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Abstract: Landfalling tropical cyclones (TCs) in Northeast China are rare because of the region’s
high latitude (>40°N). In 2020, Northeast China was affected by three TCs within half a month—the
first time on record. We used the Global Precipitation Measurement orbital dataset to study the
precipitation microphysics during the TC period in Northeast China in 2020 (2020-TC), and during
September in this region from 2014 to 2019 (hereafter September 2014-September 2019). FY-4A
was used to provide cloud top height (CTH). The results show that, compared with September
2014-September 2019, the 2020-TC precipitation has stronger precipitation ice productivity, weaker
deposition efficiency, stronger riming, and stronger coalescence processes. The storm top height
(STH), CTH, and the difference between the two (CTH-STH) are indicative of the near-surface droplet
size distribution (DSD), but there are differences: STH and CTH-STH both correlate significantly
with mean mass-weighted drop diameter, whereas only the positive correlation between CTH and
normalized drop concentration parameter passes the significance test. These results reveal for the
first time the precipitation microphysics of landfalling TCs in Northeast China, and allow discussion
of the validity of convective intensity indicators from the perspective of DSD.

Keywords: precipitation microphysics; tropical cyclone; Northeast China; droplet size distribution;
Global Precipitation Measurement

1. Introduction

Landfalling tropical cyclones (TCs) usually bring strong winds and heavy precipita-
tion, which may cause serious economic losses and even endanger human life. Improving
the quantitative precipitation estimation of landfalling TCs depends on an accurate under-
standing of microphysical processes, because the microphysics of TC precipitation and local
precipitation are significantly different [1-4]. Droplet size distribution (DSD) is the basic
parameter of precipitation microphysics, and there have been many studies on the DSD of
TC precipitation and its corresponding microphysical processes. It is generally believed
that landfalling TC precipitation has a high raindrop concentration and small raindrop
diameter, and that the warm rain processes (accretion and coalescence) are dominant [5-8].

Located in the western North Pacific, China is one of the countries most threatened by
TCs. Funded since 2009, the national Landfalling Tropical Cyclone Research Project (LTCRP)
in China has built a large number of ground-based observation systems in East China and
South China [9]. For example, a study using polarimetric radar found that landfalling TCs
in South China have a larger raindrop diameter and lower raindrop concentration than
those in East China [6,8]. However, LTCRP has not established observations in Northeast
China (north of 40°N), because the number of TCs moving northwards is inherently small,
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and the energy of TCs in such a northerly location basically becomes exhausted. On rare
occasions, however, the extratropical transition of TCs will bring TC-like conditions in
summer and autumn to latitudes where such events would not normally occur, causing
precipitation of a different nature to the usual local weather systems [10]. Wang et al. (2021)
studied TC Yagi (201814), which converted to an extratropical cyclone, and found that its
raindrop diameter was very different from normally observed landfalling TCs; specifically,
it no longer possessed the characteristics of marine precipitation and instead was more
typical of continental precipitation [11]. However, the instruments used in their research
were actually located in East China (37°N, 117°E). At present, there is almost no research
on the DSD and microphysical processes of landfalling TCs in Northeast China, which
poses a significant challenge for local forecasters.

Fortunately, the rapid development of satellite remote sensing technology has pro-
vided us with an excellent opportunity to study the DSD and microphysical processes of
landfalling TC precipitation in these areas lacking ground-based observations. The Global
Precipitation Measurement (GPM) core satellite—the successor to the Tropical Rainfall
Measuring Mission (TRMM)—was launched in February 2014. Different from the TRMM
precipitation radar, the dual-frequency precipitation radar (DPR) the GPM carries can
retrieve the three-dimensional DSD of precipitation [12]. There have been some studies
on TCs using GPM DPR [13-16]. For example, Huang et al. (2022) found a good consis-
tency of reflectivity between GPM DPR and ground-based S-band polarimetric radar on
TC observation over South China, whereas underestimation was found for the raindrop
number concentration [16]. However, there is a lack of polarimetric radar observations in
Northeast China, and it is necessary for us to use satellite remote sensing with respect to
the microphysics of mid-latitude TCs.

