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ABSTRACT

The moisture transport by tropical cyclones is characterized by high intensity and altitude, which may affect the
microphysical processes of heavy rainfall triggered by tropical cyclones. In this study, we used the Weather
Research and Forecasting (WRF) model to conduct numerical simulations on a heavy rainfall event near the
Yangtze River Delta induced by Super Typhoon Mangkhut (2018). The vertical distribution of water vapor was
modified to highlight the impact of moisture transport at various heights. The results showed that the distri-
bution and intensity of the rainfall event changed with the transport height of water vapor. Ensuring that the
water vapor content in the column kept constant, the total amount of precipitation in the region was greatest
when the transport occurred primarily at low levels, and smallest when the transport occurred primarily at mid-
levels. Detailed analysis of cloud water, rainwater, and frozen hydrometeors showed that liquid- (ice-) phase
processes were the dominant microphysical processes when the transport height is low (mid-to-low). The
deposition and riming processes contributed to heavy precipitation when the transport height was at the mid-to-
upper levels. Our findings underscore the influence of moisture transport with high intensities and altitudes by
tropical cyclones on microphysical processes, ultimately leading to changes in the distribution and intensity of
heavy rainfall. Therefore, when analyzing heavy precipitation events, particular attention should be given to the

moisture transport at the mid-to-upper levels.

1. Introduction

Adequate water vapor supply is crucial for the generation of heavy
precipitation events. Therefore, analyzing the moisture transport during
such events can provide valuable insights (Galarneau et al., 2010; Lavers
and Villarini, 2015; Moore et al., 2013). The precipitation processes in
the pre-summer rainy season in southern China, continuous Meiyu
rainfall near the Yangtze River Basin, and heavy rainfall in northern
China during mid-summer are all closely related to the moisture trans-
port (Du and Chen, 2019; Wang et al., 2014; Wu et al., 2020; Zhang
et al., 2020). In such precipitation events, particular attention is often
given to low-level moisture transport, especially at 850 hPa. For
instance, Zhang et al. (2020) suggested that the early morning peak of
Meiyu rainfall in the Yangtze Plain during atypical Meiyu years was
closely related to low-level water vapor flux. Du and Chen (2019)
studied a heavy rainfall event in southern China and found that it was
associated with a synoptic-system-related low-level jet and a
boundary-layer jet, which transported warm moist air and favored moist
convection.
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Tropical cyclones are intense synoptic systems with strong moisture
transport that can reach high altitudes. The low-level moisture transport
is an important factor in the occurrence of remote heavy rainfall, which
is away from the main body of tropical cyclones (Chen, 2006; Galarneau
et al., 2010; Yu et al., 2020). An analysis of water vapor during severe
rainstorms closely associated with Typhoons Tembin (2012) and
Bolaven (2012) showed that the transport height of water vapor in the
precipitation process was mainly below 700 hPa and that tropical cy-
clones interacted with the subtropical high; as the tropical cyclone
moved northwest, the wind speed between the tropical cyclone and the
subtropical high gradually increased, and a large amount of water vapor
was transported to the precipitation area (Shan et al., 2014). During a
heavy precipitation event in Beijing on July 21, 2012, the water vapor
channel between Typhoon Vicente and the subtropical high played an
important role; the stronger the typhoon, the greater the amount and
area of precipitation (Wen et al., 2015). The analysis of a precipitation
process in Japan in 2004 showed that the northward moisture transport
by Typhoon Songda caused heavy rainfall and that, without this
typhoon, the precipitation event would have been significantly weaker
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Fig. 1. Domains of the numerical trials. dO1 represents the parental domain
and d02 and d03 represent the two nested domains. The blue line is the path of
Typhoon Mangkhut (2018). The numbers beside the path represent the time at
which the center of the typhoon passed through that point—for example, 1300
represents 00:00Z on September 13, 2018. Distribution of average water vapor
flux from September 16 to September 17, 2018 derived from ERAS data is
shown in filled contours. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

(Wang et al., 2009). These studies discussed moisture transport in the
lower troposphere induced by tropical cyclones, mainly because the
average mixing ratio of water vapor in mid-to-upper levels is much
smaller than that at low levels (approximately 1:10) (Feltz et al., 2003;
Gutnick, 1962).

