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Super Typhoon Lekima (2019) is the fifth strongest typhoon to make landfall in
mainland China since 1949. After its landfall, Typhoon Lekima moved northward
along the coastline, resulting in an extreme rain event in Shandong Province that
caused the highest precipitation in available meteorological records. A Weather
Research and Forecasting (WRF) model simulation that properly produces the track
and intensity of Typhoon Lekima and the spatio-temporal evolution of rainfall is used
to analyze the multi-scale characteristics of the extreme rain event. The results show
that different from the typhoon precipitation which occurred at low latitudes, the
extreme rain event that occurred inmid-latitudeswas influenced by the interactions of
mid-latitude synoptic systems and typhoon circulation, especially with five mesoscale
rainbands. The mid-latitude synoptic systems, mainly including the upper-
tropospheric jet, the western North Pacific subtropical high, the mid-latitude
trough, the low-level jets, and Typhoon Krosa (2019), allowed Typhoon Lekima to
maintain its intensity after landfall and provided favorable kinematic, thermodynamic,
and moisture conditions for the heavy rainfall in Shandong. Based on the evolution of
the mesoscale rainbands, the extreme rain event can be divided into three stages. The
first stage can be classified as distant rainfall, which was affected by two convective
rainbands associated with boundary-layer processes. The second stage had the
highest precipitation, featuring the formation of a frontal zone in Shandong,
interacting with Typhoon Lekima. The third stage had weakened rainfall and was
directly influenced by the spiral rainband of Typhoon Lekima.
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1 Introduction

Tropical cyclones (TCs) are large cyclonic systems with organized deep convections and
warm core structures, which are usually formed over tropical and subtropical oceans. TCs are
called hurricanes in the Atlantic and typhoons in the Pacific. About 90 TCs form globally each
year, of which about 30 occur in the western North Pacific, where the most frequent and, often,
the strongest TCs occur (Peduzzi et al., 2012). On an average, about seven typhoons make
landfall in China each year, and China is one of the countries in the world which experience the
largest number of typhoons and the most severe impacts (Zhang et al., 2009).

Disasters of typhoons are mainly caused by strong winds, heavy rainfall, and storm surges.
Among them, heavy rainfall is the most severe one, which could cause mudslides, landslides,
and many other related geological disasters (Jonkman et al., 2009). Meanwhile, heavy rainfall
also occurs frequently, resulting in serious casualty and property loss in China (Meng et al.,
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2002; Zhang et al., 2013). In addition, there is an increasing trend for
TC intensity in the 21st century due to global warming (Knutson et al.,
2010; Emanuel, 2013), and the region of TC occurrence tends to
expand with wider mid- and high-latitude areas (Kossin et al., 2014;
Studholme and Gulev, 2018; Guo and Tan, 2022; Studholme et al.,
2022). Thus, northern China in mid-latitudes becomes more
vulnerable due to typhoons’ heavy rainfall, which requires special
attention.

A favorable large-scale environment is necessary for typhoons’
heavy rainfall in mid-latitudes (Yu et al., 2020). A low-level jet,
generally existing between a typhoon and the western Pacific
subtropical high (WPSH), transports large amounts of warm and
moist air northward from the tropic which then accumulate in the
rainfall area. This process provides abundant water vapor and energy
for precipitation and also leads to an unstable atmospheric condition
(Wang et al., 2009; Byun and Lee, 2012; Schumacher and Galarneau,
2012). In the upper level, there is often an upper-tropospheric jet. The
divergence in its equatorward entrance region contributes to the
enhancement of quasi-geostrophic upward motion, and the rapid
removal of latent heat from condensation over the rainfall area
allows instability to be re-established (Galarneau et al., 2010; Bosart
et al., 2012; Moore et al., 2013). Similarly, there is generally a mid-
latitude westerly trough in the middle level. When a typhoon is located
in front of the trough, the upper-level divergence will enhance the
positive vorticity advection below (Ritchie and Elsberry, 2007; Leroux
et al., 2016). When a typhoon is superimposed upon the trough,
typhoon intensity and peripheral shear, which are both favorable to
the maintenance of typhoons’ heavy rainfall, tend to increase under
positive potential vorticity disturbance (Klein et al., 2000; Hanley et al.,
2001; Zhou et al., 2022).

In a suitable large-scale environment, mesoscale fronts are favored
to form, providing baroclinic energy for convectional organization in
the rainfall area (Colle, 2003; Gao et al., 2009; Torn, 2010). The
convergence of southward cold air behind the westerly trough and
warm air transported northward from northeast of the typhoon can
produce a frontal area in the middle level. Baek et al. (2014) showed
that the warm air carried by Typhoon Rusa (2002) interacted with the
cold air behind the trough to trigger frontogenesis in the middle
troposphere, resulting in heavy rainfall over the Korean Peninsula.
Between the strong, warm, and moist low-level jet and the mid-
latitude cold and dry air, large thermal and moisture gradients can
form, which contribute to the frontal area at the low level. Heavy
rainfall caused by Hurricane Erin (2007) in the United States was
associated with a warm frontogenesis in the lower troposphere
(Schumacher et al., 2011). Frontal regions over the outer periphery
of typhoons can enhance convections with increased vorticity through
the growth of temperature gradients, promoting the development of a
typhoon and associated rainfall (Han and Wu, 2008).

Moreover, mesoscale spiral rainbands of typhoon can directly
influence heavy rainfall. Houze (2010) proposed three types of spiral
rainbands based on the appearance: principal rainbands, secondary
rainbands, and distant rainbands. Spiral rainbands can also be
divided into inner and outer rainbands. Inner rainbands are
mainly dominated by the vortex dynamic process, while outer
rainbands with a looser organization of convections are
dominated by the vortex’s dynamic process and the environment
(Willoughby et al., 1984; Wang, 2008; Li and Wang, 2012). When
approaching the mid-latitude westerly zone, the asymmetry of
typhoon rainbands increases due to stronger environmental

vertical wind shear, and precipitation is more likely to occur
downshear left (Corbosiero and Molinari, 2003; Chen et al.,
2006). For example, the south–north-oriented spiral rainband of
northward-moving Typhoon Nina (1975) after landfall led to rainfall
intensification in the southern Henan Province (Yang et al., 2017);
the heavy precipitation near Shanghai during the landfall of
Typhoon Fitow (2013) was associated with two spiral rainbands
in its north (Bao et al., 2015).