Storm top height (STH) and cloud top height (CTH) are widely used to characterize
the convection intensity. STH, also known as echo-top height, indicates the maximum
height a precipitation particle can reach. Stronger convection, capable of transporting larger
particles and hydrometeors to higher altitudes and resulting in more latent heat release,
may further exacerbate updrafts [17]. CTH is the maximum height of the visible part of the
cloud, and is also the upper bound of the height of the condensation/nucleation of water
vapor into cloud particles [18-20]. For example, Sun et al. (2021) used the Himawari-8
satellite to identify the overshooting tops of TCs and found that the overshooting tops of
strong TCs and rapidly intensifying TCs are denser than those of weak TCs, as well as
those of TCs that intensify or weaken slowly [21]. There have also been studies conducted
suggesting that more comprehensive results can be achieved using CTH and STH together.
Masunaga et al. divided precipitation into four categories: shallow convection has an STH
of ~2 km, with an infrared brightness temperature of ~280 K, and warm rain processes
dominate; cumulus congestus has an STH near the melting level, and the CTH does not
reach the tropopause; deep stratiform has an STH near the melting level, but with very
cold cloud tops; and deep convective has cloud tops as cold as deep stratiform, but the
precipitation ice is more productive, forming at heights well above the melting level, thus
with a higher STH [22-24]. Therefore, Liu et al. (2007) pointed out that the difference
between the CTH and STH (CTH-STH) can be considered as another proxy for convection
intensity—a smaller difference indicates a stronger convective core that lifts large particles
closer to the cloud top [25].

STH, CTH, and CTH-STH are closely related to the near-surface DSD. Deeper systems
can provide an environment that favors the production of larger raindrops through the
process of collision—coalescence [1,14]. For example, Smalley and Rapp (2021) showed
that in shallow cumulus clouds, keeping the humidity constant, the ratio of the cloud
water path to rainwater nearly doubles for every 0.5 km increase in CTH for a given
range [26]. The rain rate below the melting level increases with the STH until the STH
reaches 8-9 km [27]. Deeper systems can also increase ice-phase processes, producing
larger snowflakes or graupel—before the rapid intensification of TCs, there is the strongest
increase in hydrometeor mass upward flux at the height of 10-15 km [28]. One of our
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group’s previous studies shows that as the STH grows from 4 km to 10 km, the near-surface
raindrop diameter increases from 1.0 mm to 1.5 mm, mainly due to the process of riming
and aggregation [29]. When CTH-STH is smaller (greater), it indicates a greater (smaller)
ratio of hail/graupel particles to snow, and this structure cannot currently be captured by
cloud-resolving models [30].

Within half a month from 27 August 2020, Northeast China was successively struck
by three TCs (Bavi (202008), Maysak (202009), and Haishen (202010)), for the first time
on record. The lowest pressures of the three TCs were 950 hPa, 935 hPa, and 910 hPa,
respectively. Since the meridional circulation composed of the subtropical high and cold
vortex remained relatively stable during this period, all three TCs were guided to move
northward along a “straight” path (Figure 1). As the latitude of the TCs continued to
increase, the thermal conditions on the sea surface deteriorated, the dry and cold air in
the north gradually strengthened, and the TC intensity gradually weakened. The three
TCs made landfall with 10-min maximum sustained winds at 35 m s~1, 42 m s~!, and
40 ms~!, respectively. However, after these TCs entered the mid-latitudes, they combined
with cold air and transformed into extratropical cyclones, which affected a wider area and
brought stronger rainfall and local instantaneous high winds. The daily rainfall recorded at
49 national-level observation stations in the provinces of Jilin and Heilongjiang exceeded
the historical extreme value in September, and the rainfall in some areas was more than
four times that of the same period in normal years.
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Figure 1. Three TCs that affected Northeast China in 2020. The numbers represent the dates; the
large black dots represent 0000 UTC; the small black dots represent 6-h intervals; the colors represent
the central maximum wind speed. The data source is the Western North Pacific Tropical Cyclone
Database produced by the China Meteorological Administration [31].

This paper focuses on the microphysical characteristics of TC precipitation in Northeast
China and its relationship with the STH and CTH. Since this area is generally rarely affected
by TCs, the public and government have not paid enough attention to them, and forecasters
also lack the necessary physical understanding of TC precipitation. We therefore hope that
this study can address these issues by reporting and discussing microphysical observations
of landfalling TC precipitation in Northeast China.
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(a) MODIS Cloud Top Height

2. Data and Methods

We used DPR_NS (Ku normal scan) data from GPM 2ADPR in September 2014—
September 2020. These data provide vertical profiles of DSD and radar reflectivity with
a vertical interval of 125 m and a horizontal resolution of 5 km. DSD consists of the
normalized drop concentration parameter (dBN,) and mean mass-weighted drop diameter
(Dm), retrieved by the dual-frequency method at the Ku inner swath and by the single-
frequency method at the outer swath. The units of N, and Dy, are mm~! m~3 and mm,
respectively. DSD has been shown to be in good agreement with ground-based observations
in limited local areas all over the world [32-35]. The minimum radar detection threshold
for KuPR is 15.5 dBZ [36].