However, with adequate water vapor and high intensity, tropical
cyclones may reach the upper troposphere or even lower stratosphere
and transport moisture to anomalous heights over both the surrounding
and remote locations (Fu et al., 2013; Plotnik et al., 2021). Although
moisture in the upper levels does not constitute a large proportion of the
whole column, the effect of water vapor in upper levels in determining
the Earth’s outgoing longwave radiation is comparable to that of the
lower troposphere (Lindzen, 1990; Shine and Sinha, 1991). Moreover,
moisture in the upper levels promotes ice-phase processes, such as
deposition and riming, affecting latent heat release, which may lead to
ice particles generating, melting, and finally falling to the ground to
intensify precipitation (Houze, 2012; Li et al., 2016; Niu et al., 2010;
Rutledge and Hobbs, 1984; Zuo et al., 2022). Fu et al. (2003) analyzed
two mesoscale heavy precipitation systems and showed that in strati-
form precipitation, raindrops do not collide and coalesce below the
freezing layer, whereas raindrops in convective precipitation coalesce;
evaporation, break-up, and other processes may also occur. Chen et al.
(2020) studied a heavy precipitation process in the Yangtze River Basin
and suggested that after the cloud cluster had formed and moved out of
the Qinghai-Tibetan Plateau, liquid-phase processes, riming, and ag-
gregation processes all significantly increased, which increased the
particle size combined with the moisture transport in the low levels to
produce heavy precipitation. In general, water vapor in the upper
troposphere plays a role that is not less important than that at low levels
in forming heavy precipitation, especially when associated with tropical
cyclones.

Numerical weather forecasting has played an increasingly important
role in precipitation forecasting in recent years (Liguori et al., 2012).
The Weather Research and Forecasting (WRF) model is widely used in
both atmospheric research and operational forecasting (Evans et al.,
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2012; Tian et al., 2017; Yin et al., 2022). The WRF model simulates
temperature, air pressure, humidity, wind, and other variables well
(Sharma et al., 2017). Humidity is an important parameter character-
izing the amount of atmospheric water vapor. Many sensitivity experi-
ments have indicated that the path and intensity of tropical cyclones are
greatly affected by changes in environmental humidity (Wu et al., 2012;
Yan et al., 2017). Microphysical processes are described by different
parameterization schemes in the WRF model. Tian et al. (2021) showed
that the results simulated by the model may be significantly different if
different parametrization schemes were selected. The microphysical
schemes selected to yield the most accurate forecast compared with
real-time observations are not necessarily the same for different heavy
precipitation events (Huang et al., 2020). With the WRF model, we can
conduct sensitivity experiments by modifying the moisture profile to
clarify the role of moisture in the upper levels.

Despite the extensive research on moisture transport, there remains a
limited emphasis and comprehension regarding the impact of mid-to-
upper-level transport and the underlying mechanisms of heavy precip-
itation events. To address these issues, we conducted sensitivity exper-
iments on the transport height of water vapor using the WRF model.
Specifically, we conducted a case study focusing on Super Typhoon
Mangkhut (2018) and analyzed the associated mechanisms.

2. Case overview and methods

Super Typhoon Mangkhut (2018) made landfall along the coast of
Taishan City, Guangdong Province, China, at approximately 09:00Z on
September 16, 2018. The maximum average wind speed near the center
of the tropical cyclone was 45 m/s. It gradually weakened after landfall.
The super typhoon not only brought rainstorms to the coast of southern
China but also caused heavy rainfall in the Yangtze River Delta, resulting
in huge losses to property. The contours in Fig. 1 show the vertical in-
tegrals of the water vapor flux during the simulation period retrieved
from ERAS data (Hersbach et al., 2020). Apart from the large moisture
transport in the main body of the typhoon (southwest of d03; over 500
kg m~! s71), large values of water vapor flux were observed in the
southeast of d03, mostly exceeding 300 kg m~! s~!. The moisture
transport belt separated from the main body of the typhoon transported
warm moist air northward to the study area, providing favorable con-
ditions for the generation of heavy rainfall.

Yu et al. (2020) suggested a clear boundary between the main body
of the typhoon and the remote precipitation area, where the reflectivity
exceeded 35 dBZ and precipitation persisted for more than 6 h. The
moisture transported to the Yangtze River Delta gradually separated
from the main body of the typhoon, which played a crucial role in
transporting moisture mainly from the Philippine Sea, the sea south of
the Philippines, and the southern South China Sea, to the heavy pre-
cipitation area according to their backward trajectories for air parcels.
Numerical experiments conducted by Jiang et al. (2022) showed that the
larger the scale of Typhoon Mangkhut, the larger the high-humidity area
and higher the convergence layer, indicating that the typhoon was
closely associated with moisture in the heavy precipitation area.

The domains of the WRF (version 4.0) model where we conducted
sensitivity experiments, and the track of Typhoon Mangkhut are shown
in Fig. 1. The initial and boundary conditions for the numerical simu-
lation were obtained from the Global Forecasting System analysis
dataset of the National Centers for Environmental Prediction (NCEP
GFS-ANL) with a resolution of (0.5° x 0.5°), 32 isobaric surfaces in the
vertical direction, and 4 soil layers. The path data of Typhoon Mangkhut
were obtained from the China Meteorological Administration Tropical
Cyclone Data Center’s Best Track Dataset (tcdata.typhoon.org.cn) (Lu
etal., 2021; Ying et al., 2014). Fig. 1 shows the path of the typhoon as a
blue line. The initial data was provided at 6-h intervals. The integration
time step was set to 45 s, and the output time interval was 1 h. The
simulation period was from 00:00Z on September 16, 2018, to 00:00Z on
September 18, 2018. The simulation area included a parental domain
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Table 1
Relationship of water vapor in each layer between after adjustment and before
adjustment in each trial.