Most previous studies of typhoon rainfall in China have focused
on regions near the southeast coast and Taiwan (Chen et al., 2010; Lee
et al., 2010; Li and Zhou, 2015). But the studies on typhoons and their
associated rainfall in northern China provinces such as Shandong are
limited, although under climate change, northern China would face
heavier rainfall from typhoons. Moreover, the majority of previous
studies focus on synoptic-scale analysis, yet there is a lack of detailed
mesoscale studies, especially based on numerical simulations. Super
Typhoon Lekima (2019) dramatically affected Shandong with an
extreme rain event and record-breaking precipitation (He et al.,
2020). It is the perfect case for understanding the multi-scale
characteristics of an extreme rain event in Shandong, which could
provide valuable knowledge for understanding the mechanisms of
typhoon rainfall in mid-latitudes. The investigation of the extreme
rain event caused by Typhoon Lekima has also provided guidance for
precipitation prediction with similar processes, which is of great
theoretical and practical importance for disaster risk management
in China. Thus, in this study, we simulate the extreme rain event in the
Shandong Province produced by Typhoon Lekima and analyze the
characteristics of the multi-scale influence system during the rainfall
process in detail.

The paper is organized as follows. Section 2 describes the data and
configurations of numerical simulations. A brief description of
Typhoon Lekima and the heavy rainfall in Shandong is provided in
Section 3. Section 4 evaluates the numerical simulation and discusses
the extreme rain event, mainly in three stages. The main factors
influencing the track and intensity of Typhoon Lekima and the
favorable conditions for precipitation are analyzed in Section 5.
Section 6 examines the direct influence systems in different stages
of the extreme rain event. Section 7 gives the conclusions.

2 Data and model configurations

Observations for Typhoon Lekima were obtained from the
tropical cyclone best track dataset compiled by the Tropical
Cyclone Information Center of the China Meteorological
Administration (http://tcdata.typhoon.org.cn). It contains the
storm’s central latitude and longitude, maximum 2-min average
near-center 10-m wind speed, minimum central sea level pressure,
etc. for every 3 h (Ying et al., 2014). The observed precipitation was
collected from theMulti-source Merged Precipitation Analysis System
(CMPAS)-hourly V2.1 dataset, which combines the automatic
weather station and Climate Precipitation Centre Morphing
(CMORPH) precipitation over China with a horizontal resolution
of .1° (http://data.cma.cn). The observed composite radar reflectivity is
available every 6 min from the National Meteorological Center (http://
www.nmc.cn).

In order to reproduce Lekima’s northward movement along the
land edge, and the location of the rainbands near Shandong Province,
the three-dimensional, fully compressible, non-hydrostatic mesoscale
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numerical model, Advanced Research Weather Research and
Forecasting Model (ARW-WRF) version 4.2 (Skamarock et al.,
2019), is used. A combinational scheme of FNL (Final) re-analysis
data as the initial conditions and ERA5 re-analysis data as the lateral
boundary conditions is adopted. The National Centers for
Environmental Prediction (NCEP) FNL global re-analysis has a
horizontal resolution of .25° and a temporal resolution of 6 h. This
product can properly characterize Lekima’s initial intensity so it is
used as the initial condition. Lateral boundary conditions are
produced from the European Centre for Medium-Range Weather
Forecasts’ (ECMWF) latest ERA5 climate re-analysis. It has a
horizontal resolution of .25° and an enhanced temporal resolution
of 1 h, which allows for a detailed description of a large-scale
background field. The simulation was initialized at
0600 UTC 9 August 2019 and integrated for 54 h until 1200 UTC
11 August.

As shown by Figure 1A, 2 one-way nested domains are used.
Outer domain 1 (D01) has 565 × 426 grid points with a 12-km
horizontal grid spacing, and inner domain 2 (D02) has 770 ×
805 grid points with a 2.4-km horizontal grid spacing. The outer
domain covers most of East Asia and the western North Pacific for
analyzing the large-scale circulation, while the inner domain covers
the typhoon activity region during the integration period and
Shandong Province for analyzing the structure of Typhoon
Lekima and mesoscale precipitation systems. There are 56 vertical
levels, and they are stretched with gradually decreasing vertical
resolution as the height increases, with the finest vertical
resolution (approximately 70 m) in the boundary layer and the
coarsest one (about 1 km) near the top of the model at 10 hPa.
The terrain feature around Shandong Province is shown in
Figure 1B.

The model physics parameterization are chosen as follows: the
Weather Research and Forecasting (WRF) single-moment six-
class (WSM 6) microphysics scheme (Hong and Lim, 2006), the
rapid radiative transfer model for general circulation (RRTMG)
longwave and shortwave radiation scheme (Iacono et al., 2008), the
Yonsei University (YSU) boundary layer scheme (Hong et al., 2006),
and the Noah land surface model (Chen and Dudhia, 2001). The
Kain–Fritsch cumulus parameterization scheme (Kain, 2004) and
moisture-advection-modulated trigger function (Ma and Tan, 2009)
are only used for subgrid-scale deep convection in D01.

3 Overview of Typhoon Lekima (2019)
and the associated extreme rain event

Lekima, the ninth typhoon over western North Pacific in 2019, was
formed east of the Philippines. It featured strong intensity at landfall and
long duration over land with strong winds and rainfall, which caused a
severe disaster and drew widespread concern (He et al., 2020). Lekima
became a tropical depression around 1800 UTC 3 August 2019 and then
moved to the northwest and intensified rapidly into a tropical storm
around 1200 UTC 4 August; it became a severe storm around 1800 UTC
5 August, became a typhoon around 1800 UTC 6 August, and then a
severe typhoon around 1200 UTC 7 August, with the supply of water
vapor and energy from the wide and warm ocean surface. Lekima finally
became a super typhoon around 1800 UTC 7 August and made the first
landfall in Wenling, Zhejiang Province, around 1800 UTC 9 August with
amaximum sustained near-surface wind speed of 52 m/s and aminimum
central sea level pressure of 930 hPa. By then, it became the fifth strongest
super typhoon to make landfall in mainland China since 1949. After its
first landfall, Lekima decayed rapidly to typhoon intensity and
subsequently moved northward toward the Yellow Sea and made the
second landfall in Qingdao, Shandong Province, around 1200 UTC
11 August, with a maximum sustained near-surface wind speed of
23 m/s and a minimum central sea level pressure of 982 hPa. After its
second landfall, Lekima continued to move northward through the
Shandong Peninsula, hovered near Laizhou Bay for about 1 day, and
eventually moved northeast into the Bo Sea, decaying into a tropical
depression. The China Metrological Administration stopped numbering
it at 0600 UTC 13 August 2019.

