc-
curred in the northern NCP along the Yan Mountains (Figure
9a).

In summary, compared to the dry days and the average, EP
days under Type 8 circulation had a stronger dipole and
significantly stronger southerly wind, bringing more moist-
ure (which was essential for EP events). Different locations
of the low in the dipole could lead to differences in the spatial
distribution of the southerly wind; in turn, this could affect
the spatial distribution of the IMFC, and therefore affect the
location of EP events. Interestingly, mesoscale cyclone cir-
culation was detected in the southwestern NC in the 850 hPa
anomaly wind field (Figure 6d), consistent with the me-
soscale vortex circulation near Henan (Yin et al., 2022)
during “21-7”. This suggested that the mesoscale vortex may
be formed by some common physical processes under Type 8
circulation; thus, the “21-7” circulation was not unique.
Further research will be required to characterize the forma-
tion of the mesoscale cyclone circulation.

3.3 Extreme characteristics of the large-scale circula-
tion during the “21-7” flood

The daily mean IMFC at the grid nearest to the stations with
EP events over the past 43 summers was calculated. Com-
parisons showed that the probability density of the daily
mean IMFC of EP events was greater on Type 8-3 circu-
lation days than on all summer and Type 8 circulation days
when the daily mean IMFC was above 0.0013 kgm *s '
(Figure 10). This was helpful for the EP events with large
amounts of precipitation. The maximum 3-day mean IMFC
in “21-7” for Henan and its adjacent region was
0.0014 kg m ~s ', which was in the top 8.7th percentile for
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all EP events on summer days in the past 43 years (Figure
10), indicating prolonged extreme circulation during
“21-7”. The maximum mean IMFC during 3 consecutive EP
days featuring one of the nine types of circulation in the past
43 summers were also calculated. The results showed that
the maximum mean IMFC during “21-7” reach number 1
among all consecutive EP days (range: 0.0003 to
0.0009 kg m > s ') above 2 days. While it was number 2
among all consecutive EP days above 2 days in all summer
days. The daily mean IMFC in 21 July 2021, with daily
precipitation of 624 mm, at Zhengzhou weather station was
0.0015 kg m ~s ', which was in the top 9.8th percentile for
Type 8 circulation days and top 6.4th percentile for all
summer days (Figure 10).

Whether the large scale and extreme circulation for “21-7”
explains the record-breaking precipitation needed further
investigation. In the 3-day period from July 19 to July 21,
2021, the 3-day IMFC was close to the ERAS daily pre-
cipitation (Figure 11a—11f), also indicating that the IMFC
calculated based on the ERAS data could be a good large-
scale key dynamic process parameter for EP days in NC. To
compare the ERAS and observed daily precipitation data,
daily precipitation data with a 0.01° horizontal resolution
was upscaled to 0.25°. However, the daily ERAS pre-
cipitation was at least 200 mm lower than observed in the
precipitation center on July 19-21, 2021 (Figure 11j—111).
Interestingly, these areas with severely underestimated
precipitation were also accompanied by the most intense
precipitation (>250 mm) and thunderstorms (Figure 11g—
11i). Statistically, although the area-averaged ERAS5 and
upscaled observed daily precipitation amounts were com-
parable during July 19-21 (24/29, 37/41, and 26/29 mm,
respectively) in the flood area of Henan Province, the daily
precipitation was prone to be underestimated by ERAS
when the observed daily precipitation was above 150 mm
(Figure 12). In contrast, the precipitation was prone to be
overestimated by ERAS5 when it was between 50 and
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Figure 10 Probability density of the daily mean IMFC (unit: 107 kg m’ sﬁl) of the grid nearest to the EP event station for all summer days (gray line and
shading), Type 8 circulation days (red line and shading), and Type 8-3 circulation days (blue line and shading). The vertical red and grey dashed lines
represent the daily mean IMFC of the grid nearest the station with the maximum precipitation on July 20, 2021 and the maximum 3-day mean integrated
IMFC in Henan Province and the adjacent regions in NC during July 19-July 21, 2021, respectively. The vertical solid lines represent the 90th percentile of
the daily mean IMFC of the grid nearest to the EP event station for all summer days (grey).



Xu J, et al.

July 19

Sci China Earth Sci

July 20

October (2022) Vol.65 No.10 1857

July 21

(@)

O 35°N
L

M

35°N

ERA5

35°N

Obs(0.01)

35°N —

<
2]
s

Obs(0.25)-ERA5

2
5

_— .
10°E 115° 10°E

T T T L T
115°E 110°E 115°E

Figure 11 (a)—(c) The daily accumulated IMFC, (d)—(f) ERAS daily precipitation, (g)—(i), the observed gridded precipitation with horizontal resolutions of
0.01°, and (j)—(1) the difference in daily precipitation between the observed gridded precipitation with a horizontal resolution of 0.25° and the ERAS daily
precipitation from July 19 to 21, 2021. Gray shading denotes the terrain height. Red dots denote the lightning locations.

100 mm (Figure 12). In addition, the precipitation estimated
according to the daily IMFC in the grid nearest to Zhengz-
hou station on July 20, 2021 was 130 mm. The observed
daily precipitation at that grid was 411 mm, such that the
130 mm amount estimated according to the daily IMFC
represented 32% of the total precipitation in the grid nearest
to Zhengzhou weather station on July 20, 2021. Meanwhile,
at the 20 record-breaking stations from July 19 to July 21,
the proportion of observed precipitation that could be re-
presented by IMFC was 28%, 37% and 59% at the 25th, 50th
and 75th percentile, respectively. Thus, the large-scale cir-
culation alone does not explain the record-breaking pre-
cipitation for July 2021.