Trial Relationship

1 my (i) = myo(i)

2 my (i) = 0.7mo(i) + 0.3m-weight(i)

3 my (i)

m (i) = [m —m(j) — m (k)] (i#j,i#k)

m —mo(j) — mo(k)

Fig. 2. Variation in the average relative humidity with height in d03 (units: %).
The solid and dotted green lines are the average and average plus (minus)
standard deviation calculated from September 1981 to September 2010,
respectively. The solid and dotted purple lines are the average and average plus
(minus) standard deviation from September 16, 2018 to September 17, 2018,
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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and two nested domains, which were two-way nested (d01, d02, and
d03, respectively, as shown in Fig. 1). The Yangtze River Delta (where
heavy precipitation occurred) was included in d03, and the path of the
typhoon during the simulation period was included in d02 to capture the
distribution and associated processes in the heavy precipitation area, as
well as the large-scale circulation background. The horizontal resolution
of the parent domain was 9 km, whereas the nested domains had hori-
zontal resolutions of 3 km and 1 km. The sizes of d01, d02, and dO3 were
approximately 3411 km (west-east, the same below) x 2691 km
(south-north, the same below), 2178 km x 1926 km, and 843 km x 963
km, respectively. We used the Lambert projection in this simulation.

We selected the WSM6, KF, and RRTMG parameterization schemes
as the microphysical, cumulus, and longwave/shortwave radiation
schemes, respectively. These schemes perform best when used together
in precipitation forecasts associated with tropical cyclones on the
southeast coast of China (Tian et al., 2021). We selected Yonsei Uni-
versity (Hong et al., 2006) and the unified Noah land surface model
(Tewari et al., 2004) as the planetary boundary layer and land surface
schemes, respectively, since both schemes perform well in the WRF
model and have been widely applied for rainfall simulations (Ahasan
and Khan, 2013; Srivastava et al., 2015; Yin et al., 2022).

We conducted the following trials: (the “layer” in the descriptions
represents the three-dimensional area between two adjacent isobaric
levels. There were 31 layers because there were 32 isobaric levels in the
vertical direction.)

1. We used the settings above to simulate the CTRL run.

2. Ensuring that the total mass of water vapor in the vertical column
(from the ground to 10 hPa) corresponding to each grid point was
constant, we changed the moisture profile in d03 by altering the
relative humidity of each layer such that the vapor mass in each layer
maintained the same proportion to the total water vapor mass of the
column as the average proportion observed in d03 during September
1981-2010.

3. Ensuring that the total mass of water vapor in the vertical column
corresponding to each grid point was constant, we changed the
moisture profile in d03 such that the water vapor in the adjacent two
layers was saturated after each adjustment. The remaining water
vapor in the column was weighed and distributed to the other layers
according to the proportion of the water vapor mass in each layer.
The layers where water vapor was saturated after each adjustment
were: 1000-950; 950-900; 900-800; 800-700; 700-600; 600-500;
500-400; and 400-300 hPa.

Fig. 3. Distribution of total precipitation (units: mm) simulated in (a) Trial 2 and (b) Trial 1 (CTRL) from 00:00Z on September 16, 2018 to 00:00Z on September

18, 2018.
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Fig. 4. Distribution of total precipitation (units: mm) simulated in Trials 3 and 1. The layers where water vapor is adjusted to saturation are (a) 1000-950, (b)
950-900, (c) 900-800, (d) 800-700, (e) 700-600, (f) 600-500, (g) 500-400, and (h) 400-300 hPa, and (i) CTRL.

Table 1 shows the relationship between the water vapor in each layer
before and after adjustment in each trial, where m(i) is the original mass
of water vapor in layer i, m; (i) is the mass of water vapor in layer i after
adjustment, m is the total mass of water vapor in the column, and weight
(i) is the proportion of the average mass of water vapor in layer i in d03
to that in the column during September 1981-2010. It is assumed that
layers j and k are saturated after adjustment in Trial 3.

3. Results
3.1. Comparison of the water vapor profiles in d03

Fig. 2 shows the average moisture profiles in September from 1981 to
2010 and September 16 to September 17, 2018, in d03 using the ERA5
reanalysis data (Hersbach et al., 2020). The values obtained after adding
and subtracting the standard deviation from the average values are also
shown. The annual mean relative humidity was the highest at approxi-
mately 950 hPa and then decreased as the height increased. At 500-100
hPa, the relative humidity fluctuated around 50%, with the standard

deviation of the entire column stable at approximately 10%. During this
precipitation process, the average relative humidity of each layer was
significantly higher than the annual mean by 10-30 percentage points,
and the difference was greater in the mid-to-upper levels. The difference
between the average value of the process and the annual mean showed a
bimodal feature, with one peak near 600 hPa and the other near 200
hPa. The standard deviations of the relative humidity were greatest in
mid-levels, with the span between the maximum and minimum values
being >60%, which indicated that the data were diverged. Therefore,
the overall water vapor content in this area during the precipitation
process was significantly higher than the annual mean, and the
discrepancy in the moisture transport in the mid-to-upper levels should
not be neglected.