The extreme rain event in Shandongmainly occurred from 0000 UTC
10 August to 1200 UTC 11 August 2019 before Lekima’s landfall in
Shandong, with maximum accumulated precipitation exceeding 400 mm.
The precipitation center was located in central Shandong Province
including the western part of Weifang, the southern part of Dongying,
and the central part of Zibo, denoted by the black solid box (36. 1°−37. 1°N,
117. 5°−119. 1°E) in Figure 2, which is defined as “heavy rainfall area” in
this study. According to Figure 1B, the heavy rainfall area denoted by the
black solid box is located in themountainous area of central Shandong near
Taishan Mountain, Lushan Mountain, and Yishan Mountain, so the
orographic lifting caused by convergence in front of the mountains
might contribute to the enhancement and spatial distribution of
precipitation (Lin et al., 2002; Wu et al., 2002; Yang et al., 2008).

FIGURE 1
(A) Domains for numerical simulations, where outer domain D01 and inner domain D02 have 12- and 2.4-km horizontal grid spacings, respectively; (B)
Zoomed terrain height (shaded; unit: m) of the black dashed box in (A) near Shandong Province with the main mountains. Black contours in (B) show the
terrain heights of 300 m and 600 m. The black solid box in (B) indicates the heavy rainfall area as in Figure 2.
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4 Verification of numerical simulation
and stages of the extreme rain event

In this section, the WRF simulation is verified relative to
observations, with a focus on the reproduction of the evolution of
Typhoon Lekima after landfall. The track, intensity, and the spatio-
temporal evolution of the extreme rain event in Shandong Province

from 0000 UTC 10 August to 1200 UTC 11 August 2019 are
evaluated.

Figure 3 shows Lekima’s track and intensity from observation and
simulations. The simulated typhoon center is determined by the
minimum sea level pressure in D02. The simulated typhoon moves
slower than the observation after landfall, leading to an approximate 3-
h lag since 0000 UTC 10 August (Figure 3A). Compared with the

FIGURE 2
Accumulated precipitation (unit: mm) of (A) observation and (B) simulation for Shandong Province from 0000 UTC 10 August to 1200 UTC 11 August
2019. The rectangle zone (36. 1°−37. 1°N, 117. 5°−119. 1°E) indicated by the black solid box is used to perform the area-averaged time series in Figure 6.

FIGURE 3
Observed and simulated tracks and intensities of Lekima from 0600 UTC 9 August to 1200 UTC 11 August 2019. (A) Observed track from the best track
dataset (red line with filled circles denoting Lekima’s location every 3 h) and the simulated track from WRF (black line with filled circles denoting Lekima’s
location every 1 h). Dashed lines and I, II, and III denote the three stages of the extreme rain event in Figure 4; (B) time series of the observed (solid line) and
simulated (dashed line) maximum sustained 10-m wind speed (red line; unit: m/s) and minimum central sea level pressure (blue line; unit: hPa).
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observed track from the best track dataset, the simulated typhoon
reproduced the northward track along the coastal line with a slightly
eastward (within 150 km) north of 30。N well. Because the simulated
WPSH’s eastward retreat process is consistent with that of the
observation and the simulated typhoon’s moving speed is slower
than that of the observation, the simulated TC track appears to
deviate eastward under the steering of WPSH circulation which
moved eastward earlier.

Figure 3B compares the maximum sustained 10-mwind speed and
the minimum central sea level pressure from the observations and
simulations. The intensity of Lekima is also well simulated with a
decay after the first landfall in Zhejiang around 1800 UTC 9 August,
despite the underestimated decaying rate. The simulated typhoon
intensity is also stronger than those of the observed quantities, which
might be due to the closer distance to the coastline and more sufficient
water vapor supply due to the eastward track bias. The observed and
simulated typhoon intensities do not decay significantly when passing
through Shandong.

Accumulated precipitation from 0000 UTC 10 August to
1200 UTC 11 August 2019 in Shandong Province from
D02 simulation is compared to the observed precipitation
(Figure 2). The WRF simulation captures the spatial pattern of
the heavy rainfall, with the maximum over 400 mm in central
Shandong, but slightly underestimates the range of rainfall over
250 mm. Figure 4 shows the evolution of the observed and simulated
hourly rainfall average over the heavy rainfall area (black solid box in
Figure 2). Both hourly rainfalls show similar magnitudes and
temporal evolutions, except for a time lag in the simulated one
that is probably related to the southward track bias. Considering the
evolution of precipitation and influence systems, the extreme rain
event in Shandong can be divided into three stages. The three stages
for observations and simulations are shown by the dashed and dotted
lines in Figure 4, respectively, with notations of I, II, and III. The
locations of Lekima during the three stages are shown in Figure 3A.
During stage I, the typhoon’s center was located in Zhejiang
Province, about 800 km away from Shandong Province; thus,
Lekima did not directly affect Shandong at this time, and the
rainfall was weak. Lekima moved northward to Jiangsu Province
along the coastline during stage II, and its outer rainband started to
affect Shandong directly, producing the strongest precipitation.
During stage III, Lekima was located on the Yellow Sea and
continued to move north. The rainfall in Shandong Province
caused by the typhoon gradually decreased.

Since the typhoon position and movement of rainbands from the
landfall typhoon greatly affected the spatial distribution of typhoon
precipitation, the performance of the WRF model for simulating the
rainband characteristics was further examined. Figures 5A–C show
observed composite radar reflectivity during the three stages, while
(D)–(F) show the corresponding simulation results when the typhoon
center is located close to that of the observation. It can be seen that the
shapes and locations of the simulated and observed rainbands in each
stage are in good agreement. Multiple southwest–northeast-oriented
rainbands affected Shandong for a long time, resulting in the extreme
rain event.