The study area (Northeast China) is (40°-53°N, 115°-135°E) (Figure 2), and the statis-
tics in the Results section are all based on GPM DPR pixels. The warm season in this area
spans from May to September every year. The cold vortex is the dominant weather system
in this region during the warm season, contributing ~50% of total precipitation [37]. Con-
sidering the large-scale precipitation in the study area affected by the cold vortex around
31 August 2020, it is difficult for us to distinguish whether this precipitation should be
attributed to the cold vortex or the dissipated TC Bavi. Therefore, we selected GPM 2ADPR
data from 2 to 9 September 2020. The precipitation in this area during this period can be
considered to be entirely caused by TC movement and dissipation (hereafter referred to as
2020-TC). We used the GPM 2ADPR data of the region in September from 2014 to 2019 for
comparison (hereafter referred to as September 2014-September 2019).

(b) FY-4A Cloud Top Height

(c) Himawari-8 Cloud Top Height
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Figure 2. Example of the quasi-simultaneous observations of MODIS, FY-4A, and Himawari-8 in the
study area at 05:15, 05:15, and 05:10 UTC on 8 September 2020, respectively. The black dashed lines in
(b) and (c) are the orbital boundaries of MODIS in (a).

CTH retrieved by the FY-4A Advanced Geostationary Radiation Imager (AGRI) was
used in this study. FY-4A is a new-generation Chinese geostationary satellite. The AGRI
instrument on board performs a full-disk scan every 15 min and measures 14 spectral
channels ranging from 0.47 to 13.5 um [38]. The AGRI cloud product algorithm partly
inherits the FY-2 algorithm, and partly refers to the GOES-R algorithm [39]. Briefly, retrieval
of cloud top pressure mainly relies on two IR window bands (11 and 12 um) and a single
CO2 absorption band (13.5 pm), and then CTH is calculated using the Numerical Weather
Prediction temperature profiles with a horizontal resolution of 4 km. This product has
been widely used in cloud and precipitation research [40]. Compared with the Moder-
ate Resolution Imaging Spectroradiometer (MODIS), AGRI underestimates the CTH by
1.366 £ 2.235 km over the Tibetan Plateau, a region with complex topography [41].

Because the study area is located in the mid-latitudes, where the observation capability
of the geostationary satellite is weaker than that in the low latitudes, it is first necessary
to test the reliability of the FY-4A CTH in this area. Cloud product data (MODO06L2 and
MYDO06L?2) derived from MODIS were used for comparison. MODIS provides cloud top
height at a resolution of 1 km x 1 km. Figure 2 shows an example of the quasi-simultaneous
observations of MODIS, FY-4A, and Himawari-8 on 8 September 2020 at 05:15, 05:15, and
05:10 UTC, respectively. At this time, TC Haishen had transformed into an extratropical
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cyclone, but it affected almost the entire study area. The cloud displayed by the three
products are similar in shape, all rotating in a cyclonic shape. The maximum CTH observed
by MODIS reaches up to 14 km, mainly distributed to the northwest and south of the TC
center. The CTHs of FY-4A and Himawari-8 also reach a maximum in this area, but the
maximum CTH is less than 12 km. Between the spiral cloud belts and beyond the TC cloud
belt, there are many low clouds, and the CTH retrieved by MODIS is lower. The CTHs of
FY-4A and Himawari-8 are similar in value, but the CTH of FY-4A looks smoother, and
Himawari-8 shows more detail, which may be related to their different sensitivity.

To quantitatively demonstrate the reliability of the FY-4A CTH, we performed a pixel-
to-pixel comparison using all CTH observations from 2 to 9 September 2020. Only both
“cloudy” pixels were involved in comparison. We used the CTH of Terra and Aqua MODIS
to compare with the FY-4A CTH, which guaranteed an adequate contrast between day
and night. Specifically, the FY-4A observation closest to the MODIS observation time was
selected, and the MODIS pixels with a distance of less than 4 km from the FY-4A pixel were
arithmetically averaged to obtain the FY-4A and MODIS pixel-to-pixel CTH comparison.
The results are shown in Figure 3a, from which we can see that the CTH has two large
values of occurrence frequency at ~2 km and ~10 km. The FY-4A CTH is generally higher
than the MODIS CTH at ~2 km, and the FY-4A CTH is lower at ~10 km. Overall, FY-4A
underestimates the CTH by 1.12 4 2.49 km compared with MODIS, and this error is slightly
lower than the results of reference [41] over the Tibetan Plateau, which may be because the
topography of Northeast China is less complex than the Tibetan Plateau. The inconsistency
between the two is mainly due to the difference in CO2 absorption bands—FY-4A AGRI
has one, and MODIS has four.

(b)
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Figure 3. Pixel-to-pixel comparison of FY-4A CTH with (a) MODIS CTH and (b) Himawari-8 CTH.
The timespan used for the statistics is from 2 to 9 September 2020, in which Himawari-8 only has
daytime data. The color fill is the occurrence probability of each bin, and the bin interval is 0.5 km.

