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Abstract: The impact of unique terrain on the microphysics of nighttime precipitation on the Tibetan
Plateau (TP) has not been fully appreciated, due to a lack of observation. In this study, we used three
raindrop spectrometers deployed in the northeastern TP to analyze the characteristics of the raindrop
spectrum during two types of summer precipitation. These two types are classified according to their
occurrence times: one starting in the daytime and lasting into the night (DP), while the other started
at night and continuing into the daytime (NP). The results show that precipitation with a rain rate
ranging from 1.0 to 5.0 mm h™! contributes the most to the total precipitation, with this contribution
rate being higher in the NP than in the DP. All the raindrop spectra follow a single-peak distribution
pattern, and the logarithm of the generalized intercept parameter (IgNy,) rises with the rain rate. The
spectral widths of the DP-n (the nighttime part of the DP) are broader than those of the DP-d (the
daytime part of the DP). Moreover, the average IgN;, and mass-weighted mean diameter (D,;,) over

I mm~3 and 1.04 mm, respectively, both of which are smaller

the northeastern TP were 2.65 mm™
than their equivalents in the plains. In addition, the gamma distribution can better fit the raindrop
size distributions of the two types of precipitation. It is found that precipitation is more likely to
occur over the TP at night. The characteristics of NP are reflected in two aspects. First, the sample
size of the precipitation at the rain rate of 1.0-5.0 mm h™! is higher in the NP-n (the nighttime part of
the NP), and the precipitation at this rain rate contributes the most to the total precipitation. Second,

for the same rain rate, the precipitation particles in the NP-n are larger.

Keywords: raindrop size distribution; precipitation microphysics; Tibetan Plateau; nighttime precipitation

1. Introduction

The convective activity over the Tibetan Plateau (TP) is a main heat source in the
Asian monsoon region [1,2]. The unique atmospheric thermodynamic processes over the
TP greatly influence the weather and climate in its surroundings and even around the
globe. In particular, the convections over the TP in summer present remarkable diurnal
variations [3-5]. Significant thermal and dynamic features coupled with low vortexes, shear
lines, and low-frequency oscillations promote the formation of highly active convections
over the TP under certain large-scale circulation conditions. As a consequence, disastrous
weather events including hail and thunderstorms occur much more frequently over the
TP than on the plains at the same latitudes [6-8]. Many previous studies have found
that convective clouds frequently form over the TP in summer and present a pronounced
diurnal variation, which is mainly observed between late afternoon and midnight [9-11].

During the summer monsoon season, the TP is intruded on by a warm humid southerly
airflow, which may induce active moist convection over the TP [12-15]. The formation
and development of convective clouds and the diurnal cycle of convection are strongly
influenced by the topography of the TP [16,17]. Shimizu et al. (2001) [18] observed
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significant diurnal variations of convective clouds and precipitation in the central TP using
Doppler radar, suggesting that the energy exchange between the boundary layer and the
free atmosphere is important for the formation of general circulation patterns over the TP
and its surrounding areas. Tsuyoshi et al.(1983) [19] found that the upward motion and heat
sources exhibit more obvious diurnal variations in the eastern TP, and moreover, greater
upward motion and more intense heat sources are found in the late afternoon than in the
early morning. Liu et al. (2002) [20] analyzed the relationship between the diurnal variation
of summer precipitation and thermal parameters over the TP by using precipitation data
and radar data. They concluded that the precipitation during the rainy period over the TP
rapidly increases in the afternoon and reaches its peak in the evening, with the maximum
precipitation occurring at around 01:00 local time. Using the cloud cover data from the
Geostationary Meteorological Satellite every 3 h, Fujinami et al. (2005) [12] discovered
that the cloud activity peaked at 18:00 local time. Based on reanalysis data, Ueno et al.
(2009) [17] suggested that the obvious enhancement of nocturnal precipitation over the TP
is partly due to the increasing convective instability caused by nocturnal low-level wetting
at night. Hence, studying the diurnal variation characteristics of precipitation over the TP
can help reveal the physical mechanisms involved.

The characteristics of raindrop spectra are essential for studying precipitation features.
Droplet spectroscopy can reveal the interrelationship between rain-forming processes,
cloud dynamics, and microphysical processes in clouds [21,22]. This is of great significance
and value for understanding the physics of natural precipitation processes, the mechanisms
of cloud and rain formation, and improving the accuracy of quantitative precipitation
estimates by radar and satellite [23-25]. Many studies have shown that there are local
differences in raindrop spectra, even across precipitation types [26-28].