During stage I of the extreme rain event, Shandong Province is
affected by both rainband 1 (denoted as RB1) and rainband 2 (denoted
as RB2). Both rainbands are about 800 km away from the typhoon
center in a southwest–northeast linear structure, with RB1 located in
the north and RB2 in the south (Figures 5A, D). Rainband 3 (denoted
as RB3) and rainband 4 (denoted as RB4) in the northwest of Lekima
are located south of Shandong Province, which have no influence on
Shandong during the stage I. As Lekima moves northward, RB1 and
RB2 propagate northwestward to northern Shandong and weaken, and
the extreme rain event enters stage II. Shandong is mainly affected by
RB3 and RB4 that are about 600 km away from the typhoon center
(Figures 5B, E). RB3 is located north of RB4. The spiral rainband 5
(denoted as RB5), about 200 km north of the typhoon center, has not
influenced Shandong Province during stage II. But as Lekima moves
further north, RB3 and RB4 propagate to the northwest, and RB5 starts
to affect central Shandong, entering stage III of the extreme rain event
(Figures 5C, F). Along with the movement of Lekima into mid-
latitudes, the structure of RB5 dissipates gradually.

The aforementioned analysis shows that the WRF simulation
was a good reproduction of the track, intensity change of Typhoon
Lekima, and the impacts on the Shandong Province when the
typhoon propagated northward. The location of the precipitation
center, evolution of rainfall, and distribution of main rainbands
have all been reasonably reproduced. Thus, the simulation can
be used to obtain detailed diagnostics to understand the multi-scale
characteristics of this extreme rain event in Shandong produced by
the northward-moving Typhoon Lekima. The large-scale
environment and mesoscale systems contributed to
the extreme rain event, which will be analyzed in subsequent
sections.

5 Large-scale environment

As can be seen in the previous section, Typhoon Lekima moves
northward along the coastline after landfall. The typhoon intensity
does not decay significantly when influencing Shandong and the
minimum central sea level pressure is maintained at about 980 hPa.
In this section, from the perspective of a large-scale environment, the
main systems that influence the typhoon’s track and intensity and
favorable conditions for the extreme rain event at each stage are
analyzed.

5.1 Synoptic systems

The extreme rain event in Shandong Province occurred under a
favorable configuration of synoptic systems, which are stable through

FIGURE 4
Evolution of hourly rainfall (unit: mm) averaged over the heavy
rainfall area (black solid box in Figure 2) from 0600 UTC 9 August to
1200 UTC 11 August 2019 for observation (red line with circles) and
simulation (black line with triangles). The three stages of the
extreme rain event from observation (simulation) are separated by
dashed (dash-dotted) lines, and I, II, and III denote the three stages.
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the event and provide persistent impacts. The analyses here use the
D01 simulation.

At the upper-level of 200 hPa (Figures 6A, B), there is an upper-
tropospheric westerly jet of wind speed over 30 m/s, intensified to over
60 m/s at 0300 UTC 11 August 2019. It gradually evolves from
north–south to east–west orientation, with a tendency of
northward propagation. There are divergences of non-geostrophic
winds in the equatorward entrance region of the upper-tropospheric
jet. Lekima is located in the equatorward entrance region of the upper-
tropospheric jet during the extreme rain event, and the anti-cyclonic
divergent wind field at the upper-level over Lekima prohibits its fast
decay. On the other hand, upper-tropospheric southerly outflows from
Lekima extend poleward to enhance the southwesterly upper-
tropospheric jet in front of the trough.

At the mid-level of 500 hPa (Figures 6C, D), the large-scale
environment in eastern Asia is characterized by two ridges and one
trough. The mid-latitude westerly trough is located in northern China,
the western ridge is located over the Tibetan Plateau, and the eastern
ridge is located over the Korean Peninsula, superimposed on the
WPSH. There is another typhoon, Typhoon Krosa, at Lekima’s
southeast. It tends to push the WPSH northward and eastward and
limits the strength of the WPSH. Steered by southerlies on the western
flank of the WPSH, Lekima keeps moving northward, close to the
coastline and slowly enough to influence Shandong for a long time.
One of the unique features about Typhoon Lekima is its proximity to

the coastline after landfall (Ding et al., 2020), which allows it to receive
more water vapor from the oceans and maintain its intensity. Lekima
moves into the westerly trough as it propagates northward, and the
positive potential vorticity disturbance in the trough area can help
Lekima maintain its intensity as well.

At the level of 850 hPa (Figures 6E, F), abundant moisture
from the ocean in the East and the South China Sea is transported
to Lekima by a southeasterly low-level jet between the typhoon
and the WPSH and a southwesterly low-level jet in its southeast of
the typhoon. The horizontal water vapor flux is over 30 kg/
(hPa·m·s), which helps maintain Lekima’s intensity (Wu et al.,
2015) and provides a sufficient source of water vapor for heavy
rainfall. The maintenance of typhoon intensity can also sustain
the southeasterly low-level jet through a pressure gradient
between Lekima and the WPSH. The cyclonic circulation of
Typhoon Krosa in Lekima’s southeast drains water vapor from
the western North Pacific in its east and the tropical oceans in its
south, and transports the water vapor to Lekima by easterlies on
the southern flank of the WPSH, which enhances the southeasterly
low-level jet and helps maintain typhoon intensity. Previous
studies have also shown that in cases of binary typhoons, the
western typhoons receive warm and moist air from the eastern
ones (Wang et al., 2021a).

Vertical wind shear with appropriate magnitudes could be
beneficial to the maintenance of the intensity and structure of

FIGURE 5
Observed (A–C) and simulated (D–F) composite radar reflectivities (unit: dBZ). Observation: (A) 0536 UTC 10 August 2019, (B) 2012 UTC 10 August 2019,
(C) 0354 UTC 11 August 2019; simulation: (D) 0815 UTC 10 August 2019, (E) 0045 UTC 11 August 2019, and (F) 0645 UTC 11 August 2019. Black dashed lines
denote the positions of rainbands, and typhoon symbols indicate the locations of Lekima’s center.
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landfall typhoons and, thus, to the production of rainfall (Yang et al.,
2017). There is a significant negative correlation between the typhoon
intensity change and the vertical wind shear resulting from three
thermodynamic effects (upper-level ventilation, mid-level ventilation,
and low-level ventilation) (Wang, 2012) and dynamical effects by
eddy-induced angular momentum mixing across the radius of the
maximum wind (Xu and Wang, 2013). Through statistical analysis
based on TCs in the western North Pacific, it is found that when the
deep-layer shear (difference of the mean horizontal wind vectors
within a radius of 500 km from typhoon center between 300 and
1,000 hPa) is less than 11 m/s and the low-level shear (difference
between 850 and 1,000 hPa) is less than 3.5 m/s, so the typhoon does
not decay easily (Wang et al., 2015). During the heavy rain event in

Shandong, the deep-layer shear is basically below 11 m/s and still
below 16 m/s even with an increase after 0000 UTC 11 August, led by
the mid-latitude westerly trough; the low-level shear is smaller than
3 m/s (Figure 7).