3.2. Comparison between the simulation results in Trials 1 and 2

Fig. 3 shows the results of the simulated 48-h total precipitation
distribution of Trial 2 after adjusting the water vapor content of each
layer according to the average moisture profile in d03 in September
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Fig. 5. Three-hour variation of average single-grid precipitation (units: mm per grid point) calculated from all grid points within blue rectangles in Fig. 4 simulated
in Trials 3 and 1. The layers where water vapor is adjusted to saturation are (a) 1000-950, (b) 950-900, (c) 900-800, (d) 800-700, (e) 700-600, (f) 600-500, (g)
500-400, (h) 400-300 hPa, and (i) CTRL. The horizontal axis represents the time elapsed from 00:00Z on September 16, 2018, and the vertical axis represents the
average 3-h precipitation of the selected grid points. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

from 1981 to 2010 (Fig. 3a) and in Trial 1 (CTRL; Fig. 3b). In Trial 1,
heavy precipitation occurred primarily in two areas. One was the
northern precipitation area, located near the coastline of the Yangtze
River Delta and the sea surface to its east (blue rectangles in Fig. 3). The
area of heavy precipitation (>140 mm) was discrete, with precipitation
>200 mm in areas near (32° N, 120.5° E) and (33° N, 122.5° E). The
southern precipitation area was located at 26.5-28.5° N, 119-121° E
(brown rectangles in Fig. 3), where the total precipitation was generally
>140 mm and locally >200 mm. Rainfall also occurred in other areas
but had a lower intensity. The heavy precipitation in these two areas
corresponds well with the large values of moisture transport reported in
other studies (Yu et al., 2020). We compared it with the precipitation
amount retrieved by the Integrated Multi-satellite Retrievals for the
GPM (IMERG) Final Run precipitation dataset, which merges satellite
microwave precipitation estimates together with microwave-calibrated
infrared satellite estimates and precipitation gauge analyses and has
good quality over mainland China (Hou et al., 2014; Tang et al., 2016).
The correlation coefficient when they are both averaged at 1-degree
intervals in dO3 is 0.61, indicating that CTRL is capable of reproduc-
ing the approximate distribution and intensity of this precipitation
event.

After adjusting the water vapor content, the coverage of the southern

precipitation area changed slightly, although the intensity was slightly
lower. As for the northern precipitation area, the area with rainfall
>150 mm is significantly smaller, that is, the 2020 and 6059 model grid
points in blue rectangles in Fig. 3a and b, respectively. The maximum
precipitation amounts were 460 mm and 656 mm, respectively,
demonstrating that the precipitation intensity was higher in Fig. 3b
(CTRL). The areal coverage of heavy precipitation over the sea in the
northern area was much smaller than that in Trial 1. The areal coverage
of heavy rainfall on land was reduced, with a total rainfall amount of
only >200 mm near (32° N, 121° E). In general, after adjusting the
transport height of water vapor, the overall precipitation and areal
coverage of heavy precipitation were both significantly reduced, indi-
cating that different transport heights of water vapor led to significant
differences in the spatial distribution and total precipitation in the study
area.

3.3. Comparison between the simulation results in Trials 1 and 3

The 48-h total precipitation results were significantly different when
the water vapor in different layers was adjusted to saturation (Trial 3;
Fig. 4). The location of heavy precipitation was consistent with the
northern and southern precipitation areas shown in Fig. 3. Heavy
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Fig. 6. Three-hourly variation of the simulated total precipitation after adjusting the water vapor at 950-900 hPa to saturation.

precipitation in the northern precipitation area was mainly observed in
areas marked with blue rectangles in Fig. 4. When the water vapor was
saturated at 950-900 hPa, the precipitation was largest in the northern
precipitation area, and the largest cumulative rainfall was >200 mm
(Fig. 4b). In contrast, when the water vapor was saturated at 700-600
hPa, the precipitation was lowest in the northern area, generally <100
mm, and only >140 mm near (32.5° N, 121° E) (Fig. 4e). The simulation
results also show that when 950-900 hPa was saturated, the overall
precipitation in the northern precipitation area significantly exceeded
that in Trial 1, whereas it was significantly weaker than in Trial 1, when
the saturation height of the water vapor was between 700 and 400 hPa
and was generally <100 mm (Fig. 4e-h). For the southern precipitation
area, the overall precipitation was significantly stronger than in Trial 1,
when the transport height was between 700 and 300 hPa. The simula-
tion results of precipitation were similar to those of Trial 1, when the
saturation height was below 700 hPa.