From the aspect of raindrop spectra, previous studies usually classified the precip-
itation into the stratiform/convective type, or into the daytime/nighttime type. The
characteristics of raindrop spectra under the special topography of the TP have also been
receiving increasing attention [29]. Chen et al. (2017) [30] analyzed the raindrop spectra
of different precipitation types at the Nagqu station on the TP. It was found that the diur-
nal variations of raindrop spectra are not significant for stratiform precipitation, but are
obvious for convective precipitation. By analyzing the raindrop size distribution (DSD)
characteristics in Lhasa (3600 m above sea level) and Linzhi (3300 m above sea level) on
the TP, Porcu et al. (2014) [31] suggested that the collisional breakup can occur at relatively
lower rain rates with relatively small maximum drop diameters. Wang et al. (2020) [32] in-
vestigated the DSD differences between stratiform and convective precipitation at different
rain rates in Daocheng County in the eastern TP. The raindrop number concentrations of
both precipitation types in Daocheng are higher than those in central China.

In this study, the characteristics of raindrop spectra in summer precipitation over the
northeastern TP were investigated using raindrop spectrometers at three stations. The
differences between daytime and nighttime precipitation over the TP were further analyzed.
On this basis, two types of precipitation events, classified based on their occurrence times,
are chosen as the study object: one starting from daytime and lasting into the nighttime
(DP) and the other initiating at nighttime and continuing into the daytime (NP). These
two types were selected for the following two reasons. Firstly, the TP is an area where
anomalously active convective precipitation occurs frequently, showing greater uncertainty.
Secondly, precipitation events with long durations are frequently found based on research
data by removing short duration precipitation, which usually lasts more than 3 h from
daytime to nighttime. We further categorize the two types of precipitation as follows. The
daytime period of the DP (NP) is termed as DP-d (NP-d), and the nighttime period is
termed as DP-n (NP-n). Note that the DP and NP are classified according to the local sunset
and sunrise times.

The remainder of this paper is organized as follows. Section 2 introduces the data, ob-
servation instruments, and methods. In Section 3, the DSD characteristics of different types
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of precipitation over the TP are analyzed. The summary and conclusions are presented in
Section 4.

2. Data and Methods
2.1. Data and Observation Instruments

A Parsivel laser raindrop spectrometer (OTT Parsivel Co., Berlin, Germany) was used
to observe the size of precipitation particles and measure their velocity through the blocking
of the laser band by particles during the falling processes. This instrument has 32 particle
scale channels of 0.2-25 mm and 32 particle velocity channels of 0.2-20 m s~!, with a
sampling area of 54 cm? and a sampling time of 60 s [33].

The three raindrop spectrometers were deployed in Zeku (35.02° N, 101.28° E), Dari
(33.26° N, 99.39° E), and Yushu (33.00° N, 96.96° E) in the northeastern TP (Figure 1), with
an average elevation of nearly 3700 m. The annual precipitation at the three stations is
about 360 mm on average. The observation period was from May to October, which is the
main rainy season of the study region. The Zeku observation station is situated in an area
with a highland continental monsoon climate. This area experiences a warm wet climate
throughout the year, and the numerous pastures around the site are suitable for grazing.
The Dari observation station is located in the Bayankara Mountains of the TP, with most
of the area between 4500 and 6000 m above sea level. This mountain range has complex
terrain, and is the watershed between the Yangtze River and the Yellow River. The Yushu
observation station is more southerly than the other two, and there are 951 high mountains
with the altitudes peaking above 5000 m in the surrounding area. As an area with abundant
precipitation, it serves as the headstream of the three major rivers in China, namely the
Yangtze River, the Yellow River, and the Lancang River.
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Figure 1. Geographical locations of the observation stations.

2.2. Terminologies and Methods

As mentioned above, two types of precipitation events are selected as the study object,
namely the DP and NP. Both types have a duration of no less than 4 h. The selected
precipitation events under the above conditions are generally stratiform events, or events
transforming from convective precipitation in the early stage to stratiform precipitation in
later stages.