Wang et al. (2015) also point out that when the translational speed
of typhoons exceeds 12 m/s, it is detrimental to the typhoon’s intensity.
This is often explained as a result of the development of a strong
asymmetric structure in fast-moving storms (Uhlhorn et al., 2014). The
speed of Lekima is slow and does not exceed 12 m/s during the whole
process. As a result, the environmental background is favorable for
Lekima to maintain its intensity after landfall without decaying rapidly.

Based on the aforementioned analysis, the WPSH is
pushed northward and eastward by Typhoon Krosa in Lekima’s

FIGURE 6
For 0800 UTC 10 August 2019, (A) the 200-hPa geopotential height (contours; unit: dagpm), horizontal wind speed (shaded; unit: m/s), and horizontal
non-geostrophic winds (streamlines); (C) the 500-hPa geopotential height (contours; unit: dagpm) and horizontal winds (vectors, unit vector represents
20 m/s); and (E) the 850-hPa horizontal winds (streamlines) and horizontal water vapor flux (shaded; unit: kg/(hPa·m·s)) from the D01 simulation. (B), (D), (F) as
in (A), (C), (E), but at 0300 UTC 11 August. Typhoon symbols indicate the locations of Lekima’s center.
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southeast, and Lekima moves north along the coastline, steered
by southerlies on the western flank of the WPSH during the
extreme rain event. The proximity to the coastline enables

Lekima to receive sufficient water vapor from oceans by low-
level jets.

5.2 Environmental conditions over the most
intense rainfall area

Kinematic and thermodynamic processes and moisture are
important for heavy rainfall. Considering the configuration of
synoptic systems in Figure 6, the favorable conditions for the
most intense precipitation center in Shandong Province are
analyzed for different stages, based on the time–height series of
related physical quantities averaged near the rainfall center (black
solid box in Figure 2), as shown by Figure 8.

The time–height series of area-averaged horizontal divergence
and vertical velocity (Figure 8A) indicates that the divergence
zone in the equatorward entrance region evolves from
controlling southern Shandong to the entire Shandong Province,
as the upper-tropospheric jet propagates northward. The
heavy rainfall area is controlled by the divergence exceeding
500 hPa with an enhanced trend due to the jet intensification,

FIGURE 7
Time series of deep-layer vertical wind shear between 300 and
1,000 hPa (black line with triangles), low-level shear between 850 and
1,000 hPa (blue line with squares) within a radius of 500 km from the
typhoon center, and translational speed of Lekima (red line with
filled circles) from 0000 UTC 10 August to 1200 UTC 11 August, 2019,
from the D02 simulation (unit: m/s).

FIGURE 8
Time–height series of area-averaged (A) horizontal divergence (shaded; unit: 10−4 s−1) and vertical velocity (contours, positive values are in solid contours,
negative values are in dashed contours; unit: Pa/s); (B) equivalent potential temperature (shaded; unit: K), equivalent potential temperature changewith height
(contours, positive values are in solid contours, negative values are in dashed contours, zero values are in bold contours; unit: 10−2 K/hPa), and horizontal
winds (barbs); (C) relative humidity (shaded; unit: %) and divergence of the horizontal water vapor flux (contours, positive values are in solid contours,
negative values are in dashed contours; unit: 10−4 kg/(hPa·m2·s)) over the heavy rainfall area (black solid box in Figure 2) from0000UTC 10 August to 1200UTC
11 August 2019 from the D02 simulation. I, II, and III denote the three stages of the extreme rain event.
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and the associated dynamical forcing for ascent flows contributes
to the development of heavy rainfall. The low-level convergence
and the corresponding updraft are twice enhanced at
0300 UTC 10 August and 0900 UTC 10 August 2019 during
stage I, possibly affected by RB1 and RB2, respectively. The
convergent layer is located between 700–500 hPa at the
beginning of stage II, with weak divergence and downdraft at a
low level. Low-level convergence becomes significant in the
heavy rainfall area later in stage II, and the updraft reaches the
maximum velocity over 4 Pa/s. During stage III, the upward motion
weakens.

Figure 8B shows equivalent potential temperature and horizontal
winds, and areas with solid contours denote unstable zones. Central
Shandong is controlled by the mid-latitude westerly trough at the
beginning of stage I, with cold and dry air located between
700–500 hPa. A potentially unstable stratification exists below
700 hPa, where equivalent potential temperature decreases with
height. The cold and dry air sinks down as the southern part of
the trough merges into the typhoon circulation and
eventually becomes a cold pad with warm air lift-up. There is an
unstable region appearing near 700 hPa later in stage II (after
1100 UTC), which is just near the strongest uplift center. The
appearance of this unstable region may be due to the heat
dissipation by enhanced the divergence above the ascending
center. The low level of the heavy rainfall area is controlled by
southeasterlies between the typhoon and the WPSH at its northeast
during stage I while turning to northeasterlies during stage
II, starting to be directly influenced by typhoon circulation in
the northwest. Winds over the heavy rainfall area turn
clockwise with height, which suggests the presence of warm
advection in the troposphere when Lekima approaches. As a
result, equivalent potential temperature increases with time,
providing thermodynamic forcing for the ascent flows of the
heavy rainfall.

Figure 8C shows relative humidity and divergence of horizontal
water vapor flux. The southeasterly low-level jet on the northeast
side of typhoon propagates to the north as Lekima moves
northward, conveying water vapor to Shandong in the
northwest. At the same time, the horizontal wind field in
Lekima’s north, composed of easterlies and northerlies,
facilitates the convergence of water vapor in central Shandong.
Maximum relative humidity exceeds 95% during all three stages
that is nearly saturated, and thus, sufficient source of water vapor is
provided for heavy rainfall. A saturated layer with relative humidity
above 95% is located in middle level near 600 hPa during stage I.
The saturated layer becomes the thickest, in stage II, due to a
thicker layer of water vapor convergence, extending from 1,000 hPa
to about 400 hPa.