The Himawari-8 CTH was also used for a quantitative comparison with the FY-4A
CTH. Since the Himawari-8 official product only uses daytime observation data to retrieve
CTH, we also only used the daytime FY-4A CTH for the comparison. Himawari-8 provides
0.05° gridded CTHs, and the closest FY-4A pixel to the Himawari-8 grid was used for
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comparison with Himawari-8. As shown in Figure 3b, the CTHs of Himawari-8 and FY-4A
are consistent, and the FY-4A CTH is lower by 0.21 £ 2.40 km, which may be due to their
similar retrieval channels.

The above comparison shows that it is reasonable to use the FY-4A CTH during the
2020-TC period. When matching the pixels between GPM DPR and FY-4A AGRI, the DPR
pixel was used as the benchmark, and the nearest FY-4A pixel was selected to provide the
CTH of the DPR pixel.

3. Results
3.1. Differences in Precipitation Microphysics between 2020-TC and September
2014-September 2019

Figure 4 shows the reflectivity CFADs (contoured frequency by altitude diagrams) of
the 2020-TC period, September 2014-September 2019, and their difference over Northeast
China. Total number of DPR profiles is 36,661 and 240,781, respectively. The reflectivity was
interpolated into bins with a vertical interval of 0.5 km and a horizontal interval of 1 dBZ.
A minimum threshold of 100 in each bin was used to avoid noise. Values were normalized
with the overall maximum, which ensured that the value in each bin was between 0% and
100%, where 100% is equivalent to 9694 observations in (a) and 60,973 observations in (b).
The difference in CFAD was directly obtained by subtracting the 2014-2019 CFAD from
the 2020-TC CFAD. As pointed out by Zagrodnik et al. (2019), compared to layer-by-layer
normalization, normalizing by overall maximum allows the differences between different
heights to be compared [42].

(a) 2020-TC

(b) 2014-2019 Sept (c) Difference

8.0

8.0

16 20 24 28 32 36 40 16 20 24 28 32 36 40 16 20 24 28 32 36 40
Reflectivity (dBZ) Reflectivity (dBZ) Reflectivity (dBZ)
102030405060 708090 % 102030405060708090 % 30  -10 10 30 %

Figure 4. CFAD:s for the reflectivity during the (a) 2020-TC period, (b) September 2014-September
2019 period, and (c) their difference (former minus the latter). The CFADs are normalized by the
overall maximum, and the value of each bin represents the occurrence frequency compared to the
absolute maximum frequency.

During the 2020-TC period, at altitudes above 5 km, the reflectivity exhibits a constant
slope—the 50% contour increases from 17 dBZ at 6.75 km to 24 dBZ at 5 km (growth rate
of 4 dBZ km™1!). In contrast, the 50% contour for September 2014-September 2019 does
not reach the height of 6.5 km, but it increases almost linearly from 18 dBZ at 5.75 km to
23 dBZ at 5 km (growth rate of 6.7 dBZ km~1). This indicates that the precipitation during
the 2020-TC period had a weaker deposition efficiency. Around 5 km, the CFAD of 2020-TC
exhibits a distinct “shoulder”—the slope of reflectivity increases with decreasing altitude
changes. The most obvious phenomenon is at the height of 5 km (28 dBZ) of the 10%
contour. Above this height, the reflectivity increases slowly with the decrease in height—
that is, the growth of ice-phase deposition only. Below this height, the rate of increase
in reflectivity is almost twice as fast as before, which is indicative of the contribution of
mixed-phase riming. Correspondingly, the precipitation of September 2014-September
2019 does not show a rapid increase in reflectivity. Likewise, in the 2020-TC modal contours
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(e.g., the 70% contour), this phenomenon of mixed-phase growth becomes less pronounced,
indicating that the riming process only existed in part of the precipitation in 2020-TC. At
altitudes below ~3.5 km, the reflectivity of 2020-TC remains unchanged, indicating the
presence of a melting layer and a near-equilibrium liquid-phase process. In September
2014-September 2019, the melting level is located at ~3 km. This suggests that the arrival
of the TCs had raised the height of the melting level, providing sufficient vapor transport
and development space for warm rain processes (collision—coalescence) [43].

From the difference in CFAD (Figure 4c), there is an obvious positive difference in the
low reflectivity region of the ice phase (center at ~18 dBZ, 6 km). On the one hand, this is
due to the difference in deposition efficiency mentioned earlier, while on the other hand,
it is due to the stronger precipitation ice productivity of TCs [24]. This phenomenon can
also be seen in Figure 4a,b—with a fixed reflectivity of 17 dBZ, the contours of 2020-TC are
denser than those of September 2014-September 2019. Specifically, the maximum heights of
the 10% contours of both are around 8 km, while the 2020-TC (September 2014-September
2019) 50% contour appears at 6.5 km (5.25 km). In the liquid phase, there is a strong
negative difference at 15-20 dBZ, a moderate positive difference at 24-32 dBZ, and a weak
negative difference at 36—40 dBZ. This indicates that there was more moderate precipitation
rather than heavy precipitation in the 2020-TC period.