As shown in Table 1, the total number of samples used in the study is 11,451. Among
them, 47% of the total are the DP samples (5365), and the rest (53%) are NP samples (6086).
The introduction discussed the observation sample’s meticulous selection process. The
Tibetan Plateau experiences a greater quantity of convective weather. One the one hand, our
selection process can eliminate the impact of intense precipitation and convection on the
properties of the raindrop spectrum. On the other hand, the sample selection technique can
lessen the noise brought on by various rain spectral features caused by various precipitation
start times.
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Table 1. General features of raindrop spectral samples.

DP NP
Location Altitude (m) Date
Number of Samples Number of Samples
August 2019-October 2019,
Zeku 3663 May 2020-June 2020 1414 1505
Dari 3967 June 2018-October 2018 2500 1964
Yushu 4290 May 2014-September 2014 1451 2617

The laser raindrop spectrometer can only measure the raindrop size in the horizon-
tal direction, which may lead to overestimation. Therefore, the method proposed by
Battaglia et al. (2010) [34] is used to correct for raindrop deformation (Equation (1)).

Dpar (Dpar <1.0 mm)
D = { (1.075 = 0.075D par ) Dyar (100 mm < Dpgy < 5.00mm) (1)
0.7D pay (Dpar > 5.00 mm)

where D denotes the corrected equivalent spherical diameter of raindrops and D,y indi-
cates the measured raindrop diameter.

The Parsivel observation provides the number of raindrops passing through the
sampling area during the sampling time. The raindrop number concentration is calculated
as follows (Equation (2)).

32 1ij
N(D;) = Zj:1 m 2
where N(D;) (mm~! m~3) represents the number concentration of raindrops with the
diameters in the interval between D; and D; + AD;. n;; represents the number of raindrops
at the ith size class and the jth velocity class. V; (m s~ 1) represents the measured falling
speed at the velocity class j. A (m?) represents the effective sampling area at the ith size
class, and At represents the sampling time interval.

In this study, the DSD-related physical quantities, including rain rate (R; mm h™1!),
rainwater content (W; mg m3), mass-weighted mean diameter (D;,; mm), and the gen-
eralized intercept parameter (Ny; mm~! m~3), are calculated directly from the nth-order
weighted moments of the measured DSD. Details of the algorithm are given in Bringi et al.
(2003) [21] and Chen et al. (2017) [30]. As is known, the two most popular methods for
fitting the raindrop spectra are the M-P distribution [35] (Marshall and Palmer, 1948) and
the gamma distribution. In this study, the gamma distribution model is applied to rain
DSD, and the three control parameters of the gamma model refer to the M246-truncated
moment fitting method [36].

3. Results
3.1. Raindrop Size Distribution Characteristics

Similar to Chen et al. (2017) [30], the precipitation dataset is classified into five rain-rate
classes, namely R1 (R < 0.1mmh~!),R2(0.1 < R<1mmh!),R3(1 < R<5mmh}),
R4 (5 < R <10 mmh~'), and R5 (R > 10 mm h~'). Figure 2 shows the precipitation fre-
quencies of the DP and NP at different rain rates for the three stations and their accumulated
contributions to the total precipitation.

Overall, the accumulated duration of R2 and R3 in the NP is higher than that in
the DP. However, the occurrence of rain with R > 5 mm h~! in the DP-d is higher. The
rainfall amount of R3 contributes the most to the total amount (Figure 2), with an average
contribution rate of 62%, and the contribution rate in the NP is about 18% higher than that in
the DP. For R4 and R5, the percentage contributions to the total duration and precipitation
amount in the DP are higher than in the NP, and the precipitation occurrences of these
two classes are mainly concentrated in the DP-d period. The accumulated duration of R1
accounts for an average of 18% of the total duration, but its contribution to the total rainfall
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Frequency %

amount is less than 1% in both types. The results are consistent with conclusions drawn by
Chen et al. (2017) in a raindrop spectrum study at Naqu station in the southern TP. They
also concluded that the two classes of R2 and R3 are the largest two contributors to the
total duration.
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Figure 2. (a,c,e) Accumulated durations and (b,d,f) rainfall amounts for the five rain-rate classes. The
percentages indicate the contributions of each rain rate class to the total duration and rainfall amount.