In conclusion, the strong pressure gradient between Lekima and
the WPSH in the northeast of Lekima is caused by the maintenance
of typhoon intensity. Both the strong pressure gradient and the
easterly airflow transported by Typhoon Krosa contribute to the
enhancement of southeasterly low-level jet on the northeast side of
Lekima, which conveys large amounts of water vapor to Shandong
Province. The warm advection brought to Shandong by the
approaching Lekima and the dynamical forcing for ascent flows
in the equatorward entrance region of upper-tropospheric jet
provide favorable background conditions for the heavy rainfall
as well.

6 Mesoscale rainbands affecting the
heavy rainfall area

Under favorable large-scale environments, the location and
intensity of the heavy rainfall are mainly determined by the
positions and intensities of the mesoscale systems, and the
accumulated precipitation is affected by duration of the influencing
mesoscale systems. According to the composite radar reflectivity in
Figure 5, five mesoscale rainbands (RB1, RB2, RB3, RB4, and RB5) in
the north quadrant of Lekima affect Shandong successively, which
directly influence the heavy rainfall. The generation, evolution, and
structure of the five mainmesoscale rainbands in different stages of the
extreme rain event are examined here.

6.1 Stage I (0000 UTC 10 August to 1500 UTC
10 August 2019)

Figures 9A,B zoom into the area of interest near Shandong
Province and provide composite radar reflectivity during stage I of
the extreme rain event. The main rainbands affecting the heavy rainfall
area in stage I are RB1 and RB2, and this subsection focuses on their
generation mechanisms. At the beginning of stage I, there is a
convergence of westerlies in front of the westerly trough and
southerlies on the western flank of the WPSH at 500 hPa, and a
rainband forms in front of the trough, northwest of Shandong under
favorable dynamical forcing for ascent (Figure 9A). RB1 forms in
central Shandong between the rainband in front of the trough and
Lekima. After Lekima propagates northward, RB2 begins to develop in
the southeast of RB1, and RB1 weakens due to the cut-off of warm and
moist flows from the southeast by RB2 (Figure 9B).

Considering that the terrain height near Shandong Province is
basically below 600 m (Figure 1B), the distribution of related physical
quantities at 600 m can reflect a relatively realistic boundary layer
condition. Figures 9C, D show horizontal cross-sections of equivalent
potential temperature and horizontal winds at the height of 600 m at
the same time as in Figures 9A, B. A southwest–northeast-oriented
cold pool exists in the boundary layer beneath the rainband in front of
trough, denoted by the blue-shaded area in Figure 9C. Cold pools
result from the evaporation cooling of precipitation, and the
penetrative downdraft transports cold and dry air from the middle
troposphere into the boundary layer (Barnes and Garstang 1982). The
large thermal and moisture gradients between the cold pool caused by
rainbands in front of the trough and the surrounding non-
precipitation areas generate divergent outflows. The cold outflows
pointing to the south converge with the warm, moist southeasterlies
transported northward from Lekima’s northeast, forming a boundary
layer convergence line in central Shandong and contributing to the
generation and intensification of linear convective rainband RB1
(denoted by red solid contours in Figure 9C). After RB1 moves
northwestward, cold outflows appear in the boundary layer beneath
it and converge with warm, moist southeasterlies from the south,
producing another linear convective rainband RB2 parallel to RB1 in
its southeast (Figure 9D). RB2 also propagates to the northwest and
influences Shandong Province later.

The rainfall in Shandong during stage I can be classified as distant
rainfall, affected by convective rainbands RB1 and RB2, respectively.
The two convective rainbands are far from the main body of Lekima
and are indirectly influenced by typhoon circulation. RB1 and RB2 are
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both triggered and organized by the boundary-layer convergence line
that is formed from the convergence of the outflows to the south of the
cold pool, while the cold pool is generated by previous precipitation in
the northwest and the warm, moist southeasterlies transported
northward from the northeast side of Lekima. The mechanism of
the generation of convective systems, as the new rainband generated in
the southeast of the old rainband, is called “Band Training.” It has also
been mentioned in studies of rainfall caused by the Mei-Yu front (Luo
et al., 2014; Wang et al., 2021b).

6.2 Stage II (1500 UTC 10 August, to
0600 UTC 11 August, 2019)

During stage II, RB1 and RB2 propagate northwestward and
weaken, while RB3 and RB4 in Lekima’s northwest propagate into
central Shandong successively, producing the strongest precipitation
(Figure 10). RB3 is positioned at the radially outward side of Lekima
with reflectivity basically below 45 dBZ, while RB4 is positioned at
the radially inward side of Lekima consisting of individual
convective cells with a reflectivity over 45 dBZ. RB3 and RB4 are
located in areas with strong gradients of equivalent potential
temperature. In order to understand their developing
mechanisms, five vertical cross sections are taken along the AB
direction perpendicular to the rainbands (Figures 10A, C), and the

average characteristics along the five vertical profiles are studied. A
(B) is on the radially inward (outward) side of Lekima in the
southeast (northwest).

Figure 11 shows the average of five vertical cross-sections of
reflectivity, vertical velocity, equivalent potential temperature, and
winds. A frontal zone tilting with height from side A to side B with a
strong gradient of equivalent potential temperature can be seen in
Figure 11B. The dry and cold air invades from an altitude of nearly
3 km from the “B” side and sinks afterward, while the warm
and moist air lifts up from the “A” side along the front
from the boundary layer. The collision of warm and cold air
triggers the frontal convection systems, which is further
organized into RB3 and RB4. RB3 is triggered near the level of
700 hPa, and RB4 is triggered near 850 hPa due to the different
heights of the collision of warm and cold air. The reflectivity and
the penetrative updraft of RB4 are stronger compared to that of
RB3 (Figure 11A).