We plotted a 3-h variation diagram of the average precipitation at a

single grid point to further explore the differences in precipitation in
different periods caused by different transport heights of water vapor
(Fig. 5). We selected grid points in the northern precipitation area,
including both the land and sea areas (blue rectangles in Fig. 4). The
precipitation trend for each period can be observed. The peak time of the
average precipitation in the region was from early morning to noon
(local time), which was probably a result of the boosting effect of the
sea-land breeze (Huang et al., 2010; Yuan et al., 2012). When 1000-950
hPa was saturated, the period with the strongest precipitation was
relatively early, from hours 21-24 (21:00Z-24:00Z) (Fig. 5a). With a
gradual increase in the transport height of water vapor, the strongest
precipitation period was gradually delayed.

When 800-700 hPa was saturated, the strongest precipitation period
was from hours 27-30 (03:00-06:00Z) (Fig. 5d). If the height continued
to increase to 700-600 hPa, the strongest precipitating period advanced
to hours 21-24, while the period of strongest precipitation became later
with increasing transport heights (Fig. 5f~h). These results indicate that
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Fig. 7. Three-hourly variation of the simulated total precipitation after adjusting the water vapor at 700-600 hPa to saturation.

the period of the strongest precipitation changed periodically with the
increase in the transport height of water vapor.

In terms of precipitation intensity, except for Trial 1 (CTRL), the
average 3-h precipitation per grid point was largest when 950-900 hPa
was saturated (Fig. 5b) and was approximately 13 mm per grid point.
Precipitation had a long duration, and the average value was >9 mm for
12 consecutive hours. In comparison, when 700-600 hPa was saturated,
there was no period when the average precipitation in 3 h was >9 mm
(Fig. 5e), indicating that the overall precipitation was weaker. When
400-300 hPa was saturated, the 3-h average precipitation during hours
24-30 was >10 mm, and the temporal distribution of precipitation was
closer to that in the CTRL run (Fig. 5h and i).

We selected three numerical experiments, in which the transport
heights of water vapor were different, to explore the differences in the
spatial distribution of precipitation every 3 h. The three experiments
adjusted the water vapor at 950-900 hPa, 700-600 hPa, and 400-300
hPa to saturation. Figs. 6-8 show the spatial distribution of precipitation

in dO3 every 3 h.

When 950-900 hPa was saturated (Fig. 6), the northern precipitation
area experienced heavy precipitation primarily between 09:00Z on
September 16, 2018, and 12:00Z on September 17, 2018. This area
consisted of two precipitation centers, one on land (32° N, 121° E) and
one over the sea (32° N, 122° E). There were 5331 model grid points
with precipitation >50 mm in 3 h when the precipitation was heaviest in
the northern precipitation area (Fig. 6d-1). The center of precipitation
on land moved from (32° N, 120.5° E) to (29.5° N, 121° E) and then
weakened and disappeared. The center of precipitation at sea moved
from (32.5° N, 121° E) to (31.5° N, 123° E), the range of which
decreased with time. It rained earlier in the southern precipitation area,
mainly from 17:00Z on September 16, 2018, to 05:00Z on September 17,
2018, and the precipitation was generally moderate, with approximately
20 mm every 3 h (Fig. 6d- g). After this period, precipitation gradually
weakened and disappeared.

When 700-600 hPa was saturated (Fig. 7), precipitation mainly
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Fig. 8. Three-hourly variation of the simulated total precipitation after adjusting the water vapor at 400-300 hPa to saturation.

occurred between 12:00Z on September 16, 2018, and 12:00Z on
September 17, 2018, as in the northern precipitation area. The area
could still be divided into two parts, one located near (32.5° N, 120.5°
E), with precipitation occurring earlier than in the other part and
reaching 40 mm in 3 h. The other part was located near (31.5° N, 121°
E), with precipitation occurring mainly during the day on September 18,
2018. The intensity of precipitation was strong, but of short duration,
with 2923 model grid points having >50 mm precipitation in 3 h when
the precipitation was the heaviest (Fig. 7e-1). Heavy precipitation in the
southern precipitation area generally occurred from 12:00Z to 21:00Z
on September 16, 2018. The number of model grid points near (28° N,
120° E), where the 3-h total precipitation was >50 mm, reached 4204
(Fig. 7e-g).

When 400-300 hPa was saturated (Fig. 8), the heavy precipitation
period was mainly between 21:00Z on September 16, 2018, and 12:00Z
on September 17, 2018. Precipitation increased significantly during the
day, with 5633 model grid points having >50 mm precipitation in 3 h,

but the duration was not long. Precipitation rapidly weakened at night.
Precipitation in the southern precipitation area mainly occurred during
the night of September 16, 2018, and weakened significantly during the
day.

In terms of precipitation in the CTRL run (Fig. 9), we calculated the
distribution of the 3-h precipitation in Trial 1. The period of precipita-
tion in the southern precipitation area during the CTRL run was slightly
different from that in the other trials, but the overall precipitation was
much lighter than in the other experiments (Fig. 9e- g). Precipitation in
the northern precipitation area was mainly observed from 21:00Z on
September 16, 2018, to 12:00Z on September 17, 2018 (Fig. Sh-1), with
precipitation in 7080 model grid points >50 mm in 3 h when precipi-
tation was the heaviest. The center of precipitation moved from (32° N,
120° E) to (29.5° N, 120.5° E) and the intensity weakened rapidly.