The average values of the four DSD-related physical parameters for different events
are given in Table 2. As can be seen, the four parameters do not change with the increasing
station altitude. Compared with the DP, the NP has greater values of R, N(D), and D.
The average value of R in the northeastern TP is 1.10 mm h~!. The value of W remains
around 0.07 mg m~3 on the TP and the average D, is 3.45 mm in the northeastern TP.
The above result coincides well with the conclusions of previous studies. For example,
Wang et al. (2020) [32] revealed that the average R for stratiform precipitation in summer is
0.94 mm h~! at the Daocheng station (situated at a lower latitude than the three stations in
this study) in the eastern TP. Li et al. (2022) [29] showed an average R of 0.91 mm h~! for
summer DSD at the Dari station.
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Table 2. Microphysical parameters of raindrop spectra for different rainfall events. R denotes the rain
rate (mm h_l); N(D) denotes the number concentration of raindrops (m_3 mm_l); Dy, denotes the
mass-weighted mean diameter of the particles (mm), and W denotes the rainwater content (mg m~3).

Location Rain Type R (mm-h—1) N(@D) m—3-mm~1) Dy, (mm) W (mg-m—3)
Zek DP 1.29 2233.70 3.06 0.08
ek NP 1.34 2810.30 3.64 0.06
Dari DpP 0.77 2442.90 3.52 0.06
art NP 0.92 2763.60 3.67 0.07
Yush DP 1.06 2366.00 3.12 0.07
ush NP 118 3029.50 3.69 0.08
Total 1.10 2607.67 3.45 0.07
Figure 3 shows the comparisons of DSD-related parameters between DP and NP at
the three stations. The values of maximum N(D) are all about 10> m~3 mm ™! at the three
stations. The droplet size spectra show a single peak, with the peak particle sizes being the
same in the DP and NP for all three stations. The spectral widths for all the DP-n values
are higher than those for the DP-d at the same station, and the N(D) values of the DP-n are
higher than the DP-d when D;;, > 1.5 mm. Conversely, Chen et al. (2017) [30] suggested
that the concentration and spectral widths in the DP-d are higher than those in the DP-n
over the southern TP. The main reason is that the precipitation events selected in this study
are mainly stratiform precipitation with longer durations. As is known, the DSD exhibits
remarkable spatial differences. In our study, the DSD distributions are quite different at the
three stations, and the differences are more remarkable over the NP.
o DP-d DP-n ——NP-d ——NP-n
. (a)Zeku-DP 1 (b)Zeku-NP
1079 1 Sy
7 1 S
10° 4 1 N
2] 1 g
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Figure 3. Variations of the average number concentration of raindrops with the raindrop diameter in
precipitation events lasting from daytime to nighttime (DP) and precipitation events lasting from
nighttime to daytime (NP).
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Figure 4 shows the variations of DSD-related parameters in the DP and NP at different
rain rates. For all five rain rate classes, the parameters are all single peaked. The raindrop
spectral width broadens as R increases. For the same station, the DP and NP have the
same magnitude of IgN(D) for each precipitation type, but this does not apply to the
spectral widths. When R < 0.1 mm h~!, the peak particle sizes at the Zeku and Dari
stations are both 0.31 mm, and the peak concentration and spectral width are small. When
R > 0.1 mm h™!, the peak particle size increases to 0.39 mm. The peak particle size for the
five rain rates at Yushu is 0.22 mm, and the raindrop spectral width for R > 1 mmh~! at
the Yushu station is wider in the DP than in the NP.

——R1(0,0.1]——R2(0.1,1 ——R3( 1,5] —— R4(5,10] —— R5(10,~]

(a)Zeku-DP (b)Zeku-NP

sumd vl ol sl ol somd

(d)Dari-NP

somd sod ol vl ol vl

(f)Yushu-NP

soond vl ool vl ol viud

D(mm)

Figure 4. Variations of the average number concentration of raindrops with the raindrop diameters
at different rain rates.

3.2. Distribution Parameters

Marshall and Palmer (1948) first applied the exponential distribution function to DSD,
namely the M-P distribution. Ulbrich (1983) [37] suggested that the gamma distribution
would describe the spectral density distribution of raindrops in observed precipitation
more accurately. In this study, the M-P and gamma distribution functions are used to fit the
raindrop spectra at the three stations. Both functions can well fit the raindrop spectra of the
two precipitation types (Figure 5), with correlation coefficients being no less than 0.97and
reaching 0.98 for the gamma distribution function. The slope parameter A directly reflecting
the slope of the fitting curve of DSD is also analyzed. Figure 3 indicates that the number
concentration of raindrop particles decreases with the increasing raindrop diameter. In the
eastern TP, the A in the DP is larger than that in the NP for both distribution functions at the
same station, suggesting that the raindrop spectrum is narrower in the DP than in the NP.
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Figure 5. Observed (black lines) and fitting (blue lines indicate the fitting curve using the gamma
distribution, and red lines using the M-P distribution) curves for raindrop spectra at the three
observation stations.