Heavy rainfall produced by a frontal zone due to the interaction
between typhoon and mid-latitude systems is a unique physical
process in northward-moving typhoons. How does the front in the
northwest of Lekima develop? Miller (1948) proposed a frontogenesis
function to quantitatively show the Lagrangian change rate of the
magnitude of the horizontal equivalent potential temperature gradient
in the frontal zone, which is adopted here. FollowingMiller (1948), the
frontogenesis function (denoted as F) can be split into four terms:

FIGURE 9
For 0330 UTC 10 August 2019, (A) composite reflectivity (shaded; unit: dBZ) and 500-hPa horizontal winds (vectors, unit vector represents 20 m/s); (C)
600-m-equivalent potential temperature (shaded; unit: K), horizontal winds (vectors, unit vector represents 10 m/s), and 32-dBZ composite reflectivity (red
contours) from the D02 simulation. (B) and (D) as in (A) and (C), but at 0815 UTC 10 August. Black dashed lines indicate the positions of the rainbands.
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FIGURE 10
Composite reflectivity (shaded; unit: dBZ) and 850-hPa equivalent potential temperature (contours; unit: K) from the D02 simulation at (A) 0045 UTC
11 August; (B) 0300UTC 11 August 2019. (C) and (D) as in (A) and (B) but at 700 hPa. Black solid lines indicate the positions of the vertical cross sections taken in
Figure 11, black dashed lines indicate the positions of the rainbands, and typhoon symbols denote the locations of Lekima’s center.

FIGURE 11
The average of five vertical cross-sections along AB in Figures 10A, C of the vertical velocity (contours with interval of .1, positive values are in solid
contours, negative values are in dashed contours, zero values are in bold contours; unit: m/s) with (A) reflectivity (shaded; unit: dBZ); (B) equivalent potential
temperature (shaded; unit: K) andwinds (vectors) from theD02 simulation. X-axis coordinate is the horizontal distance fromA (unit: km), and y-axis coordinate
is the height (unit: km).
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where θse is equivalent potential temperature, and F1, F2, F3, and F4 are
deformation term, divergence term, tilting term, and diabatic term,
respectively. F >0 indicates frontogenesis with enhanced horizontal
equivalent potential temperature gradient; while F <0 indicates
frontolysis with reduced horizontal equivalent potential temperature
gradient.

There is frontogenesis with F >0 at 850 hPa in the frontal area
(Figure 12A). The four terms on the right-hand side of Eq. 1 are
computed separately. The deformation term (F1) is positive due to the
advection of cold, dry air by northerlies in the northwest and advection
of warm, moist air by easterlies in the southeast (Figure 12B). The
divergence term (F2) is also positive due to the convergence of the
northerlies and easterlies (Figure 12C). Both F1 and F2 contribute to the
frontogenesis (Figure 12D). The tilting term (F3) has small magnitudes
(Figure 12E), while the diabatic term (F4) has large positive values but
does not overlap with the frontal area (Figure 12F). Thus, F3 and F4

make little contributions to the frontogenesis (Figure 12G). Consistent
results at 700 hPa are also obtained (figures are not shown). These
analyses of the frontogenesis function are similar to those of Novak et al.
(2004). Since the frontogenesis is mainly caused by deformation and
divergence terms in the horizontal direction, the horizontal wind field
composed of southeasterlies and northeasterlies in Lekima’s north plays

a crucial role in the development of the frontal zone in the northwest of
Lekima.

Therefore, as Lekima propagates northward, its peripheral
circulation directly affects Shandong Province during stage II. The
horizontal wind field in Lekima’s north, composed of southeasterlies
and northeasterlies, leads to frontogenesis in the frontal zone between
cold, dry continental air in the northwest and warm, moist oceanic air
near the typhoon in the northwest of Lekima. The front tilts toward
the northwest with height, and the frontal convective systems are
organized into two convective rainbands RB3 and RB4. The heaviest
precipitation occurs in Shandong under the influence of RB3 and RB4.
It is worth mentioning that the extra-tropical transition of Typhoon
Lekima is identified by the cyclonic phase space (CPS) method (Hart
2003) in this study, and it is found that although the baroclinicity of
the precipitation area is enhanced and the frontal rainband appears at
this stage, the typhoon does not appear to be in transition at this time.

6.3 Stage III (0600UTC 11 August to 1200UTC
11 August 2019)

As Lekima moves further north, the extreme rain event enters stage
III. RB3 and RB4 continuemoving toward northwest and out of the heavy
rainfall area, while central Shandong is mainly controlled by RB5. RB5 is
about 200 km north of the typhoon center and can be classified as the

FIGURE 12
For 0300 UTC 11 August 2019, the 850-hPa equivalent potential temperature (gray contours; unit: K) with (A) frontogenesis function (F) (shaded; unit:
10−7 K/s); (B) deformation term (F1) (shaded; unit: 10−7 K/s), (C) divergence term (F2) (shaded; unit: 10−7 K/s), (D) F1 + F2 (shaded; unit: 10−7 K/s) and horizontal
winds (vectors, unit vector represents 20 m/s); (E) tilting term (F3) (shaded; unit: 10−7 K/s), (F) diabatic term (F4) (shaded; unit: 10−7 K/s), and (G) F3 + F4 (shaded;
units: 10−7 K/s) from the D02 simulation. Typhoon symbols denote the locations of Lekima’s center.
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principal rainband (Houze, 2010). As a result, the precipitation during this
stage is mainly due to the direct influence of the typhoon spiral rainband.
Considering that Lekima has moved northward into mid-latitudes by this
time and is now influenced by mid-latitude systems, how does the
rainband structure change? We further analyze the vertical structure of
RB5 and compare it with the typical structure of typhoon principal
rainband proposed by Hence and Houze (2008).

Five radius–height cross-sections toward the typhoon center
with a distance of 50 km are taken at convective cells embedded
in RB5 with composite reflectivity greater than 40 dBZ (Figure 13A).
A (B) denotes the radially inward (outward) side of Lekima. Figures
13B–E show the averaged radius–height cross-sections of reflectivity,
vertical velocity, horizontal divergence, radial velocity, and
tangential velocity.