4. Discussion and conclusions

In this study, large-scale circulation patterns in East Asia
associated with EP days in NC on summer days from 1979 to
2021 were analyzed using a clustering method, to identify
the key dynamic factors underlying each circulation pattern.
For “21-7”, a further detailed circulation classification was

conducted in NC and the three dominant circulation types
directly promoting EP days were determined. The means for
the 3 days during “21-7” and the same type of EP days in
study periods were also compared to understand the extreme
characteristics of the large-scale circulation related to the
“21-7” flood.

The large-scale circulation pattern of “21-7” was char-
acterized by a dipole pressure field, with low pressure in the
southern part of China and the WPSH extending northward
and westward to NC. Among the nine East Asian circulation
types that occurred in summers from 1979 to 2021, “21-7”
was found to occur under Type 8 circulation, which was not
the majority circulation pattern and accounted for only 8% of
summer days during the period examined. In contrast to
other leading EP day circulation types with southwesterly
winds in the low troposphere, 68% of Type 8 circulation days
were associated with prevailing southeasterly winds in NC.
Detailed circulation classification in NC under Type 8
showed that the spatial distributions of different EP events
were determined by the location of the low in the dipole. The
“21-7” event occurred under Type 8-3 circulation, which was
characterized by a low in southwestern China extending
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Figure 12 Scatter plots of the observed gridded precipitation with horizontal resolutions of 0.25° and the ERAS daily precipitation on July 19 (a), July 20

(b), and July 21 (c), 2021.

northeastward to NC. Under this type of circulation, 23.1%
were EP days and there were no dry days. Accordingly,
under Type 8-3 circulation, more EP events occurred along
the mountains in the NCP and more consecutive EP days
were likely occur than under other circulation patterns

The EP days under Type 8 circulation involved both
stronger low and high pressures in the dipole pressure field,
forming a significantly stronger southerly wind from the East
China Sea to parts of NC and bringing significantly more
moisture. Additionally, a significantly stronger IMFC oc-
curred in the NCP along the mountains in NC and the eastern
part of NC, especially in the delta region, which was con-
sistent with the spatial distribution of EP events under Type
8-3 circulation. Because Type 8-3 circulation accounted for
only 21% of all Type 8 conditions, the frequency of “21-7”-
like circulation was only 1.6%, which indicated that it was a
very extreme circulation pattern. The interaction of the far
northwestward-extending WPSH, the stronger low in
southwestern NC and Typhoon In-fa in “21-7” led to it being
in the top 8.7th percentile in IMFC of all EP events in the

summer and the largest (second largest) in 3-day mean IMFC
among 3 consecutive EP days under type 8 (all types) during
the past 43 summers in NC. Better understanding of the
large-scale circulation of EP days under Type 8 and Type 8-3
circulations could help prevent flood disasters in the cities
along the mountains in the NCP.

Because Typhoon In-fa was underway in the East China
Sea when the “21-7” occurred (Figure 8c), TC tracks under
different circulation patterns were also investigated. The
proportion of days accompanied by TC activities under Type
1-9 circulation were 46.8%, 16.7%, 64.1%, 30.3%, 33.4%,
50.8%, 46.3%, 77.2%, and 55.7%, respectively. The pro-
portion of TC days in the EP days under Type 1-9 circula-
tions were 50.8%, 6.7%, 57.1%, 30.0%, 30.7%, 46.2%,
38.1%, 72.5%, and 50.0% respectively. Type 8 circulation
accounted for the highest proportion among all nine types of
circulation on days with TCs. Interestingly, not all EP events
under Type 8 circulation were associated with TC activities.
For example, on July 16-17, 2018 there were urban water-
logging and landslide events in Beijing under Type 8 circu-
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lation. However, without TCs, strong southeasterly winds
were observed during these two days (Figure not shown),
indicating the importance of southerly winds to EP events
under Type 8 circulation.

Although Type 8 circulation was a low-probability event,
the number of days under this type of circulation exhibited
large interannual variability (Figure 13). The days under
Type 8 circulation followed a significant decadal increasing
trend from the 1980s to 2010s, which was accompanied by
the northward shift of the TC track (e.g., Studholme et al.,
2022) over the past half century. The Type 8 circulation was
associated with a wide monsoon trough in the South China
Sea and abnormal northward and westward subtropical
highs. Questions remain regarding what climate systems
influence the interannual and interdecadal variability of days
and EP days under Type 8 circulation, and how large-scale
drivers will respond to the warming climate. Meanwhile
whether the above simultaneous variations of Type 8 days
and the TC tracks were determined by the variations of the
same climate systems was remained to be explored.

The large-scale circulations and key dynamic factors in-
tegrated in the IMFC were identified and quantified, which
would be helpful for weather forecasting and climate pro-
jections of EP days in NC. However, the IMFC calculated
using ERAS reanalysis data could explain 32% of the pre-
cipitation at the grid nearest to Zhengzhou weather station on
July 20, 2021. In addition, these areas with severely under-
estimated precipitation by ERAS5 were also accompanied by
the most intense precipitation (>250 mm) and thunder-
storms, indicating that mesoscale dynamic processes are also

October (2022) Vol.65 No.10 1859

important for the intensity of EP. Further research will be
required to clarify the mesoscale dynamic processes related
to EP events under Type 8 and Type 8-3 circulations. Be-
cause large uncertainties remain in the resolution and de-
tection of these mesoscale convective storms and in
computing their associated precipitation in climate projec-
tions (e.g., Zhao, 2022), more research will also be required
to determine how to link the mesoscale physics to large-scale
climate dynamics in the projection of high-intensity EP
events.
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