Figure 5 shows the joint probability distribution functions (PDFs) of the near-surface
DSD. Compared with September 2014-September 2019, the precipitation during the 2020-
TC period shows higher dBNy, (36-50) with small Dy, (0.8-1.6 mm), and moderate dBN,,
(32-36) with moderate D, (1.2-1.6 mm). Correspondingly, although the near-surface
Dy, during September 2014-September 2019 is larger, it has a lower dBN,y, (<30), which
would have made it difficult for a greater rain rate to generate [44,45]. The average dBN,,
and Dy, are 34.4 (33.0) and 1.23 (1.28) mm for 2020-TC (September 2014-September 2019),
respectively. Compared with the “maritime-like” cluster (dashed line box in Figure 5) and
“continental-like” cluster (solid line box in Figure 5) proposed by Bringi et al. (2003) [46],
both DSDs during 2020-TC and September 2014-September 2019 are significantly different
from them, showing a smaller Dy,. The DSD in Northeast China is more distributed near
the fitting line of stratiform precipitation (dashed line in Figure 5). Meanwhile, comparing
with specific observed events, the dBNy, and Dy, for TC landfall in Taiwan are 38 and
2 mm [1], and for TC landfall in East China, they are 46.7 and 1.41 mm [6], while for TC
precipitation over the South China Sea, they are 44.7 and 1.49 mm [8]. These results are
all larger than the landfalling TC precipitation in the present study, which indicates that
the microphysics of landfalling TCs in Northeast China is very different from that in the
tropics and subtropics. As reported in reference [43], landfalling extratropical cyclones over
the west coast of North America have the most frequent drop size regime at dBN,, values
from 34 to 40 and Dy, values from 1.0 to 1.6 mm. These are relatively close to our results,
indicating that TCs in Northeast China possess the DSD characteristics of extratropical
cyclones. However, it should be noted that these studies did not use the same method and
instrument to retrieve dBNy, and Dp,, which may have caused some differences in values.
Nonetheless, we believe that the retrieval accuracy of GPM DPR itself will not produce too
much error, and therefore, the absolute errors of 2020-TC and September 2014-September
2019 would not be altered.

Figure 6 shows the vertical profile of the DSD for the two periods. Overall, dBNy,
during the 2020-TC period is 1 larger than that during September 2014-September 2019
(Figure 6a), which would have provided an excellent environment for particle collection.
At the height of 6 km in the ice-phase region, the Dy, of 2020-TC is less than 1.1 mm, while
that of September 2014-September 2019 is greater than 1.2 mm (Figure 6b). This is because,
on the one hand, with the strong updrafts of the TCs, more small particles would have been
transported from the low level to the middle level, which would have reduced the particle
size in the middle level; on the other hand, small particles compete with each other for
water vapor in the process of nucleation and deposition, meaning each particle cannot grow
rapidly. This phenomenon is also reflected in the CFAD—although greater dBN,y exists in
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the ice-phase region of the 2020-TC precipitation, the reflectivity is proportional to the sixth
power of the particle size, so there is a lower rate of increase in reflectivity in the ice-phase
region in 2020-TC (Figure 4a). The height of 3-5 km is the main area in which mixed-phase
processes occur. Affected by the updraft in the TC, riming occurs, and the particle size
grows rapidly (increasing from ~1.13 mm to ~1.24 mm) as the ice particles from the upper
layer fall and the droplets from the lower layer rise [47]. Correspondingly, although this
process also exists in the precipitation of September 2014-September 2019, the Dy, only
increases by ~0.05 mm. This shows that mixed-phase processes were stronger during the
2020-TC period. Below 3 km is the liquid-phase region, and the Dy, of both shows almost no
change, indicating that the microphysical processes had reached an equilibrium as a whole.

60 60 60 n
(a) 2020-TC  x Taiwan, China 1(b) 2014-2019 Sept (c) Difference
& East China 1
50 4 & South China Sea 50 ~ 50 A
A
= 1
5 40 1 40 A 40 4
o ]
30 - 30 A 30 4
20 T T T T 20 T T T L T 20 T T L T T
0.0 05 15 20 25 3.0 00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0
D,, (mm) D, (mm) D, (mm)
1 10 50 100 % 1 5 10 50 100 % 5 30505 3 5 %

Figure 5. PDFs of near-surface DSD for (a) 2020-TC, (b) September 2014-September 2019, and (c) their
difference (former minus the latter). The PDF is normalized with the overall maximum, and the value
of each bin represents the occurrence frequency compared to the absolute maximum frequency: 100%
is equivalent to 6201 observations in (a) and 44,875 observations in (b). The Dy, interval is 0.2 mm,
and the dBNy, interval is 2. Dashed line and solid line boxes represent “maritime-like” cluster and
“continental-like” cluster proposed by reference [44], respectively.
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Figure 6. Vertical profiles for (a) dBNy and (b) Dy,. The blue line represents the 2020-TC period, and
the red line represents the September 2014-September 2019 period.