Convective cells in RB5 slightly tilt radially outward (the side of B)
with height (Figure 13B). The vertical circulation of RB5 is characterized
by a low-level overturning flow and a middle-level rising radial outflow
from the side of typhoon center and lifted near the convective cell
(Figure 13D). The radial inflow is located only below 1 km and turns
upward near the side of A, while the radial outflow layer is above 1 km. A
strong outflow from the side of A exists between the height of 2–4 km and
leads to the convergence center in Figure 13C, blocked by the convective
cell developing upward. In conjunction with the convergence, upward
motions occur above 1.5 km near the convection center with the
maximum near z = 6 km, while the layer below 1.5 km is dominated
by weak subsidence due to divergence. According to tangential velocity
(Figure 13E), there is a secondary horizontal wind maximum (SHWM)
with the maximum wind speed over 26 m/s near z = 1.5 km. In

FIGURE 13
(A) Composite reflectivity (shaded; unit: dBZ) at 0645 UTC 11 August 2019; the black dashed line indicates the position of the rainband, the typhoon
symbol denotes the location of Lekima’s center, and black solid lines indicate the positions of radius–height cross-sections taken in (B–E). The average of five
radius–height cross-sections of vertical velocity (contours with interval of .2, positive values are in solid contours, negative values are in dashed contours, zero
values are in bold contours; unit:m/s) with (B) reflectivity (shaded; unit: dBZ); (C) horizontal divergence (shading; 10−3 s−1); (D) radial velocity (shaded; unit:
m/s) and winds (vectors); and (E) tangential velocity (shaded; unit: m/s) fromD02 simulation, x-axis coordinate is the horizontal distance from A (unit: km), and
y-axis coordinate is the height (unit: km).
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comparison with the structure of the principal rainband of Hence and
Houze (2008) (their Figure 13), RB5 shows similar characteristics of radial
inflow in the lower level, rising radial outflow in the upper level, and the
presence of SHWM near the top of boundary layer. However, here, the
height of SHWM and radial inflow is lower in RB5, and weak subsidence
exists at a low level.

Thus, as Lekima moves further north, rainfall in Shandong is
directly produced by the spiral rainband RB5 during stage III. Lekima
has moved into mid-latitudes by this time, experiencing structural
changes. As a result, the kinematic structure of RB5 differs from that of
a typical typhoon’s principal rainband in terms of vertical flow fields
and height of the radial inflow and SHWM.

7 Summary and discussion

Themechanisms and forecasts of landfalling typhoon precipitation are
challenging scientific problems. Lekima, the ninth typhoon in the western
North Pacific in 2019, is the fifth strongest super typhoon to make landfall
in mainland China since 1949. Lekima moved northward after a landfall,
resulting in an extreme rain event in Shandong Province from 0000 UTC
10 August to 1200 UTC 11 August 2019, with maximum accumulated
precipitation in central Shandong exceeding 400 mm, becoming the
process with highest precipitation since meteorological records were
kept in Shandong. This extreme rain event is a typical process under
the interaction ofmid-latitude systems and typhoon circulation. This study
uses the mesoscale numerical WRF model (version 4.2) with two fixed
grids at 12- and 2.4-km horizontal spacing for simulation, which was a
good reproduction of the track, intensity of Typhoon Lekima, distribution
of the main rainbands, and the spatio-temporal evolution of rainfall in
Shandong. On this basis, we use the simulation to explore multi-scale
characteristics of this extreme rain event in terms of favorable large-scale
environments and mesoscale rainbands.

Synoptic systems in middle and low latitudes are stable during the
process. The main system at the upper level is an upper-tropospheric
westerly jet with wind speeds over 30 m/s. At the middle level, other than
the WPSH, there exists a mid-latitude westerly trough, and Shandong is
located in front of the trough. A southeasterly low-level jet and a
southwesterly low-level jet can be seen at the low level. In addition,
there is another Typhoon Krosa in the western North Pacific in Lekima’s
southeast. In the aforementioned background, Lekima maintains its
intensity for a long time after landfall. The relatively slow translation
speed and weak vertical wind shear can also help Lekima maintain its
intensity. Under the influence of the large-scale environmental field
formed by the typhoon and the westerly trough system, it provides
favorable dynamic, thermal, and water vapor conditions for the heavy
precipitation area.

During the torrential rainfall, five mesoscale rainbands in Lekima’s
north affect Shandong successively, which directly influence the heavy
rainfall. Considering the evolution of precipitation and mesoscale
rainbands, the extreme rain event in Shandong can be divided into
three stages. Stage I can be classified as distant rainfall, and two linear
convective rainbands affect Shandong successively, both of which are
triggered by the boundary-layer convergence line. The boundary-layer
convergence line is formed by the interaction between the cold pool
outflow caused by the precipitation of the westerly trough and the warm
and humid airflow transported by the typhoon. The precipitation in stage
II is the strongest. There exists a frontal zone in central Shandong between
warm, moist air carried by Lekima and cold, dry air behind the trough in

the northwest. The front tilts toward the northwest with height, and
warm,moist air transported by southeasterly low-level jet on the southeast
side is lifted up along the front to form precipitation. According to the
frontogenesis function, deformation and convergence in the horizontal
wind field, composed of southeasterlies and northeasterlies in Lekima’s
north, plays a crucial role in frontogenesis. During stage III, Shandong is
directly influenced by the principal rainband. However, this rainband
shows a kinematic structure different from that of a typical typhoon
principal rainband due to Lekima’s structural change andweaker typhoon
intensity after moving into mid-latitudes.

The precipitation of landfalling typhoon is affected by multiple
physical processes, multi-scale systems, and is related to the internal
processes in the typhoon, the interaction between typhoon and the
environment, and the underlying surface. This research discusses the
influences of the environment and typhoon rainband on heavy rainfall
in Shandong after Lekima’s landfall. Considering that the precipitation
center is located in the mountainous area of central Shandong, we have
also conducted a numerical experiment exploring the effects of
mountainous terrains on the intensity and spatial distribution of this
extreme rain event in Shandong Province. The results show that the
topography in central Shandong mainly affects the location of the
precipitation center, while the impact on precipitation intensity is
not significant, which is not discussed in this paper due to the
limitation of pages. The internal dynamic processes in a typhoon
play important roles in the propagation and development of
typhoon rainbands, but the influence of internal dynamical processes
such as vortex Rossby waves on the formation of rainbands is not
considered because the typhoon is far away from Shandong Province in
precipitation stage I. However, during the second and third stages, how
the internal dynamic processes in typhoon changes and how they
influence the movement and development of rainbands when
Lekima interacts with the mid-latitude systems require further study.
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