We have compared Figs. 6-9, focusing mainly on heavy precipitation
in the northern precipitation area. Heavy precipitation occurred earliest
when 950-900 hPa was saturated and latest when 400-300 hPa was
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Fig. 9. Three-hourly variation of the simulated total precipitation for Trial 1 (CTRL run).

saturated. The amount of precipitation in the CTRL run was between
that when 950-900 hPa was saturated and when 400-300 hPa was
saturated. The amount of rainfall was the lowest when 700-600 hPa was
saturated. The precipitation in all experiments generally moved from
north to south. We conclude that different transport heights of water
vapor led to significant variations in the distribution, intensity, and
duration of heavy precipitation.

3.4. Mechanisms

The mechanisms leading to the differences in the distribution of
heavy precipitation are discussed below. Figs. 10 and 11 show the
variation with time in the mixing ratio of (cloud water + cloud ice) and
(rain + snow + graupel), respectively, averaged in the blue rectangles in
Fig. 4. Hour O represents 00:00Z on September 16, 2018. The mixing
ratio of each variable represents the relative content in the atmosphere.
The maximum values of the cloud-water mixing ratio in the 4 trials were

almost the same (>0.08 g/kg), and the periods in which they reached
their peak values were also similar. When 950-900 hPa or 700-600 hPa
was saturated, heavy precipitation mainly occurred in hours 18-30. In
contrast, in the CTRL run and when 400-300 hPa was saturated, heavy
precipitation mainly occurred during hours 21-30.

When 950-900 hPa was saturated (Fig. 10a and 11a), the cloud ice
mixing ratio was high during hours 15-18, but there was little precipi-
tation at this time. When the cloud water mixing ratio at mid-to-low
levels was high, the rainwater mixing ratio also reached a large value
(>0.15 g/kg). The amount of cloud ice reached a peak in hours 27-30,
and the mixing ratio of the frozen hydrometeors at mid-to-upper levels
reached a peak (>0.4 g/kg), but the rainwater mixing ratio decreased
with decreasing height during this period, indicating that the evapora-
tion process occurred at lower levels. The peak value of the rainwater
mixing ratio corresponded to the peak value of cloud water rather than
cloud ice, indicating that the ice-phase processes contributed less to the
heavy precipitation in Trial 3 than the liquid-phase processes when the
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Fig. 10. Variations of the sum of cloud water and cloud ice mixing ratios (units: g/kg) averaged in the blue rectangles in Fig. 4 with time (units: hours). The layers
where the water vapor is adjusted to saturation are: (a) 950-900 hPa; (b) 700-600 hPa; and (c) 400-300 hPa; (d) CTRL run. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

water vapor was saturated at 950-900 hPa. The droplets in clouds grew
into raindrops through microphysical processes such as condensation
and coalescence before falling to the ground. The increase in the rain
rate was affected by the increase in the particle size and high mixing
ratio of rainwater (Niu et al., 2010). This analysis implies that heavy
precipitation was dominated by liquid-phase processes.

The results varied significantly when 700-600 hPa was saturated
(Fig. 10b and 11b). There were two peaks in the cloud ice mixing ratio in
the mid-to upper levels: one in hours 21-24 and the other in hours
30-33. The cloud water mixing ratio at 850 hPa, corresponding to the
first peak, was relatively low, weakening liquid-phase processes. Pre-
cipitation was probably induced by ice particles, which were generated
in the mid-to-upper levels and grew through ice-phase processes before
melting into rainwater near the 0 °C layer. At the second peak of the
cloud ice mixing ratio, the mixing ratio of snow and graupel was much
larger than that at the first peak and was >0.3 g/kg. However, at this
time, the mixing ratio of (cloud water + cloud ice) at 500-700 hPa
decreased significantly, although it increased below 700 hPa. The
rainwater mixing ratio at the corresponding height decreased, indicating
that most precipitation particles were generated at 250-400 hPa. After
the ice particles fell to mid-to-low levels and melted, part of the rain-
water evaporated, resulting in an increase in the cloud-water mixing
ratio at approximately 700 hPa. Ice-phase processes were dominant
microphysical processes in the second peak of heavy precipitation.

When 400-300 hPa was saturated (Fig. 10c and 11c), the cloud ice
mixing ratio at mid-to-upper levels reached a peak value (0.4 g/kg) in
hours 27-30. At this time, the mixing ratio of snow and graupel also
reached a maximum (>0.45 g/kg), which suggested that many of the ice
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particles generated in the mid-to-upper levels grew through ice-phase
processes before falling to lower levels and melting. The cloud water
mixing ratio was at a peak (>0.08 g/kg) in hours 24-27. However, it was
lower at 850 hPa and decreased rapidly after 27 h, indicating a weak-
ening of the liquid-phase processes. Evaporation occurred at low levels,
probably because of less effective conversion of cloud droplets to rain-
water, which caused the vertical column to stabilize (Lin et al., 2011).
The heavy precipitation in the areas where water vapor was saturated at
400-300 hPa was mainly caused by ice-phase processes.