D,, (mm)

By sorting the STH and averaging the samples, we calculated the relationship between
the STH and near-surface DSD (Figure 7). Each point represents 10% of the sample size,
bars correspond to the standard deviation of the DSD of those 10% samples, and the
dashed line is the line of best fit. Figure 7a,b shows that there is a weak positive correlation
between STH and dBNy,, but neither one passes the 95% significance test. A clearly
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anomalous point is the lowest 10% STH, which corresponds to a large dBN,y (~35.6 for
2020-TC, ~33.3 for September 2014-September 2019). These precipitation events are shallow
convection, and warm rain processes dominate the mechanism for the generation of such
precipitation [14,23]. The arrival of the TCs brought a large amount of water vapor to the
low level, but limited by the development range of this type of precipitation (less than
3 km), the particles could not develop to a large extent. Clear evidence is that the minimum
10% of STH in Figure 7c corresponds to an excessively small Dy,. Unlike dBNy, the positive
correlation between STH and Dy, passes the significance test. A slight difference is that
the line of best fit for 2020-TC has a smaller slope (0.061 vs. 0.083) than that for September
2014-September 2019, which indicates that Dy, increased relatively slowly with STH. A key
reason is that, during the 2020-TC period, the updrafts and downdrafts in the precipitating
cloud were complex, and the precipitation particles did not simply grow from high to
low during their descent. Especially in the liquid phase, there may have been a variety of
complex microphysical growth processes.
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Z B I,
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= 1.8 - 1.8 1 -
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Figure 7. Relationship between STH and DSD: (a,b) STH vs. dBNy; (¢,d) STH vs. Dny; (a,c) 2020-TC;
(b,d) September 2014-September 2019. Bars represent the standard deviation; the dashed line is the
line of best fit for 10 equal-sample points; the panel lettering of each sub-figure is followed by the
slope of the line of best fit and whether it passes the 95% significance test.

To quantitatively analyze the role of warm rain processes in precipitation in North-
east China, we adopted methods similar to those in references [13,48]. Specifically, we
used changes in Dy, and reflectivity to identify the dominant microphysical processes
(coalescence, break-up, evaporation, and size-sorting). Considering that the melting level
in Northeast China in September is much lower than in the study of reference [13], we
calculated the changes in Dy, and reflectivity at the near surface and height of 2.25 km
(AD,, = Djfe _ p225km AReflectivity = Reflectivity™ /¢ — Reflectivity>?*™)).
In general, coalescence (break-up) causes both Dy, and reflectivity to increase (decrease),
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while evaporation or size-sorting will make the small droplets disappear, thus increasing
Dp, but decreasing reflectivity. The “balance” between coalescence and break-up causes a
slight decrease in Dy, and an increase in reflectivity [13].

Although Figure 6 shows that the average Dp, is almost unchanged below the melting
level, Figure 8 shows that there are differences in the warm rain processes between the
two periods. The most frequent warm rain process during the two periods is coalescence,
accounting for more than 40%, but the frequency of coalescence for 2020-TC is 5.59% higher
than that for September 2014-September 2019. Notably, Huang and Chen (2019) reported
that the coalescence dominance of convective (stratiform) precipitation over the western
North Pacific from TCs is 63.4% (50.6%) of the total [13]. We used the same data and similar
algorithms as them, indicating that Northeast China has a low coalescence frequency. The
frequency of break-up in the two periods is similar, at 39.9% and 40.7%, respectively, which
is similar to the results of Huang and Chen (2019) (33.5% for convective precipitation and
46.1% for stratiform precipitation) [13]. Compared with September 2014-September 2019,
2020-TC has less evaporation and size-sorting (4.02% vs. 6.31%), which is because the
sufficient water vapor in the low level of the TCs would have inhibited evaporation.

) (a) 2020-TC (b) 2014-2019 Sept (c) Difference
] i coalescence i coalescen " ) i coalescence
I (48.0%) ! 1 (40.4%) | (5.59%) m 1
size-sorting " size-sorting size-sorting ,
—_ 0.1 4 evaporation | 0.1 @vaporation I 0.1 - gvaporation | q'
IS @02%) | (6.31%) (—2.29%)
=
= ] |
E o0 ——EERa . 0 +— g 0 +— iRt — — — — — -
E ] 1
a | S
-0.1 | -0.1 1 -0.1 5 iy |
1 | break-up & break-up & 1 | break-up &
break-up Foalescence balancef break-up POQIGSC—GHGG balance break-up lGGEJESGenCG balancef
(39.9%) | (10,19} (40,7%) i (12.6%) (-0813%) | (-249%)
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Figure 8. Frequency patterns in two-dimensional space of ADyy, and AReflectivity for (a) 2020-TC,
(b) September 2014-September 2019, and (c) their difference (former minus the latter). The text in the
figure represents the dominant microphysical processes and proportions in each quadrant.

3.2. Relationship between Convective Intensity Indicators and DSDs

Next, we included the CTH from FY-4A observations to explore the ability of var-
ious parameters to serve as indicators of the surface DSD during the 2020-TC period.
Figure 9 shows the relationship between both CTH and CTH-STH and near-surface DSD.
CTH is positively correlated with near-surface dBN,, and passes the 95% significance test
(Figure 9a), while CTH-STH appears to be independent of dBNy, (Figure 9b). In contrast,
CTH is independent of Dy, (Figure 9¢c), but CTH-STH is negatively correlated with Dy, and
passes the significance test (Figure 9d). The above results show that CTH, as an indicator of
convection intensity, actually characterizes more raindrop concentrations. CTH-STH can
indeed be used to approximate the intensity of convection [25], because it can indicate the
near-surface raindrop size.

One possible explanation for the above phenomenon is that strong convection is better
able to transport larger particles and/or more hydrometeors to higher altitudes, while
bringing about more latent heat release and accelerating updrafts [17], resulting in higher
CTH. This can also explain the negative correlation in Figure 9d, as the smaller difference
between CTH and STH indicates that more large particles are lifted by the strong upward
motion [25], while promoting the rapid growth of graupel rather than snow [30]. As a
result, particles falling to the surface appear larger. However, there is still a problem here,
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which is that high STH and CTH both indicate intense convection, but their relationship
with DSD is significantly different (e.g., Figure 7c shows that only the relationship between
STH and Dy, passes the significance test, while Figure 9a shows that only the relationship
between CTH and dBN,, passes the significance test).
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Figure 9. Relationship of (a,c) CTH and (b,d) CTH-STH with (a,b) dBNy and (c¢,d) Di, for 2020-TC.
Bars represent the standard deviation; the dashed line is the line of best fit for 10 equal-sample points;
the panel lettering of each sub-figure is followed by the slope of the line of best fit and whether it
passes the 95% significance test.

To explore this issue in depth, we classified the precipitation based on the domi-
nant microphysical processes below the melting level, following the approach used in
Figure 8, and calculated the relationship between three indicators and the near-surface
DSD (Figures 10 and 11). From top to bottom, they correspond to the four quadrants (co-
alescence, size-sorting or evaporation, break-up, and break-up and coalescence balance)
shown in Figure 8. An interesting phenomenon is that, unlike Figure 7a (the relationship
between STH and dBN,, fails the significance test), Figure 10d,g,j shows that the positive
relationship between STH and dBN,, passes the significance test, and the slopes are 0.305,
0.273, and 0.245. Although the relationship between CTH and dBN,, passes the signifi-
cance test (Figure 9a), Figure 10e,h k shows larger slopes. No matter what microphysical
processes exist in the liquid phase, the relationship between CTH-STH and dBN, is not
significant. This phenomenon suggests that coalescence in the low level interferes with
the indication of raindrop concentration by STH and CTH, because the process is very
complex—on the one hand, raindrops merge to reduce the concentration, and on the other
hand, the reduction in the condensation surface area increases the level of supersaturation,
activating new condensation nuclei and causing an increase in raindrop concentration. The
second quadrant (size-sorting or evaporation) shows the strongest positive correlation,
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whether it is STH vs. dBNy or CTH vs. dBNy,, which may be because evaporation usually
occurs after raindrops have left the cloud. The effect of evaporation on raindrops is easier
to describe, so STH and CTH are good indicators of the near-surface raindrop concentration
in this case.
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Figure 10. Relationship of STH (left), CTH (middle), and CTH-STH (right) with dBNy, during the
2020-TC period. According to the classification shown in Figure 8, the different dominant physical
processes under the melting level are represented from top to bottom: (a—c) coalescence, (d—f) size-
sorting or evaporation, (g-i) break-up, and (j—1) break-up and coalescence balance. Bars represent
the standard deviation; the dashed line is the line of best fit for 10 equal-sample points; the panel
lettering of each sub-figure is followed by the slope of the line of best fit and whether it passes the
95% significance test.
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Figure 11. Relationship of STH (left), CTH (middle), and CTH-STH (right) with Dm during the
2020-TC pe-riod. According to the classification shown in Figure 8, the different dominant physical

processes under the melting level are represented from top to bottom: (a—c) coalescence, (d—f) size-

sorting or evaporation, (g-i) break-up, and (j—1) break-up and coalescence balance. Bars represent

the standard deviation; the dashed line is the line of best fit for 10 equal-sample points; the panel

let-tering of each sub-figure is followed by the slope of the line of best fit and whether it passes the

95% significance test.