Fig. 10d and 11d show the distribution of the mixing ratio of (cloud
water + cloud ice) and precipitation in the CTRL run. The result was
similar to that obtained when 400-300 hPa was saturated, but the values
were larger. Therefore, the regional average precipitation was also
larger (>12 mm/h) (Fig. 5i). The cloud ice in the mid-to-upper levels
caused the peak value of frozen hydrometeors at 300-500 hPa
(Fig. 11d), but the actual amount of precipitation did not increase. The
heavy precipitation in the CTRL run was mainly caused by the joint
influence of the liquid- and ice-phase processes. The above analysis
confirms that a change in low-level humidity has a significant impact on
the microphysical processes of precipitation (Zagrodnik et al., 2021).

The large mixing ratios of the hydrometeors were mainly observed
from 18:00Z on September 16, 2018, to 06:00Z on September 17, 2018.
Fig. 12 shows the vertical profiles of the liquid water content (LWC) and
ice water content (IWC) at the 99th percentile, corresponding to the
saturation of water vapor in different layers. The IWC obtained when
950-900 hPa was saturated was similar to that in the CTRL run and
slightly higher than that when 400-300 hPa was saturated. This suggests
that there were sufficient ice-phase processes in these three trials,
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Fig. 11. Variations of the sum of rainwater, snow and graupel mixing ratios (units: g/kg) averaged in the blue rectangles in Fig. 4 with time (units: hours). The layers
where the water vapor is adjusted to saturation are: (a) 950-900 hPa; (b) 700-600 hPa; and (c) 400-300 hPa; (d) CTRL run. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 12. Vertical profiles of the LWC (solid lines; units: g/mg) and IWC (dashed
lines; units: g/m®) at the 99th percentile in blue rectangles in Fig. 4 from 18:00Z
on September 16, 2018 to 06:00Z on September 17, 2018. Blue, red, green, and
purple lines represent experiments where 950-900, 700-600 and 400-300 hPa
were saturated and the CTRL run, respectively. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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probably resulting from the ice-phase processes caused by stronger up-
drafts, which enhanced precipitation (Han et al., 2021).

The vertical profiles of the LWCs for the four trials were similar to
those of the IWCs, except that the large values were mainly observed at
low levels. The differences in the maximum LWCs between the trials
when 700-600 hPa was saturated and the other three trials were 0.7, 1
and 1.18 g/ms, respectively, indicating that liquid-phase processes were
most active when 950-900 hPa was saturated and most inactive when
700-600 hPa was saturated.

The IWCs were lowest when 700-600 hPa was saturated, indicating
relatively weak convection and less precipitation. As shown in Supple-
mentary Fig. 2, when 700-600 hPa was saturated, lower CAPE (less than
1500 J/kg) was seen in blue boxes, indicating a more stable atmospheric
environment with less convective activity. This could be validated by 6,
(equivalent potential temperature) shown in Supplementary Fig. 4,
where "di; > 0 between 700 hPa and 600 hPa during the first 18 h of the
simulation. The result was also consistent with Takemi (2007), who
suggested that when the column had a constant water vapor content,
altering the moisture profile with a larger amount of water vapor at
mid-levels and a smaller amount at low levels resulted in a more stable
environment and weaker convective activity. The effectiveness of the
conversion from ice particles to raindrops was low, probably because the
moisture transport at 700-600 hPa neither promoted liquid-phase pro-
cesses at low levels nor ice-phase processes in the upper levels. Conse-
quently, ice particles in the upper levels could only aggregate and
increase in size before melting in the 0 °C layer and falling to the ground.
This was demonstrated in Supplementary Fig. 1 by less graupel and more
snow and ice. When 400-300 hPa was saturated, the IWCs, particularly
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Fig. 13. Vertical profiles of hydrometeor conversion rates for trials: (a—d) 950-900 hPa; (e-h) 700-600 hPa; (i-1) 400-300 hPa; and (m-p) CTRL run.

Fig. 14. Schematic diagram depicting the microphysical processes when water vapor was saturated at (a) 950-900 hPa, (b) 700-600 hPa, and (c) 400-300 hPa. The
dark blue arrows represent the major moisture transport in the column. Blue circles/ellipses and snowflakes represent raindrops and ice particles, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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graupel, were larger than those in 700-600 hPa, indicating that depo-
sition and riming processes were dominant. The LWC/IWC values in
CTRL run fell between those observed in the 400-300 hPa trial and the
950-900 hPa trial, with close proximity between the values, which
indicated again that both liquid-phase processes and ice-phase processes
contributed to the precipitation observed in CTRL.

The vertical profiles of the hydrometeor conversion rates for each
trial are shown in Fig. 13. The conversion rates of graupel at all four
moments were comparatively low (under 0.5 x 10° g kg™ s™1) when
700-600 hPa was saturated (Fig. 13e-h), which validates the view that
the aggregation process predominated during the ice-phase enhance-
ment because ice crystals sticked together to form larger particles with
little mass increase. Combined with Supplementary Fig. 2 and Supple-
mentary Fig. 4, it is further indicated that less convection developed
under the moisture profile in a more stable environment, such that
precipitation was weaker compared with other trials. The conversion
rates of snow and graupel at 400-300 hPa were the highest among those
trials, with values close to 1.5 x 10° g kg™! s7! (Fig. 13k), indicating
active ice-phase processes, especially deposition and riming. When
950-900 hPa was saturated, the higher conversion rate of cloud water
(0.87 x 10° g kg~! s71) in the mid-to-low levels, rather than the higher
conversion rate of graupel, corresponded to a higher conversion rate of
rainwater (1.08 x 10° g kg’1 s71) at low levels (Fig. 13a and b), con-
firming that the liquid-phase processes predominated.

The analysis above indicates that if the transport height of water
vapor is different, the dominant microphysical processes will be
different. Different dominant microphysical processes caused significant
variations in the distribution, intensity, and duration of heavy precipi-
tation during these trials.

4. Discussion and conclusions

A numerical simulation of a heavy rainfall event induced by Super
Typhoon Mangkhut (2018) was conducted using the WRF model. The
study aimed to investigate the influence of different transport heights of
water vapor on the distribution and intensity of heavy precipitation. In
the simulation, the water vapor content in the column was kept constant
while varying the vertical distribution of water vapor. This allowed for a
detailed examination of how changes in the transport height of water
vapor impact the characteristics of heavy precipitation. Our main find-
ings are as follows:

The annual mean moisture profile in d03 was compared with the
average profile of the heavy precipitation process. Results showed that
the average relative humidity during the precipitation process was
significantly higher than the annual mean. The difference between the
two profiles exhibited two distinct peaks. The first peak was observed in
the mid-troposphere, specifically around 600 hPa, while the second peak
occurred in the upper troposphere near 200 hPa.

In Trial 2, the moisture profile in d03 was modified to ensure that the
vapor mass in each layer maintained the same proportion to the total
water vapor mass of the column as the average proportion observed in
d03 during September 1981-2010. The results demonstrated a signifi-
cant variation in the distribution of precipitation compared to the CTRL
run. This indicates that altering the transport heights of water vapor can
lead to changes in the spatial distribution and intensity of heavy
precipitation.

In Trial 3, the water vapor between the two adjacent layers was
adjusted to saturation. Results showed that the greatest regional total
precipitation occurred when the transport height was at 950-900 hPa,
and the lowest when the transport height was at 700-600 hPa. The
analysis of the hydrometeor mixing ratios indicates that when the pri-
mary transport height was low, liquid-phase processes were dominant.
When the transport height was primarily at mid-to-low levels, there
would be less convection developing in a more stable environment,

which was validated by lower CAPE and ‘)ai; > 0. Meanwhile, the

13

Weather and Climate Extremes 41 (2023) 100587

aggregation process rather than liquid-phase processes was dominant.
When the transport height was primarily at the mid-to-upper levels,
deposition and riming processes were the major contributors to heavy
precipitation. Microphysical processes in the three trials are summarized
in Fig. 14.

Previous investigations of heavy rainfall events have predominantly
focused on low-level moisture as a key factor. For instance, Zhang et al.
(2020) and Du and Chen (2019) examined atypical Meiyu rainfall and an
intense convective precipitation event, respectively, attributing primary
importance to low-level moisture transport. Even in studies on rainfall
induced by tropical cyclones, such as the work by Shan et al. (2014),
low-level moisture has been the main focus. However, Liu et al. (2022)
observed high moisture content above 5 km in Typhoon Sinlaku (2020)
and emphasized the significance of related thermodynamic processes
such as condensation heating. Our study on the precipitation induced by
Typhoon Mangkhut (2018) in the Yangtze River Delta region also
revealed high relative humidity in the mid-to-upper troposphere,
exhibiting a bimodal distribution. The strong moisture transport
observed at mid-to-upper levels influenced microphysical processes,
consequently impacting precipitation distribution and intensity. These
findings are consistent with Zuo et al. (2022), who also stressed the
importance of mid-to-upper-level moisture transport.

Our results underscore the influence of moisture transport with high
intensities and altitudes by tropical cyclones on microphysical pro-
cesses, leading to changes in the distribution and intensity of heavy
rainfall. This highlights the importance of considering the moisture
profile in the vertical direction, particularly at mid-to-upper levels,
when predicting rainfall in real cases associated with tropical cyclones.
Taking this into account can provide valuable insights for the under-
standing of precipitation mechanisms during such events.
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