Unlike the raindrop concentration, no matter what the dominant microphysical process
below the melting level is, there is a positive correlation between STH and Dy, that passes
the significance test, and the slopes are similar (0.063-0.069). It is worth noting that while
Figure 9c shows that CTH is independent of Dy,, a negative correlation that passes the
significance test appears in Figure 11e. That is, in the dominant microphysical process
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of size-sorting or evaporation, the higher the CTH, the smaller the Dy,. We suspect that
there may have been a multi-layer cloud structure. This speculation can be seen from
the distribution of STH, which it is mostly concentrated below 6 km. The upper cloud
layer may have been the cloud cover advecting from the strong TC convection area, which
does not actually produce precipitation, while the lower cloud layer would have been the
shallow convection that produced the precipitation. Stephens and Wood (2007) found a
similar phenomenon in tropical convection, and they pointed out that the top of the upper
cloud is usually up to 12 km, but the actual precipitation layer is located slightly above
the melting level [49]. CTH-STH also shows a consistent negative correlation with Dy, and
passes the significance test, indicating that it is effective as an indicator of surface Dp,.

4. Discussion

Compared with September 2014-September 2019, in the ice-phase region, the pre-
cipitation in Northeast China during the 2020-TC period has stronger precipitation ice
productivity, weaker deposition efficiency, and a stronger riming process. The arrival of
the TCs raises the melting level, such that the 2020-TC precipitation has a broader space
for the development of warm rain processes. The average surface dBN, and Dy, are
34.4 (33.0) and 1.23 (1.28) mm for 2020-TC (September 2014-September 2019), respectively.
This is close to the DSD of stratiform precipitation reported by Bringi et al. (2003) [46], and
has smaller dBNy, and Dy, than landfalling TCs in other parts of China.

When the liquid-phase processes were not distinguished, the relationships between
STH (CTH) and Dy, (dBNy,) were itemized as follows:

- Positive correlation between STH and Dy, passes the test.

- Positive correlation between CTH and dBN,, passes the test.

- Negative correlation between CTH-STH and Dy, passes the test.
- The other relationships all fail the test.

Compared with September 2014-September 2019, the Dy, of 2020-TC increases rel-
atively slowly with STH, indicating the influence of complex microphysical processes.
Coalescence is the dominant liquid-phase microphysical process (46%) of precipitation in
2020-TC, but its proportion is much lower than that of TC precipitation in other regions. In
addition, 2020-TC has less size-sorting and evaporation than the precipitation in September
2014-September 2019.

When the liquid-phase processes were distinguished, the important relationships
between STH (CTH) and Dy, (dBN,,) were itemized as follows:

- Positive correlations of STH (CTH) with dBN,, pass the test (except coalescence).

- The relationships between STH (CTH) and dBNj, fail the test (coalescence dominant).

- The relationships between STH and Dy, pass the test (any conditions).

- Negative correlation between CTH and D, passes the test (size-sorting or
evaporation).

- The relationship between CTH-STH and DSD is the same as when liquid-phase
processes are not distinguished.

There is a long-standing discussion on the effects of STH and CTH on near-surface
precipitation. For example, Hamada et al. (2015) concluded a weak linkage between the
heaviest rainfall and tallest storms [50], while Wang and Tang (2020) found strong positive
relationships between extreme convection and precipitation [51]. In this paper, using the
GPM 2ADPR, the precipitation intensity was split into two relatively independent variables,
dBNy, and Dy, and the relationships between STH (CTH) and Dy, (dBN,,) were discussed.
Liu et al. (2007) proposed CTH-STH as a proxy of convection intensity [25]. Here, we
found that this variable can indeed indicate the surface D,. However, given that this
variable requires observations with two instruments (infrared and radar) simultaneously,
in practical terms, it may be difficult to use.

The GPM core satellite, equipped with a unique DPR instrument, provides DSD
data for areas deficient in ground-based observations. FY-4A, as a stationary satellite,
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can achieve continuous observation of the hemisphere. Combining GPM DPR and FY-4A
AGRI data provides an excellent opportunity to study microphysical structures. In this
paper, we focused on the microphysical characteristics of landfalling TCs in Northeast
China in 2020, and attempted to reveal the relationship between near-surface DSD and
parameters characterizing convection intensity (STH, CTH, and CTH-STH). It is concluded
that the DSD of TCs in Northeast China is different from that of local precipitation and
landfalling TC precipitation in other regions. Rain top and cloud top indicate raindrop
diameter and concentration, respectively. Elucidating the microphysical processes that
cause this difference in even more detail depends on further observational studies and
high-resolution numerical simulations being conducted in the future.
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