The parameters of the gamma distribution (i1 and A) are better suited to capture the
inherent properties of the raindrop spectrum in various geographical and climatic contexts.
A second-order polynomial equation is used to describe the p-A relation, offering insights
into the DSD characteristics and simplifying the polarization variables in the retrieval of
DSD from the dual-polarization radar [38]. By using the p-A relation, Figure 6 compares
the four types of precipitation (DP-d, DP-n, NP-d, and NP-n) over the northern TP [32],
the northeastern TP [29], eastern China [30], and central China [10]. As shown in Figure 5,
the A value ranges from 0 to 20 according to the principle that values greater than 20 are
mainly caused by measurement error [25]. The findings from the fitting of four different
types of precipitation using a second-order polynomial equation are as follows:

A = 0.019p2 + 1.232p + 1.592, DP-d ©)
A = 0.0181% + 1.443p + 1.832, DP-n (4)
A = 0.017p2 + 1.421p + 1.979, NP-d (5)

A = 0.015p2 + 1437 + 1.562, NP-n (6)
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Figure 6. The p-A relations in (a) the daytime part of the DP (DP-d) and the nighttime part of the
DP (DP-n), and (b) the daytime part of the NP (NP-d) and the nighttime part of the NP (NP-n). The
gray dots are the filtered data sets. The red and blue lines are the p-A relations in this paper. The
dotted green line represents the relation in the northern TP proposed by Wang et al. (2020) [32],
A = 0.0302u2 + 0.72411 + 1.139. The dotted orange line is the relation in the northeastern TP proposed
by Li et al. (2021) [29], A = 0.036512 + 0.7351 + 1.935. The dotted brown line is the relation in eastern
China proposed by Chen et al. (2013) [39], A = 0.0149p? + 0.491p + 2.015. The purple dotted line is
the relation in central China proposed by Fu et al. (2020) [40], A = 0.052u? + 0.771t + 1.504.

The p-A relation in the northern TP [32] is A = 0.0302u2 + 0.724u+1.139, and the p-A
relation in the northeastern TP [22] is A = 0.0365u% + 0.735u + 1.935. Due to variations in
observation means, observation objects, and statistical techniques, the p -A relation varies
in different TP areas.

3.3. Distributions of I{Nw and Dm

Figure 7 shows the scatter plots of the logarithm of the generalized intercept parameter
(IgNy) and Dy, for different rain rates at the three stations. The two parameters can also
reflect the mechanisms for precipitation formation and evolution [19,21]. The scatter plot
displays a tendency of “downward to the right” as the rain rate increases. The rain-rate
class of R5 predominates in the DP-d and DP-n. In the Zeku and Yushu stations, the NP-d
has greater D, values in classes of R3 and R4 than the DP-d.

In this study, the mean value is 2.65 mm~! mm~2 for IgN;, and 1.04 mm for D,,.
Figure 8 shows the scatter plots of IgNy, and D, for the four types of precipitation. Com-
pared with the DP-d and DP-n, the D,, values in the NP-d and NP-n appear in larger
numerical regions. The degree of asymmetry in a distribution is expressed numerically as
skewness. A positive (negative) skewness indicates the distribution is skewed to the right
(left); that is, the distribution has a long tail on the right (left) side. A larger absolute value
of skewness indicates greater deviation from the normal distribution.

The distribution of D, has a positive skewness, but that of IgN;, has a negative
skewness in the four types of precipitation. The skewness of the IgN,, distribution in the
NP-d is the largest. Figure 8b shows that the partial value in the NP-d is higher than that in
Bringi et al. (2003) [21] for stratiform precipitation (blue rectangle). The standard deviations
of Dy, and 1gNy, in the DP-n and NP-d are relatively larger, indicating that both D,;, and
lg Ny, exhibit higher variability in the later stages of precipitation events.
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Figure 7. Scatter plots of the logarithm of the generalized intercept parameter (IgNy) and the
mass-weighted mean diameter (D,;) at different rain rates at the three stations. D,, represents the
average diameter of all raindrops in a certain period, and N denotes the number concentration of
all raindrops.
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Figure 8. Scatter plots between IgNy, and D, in (a) DP-d and DP-n, and (b) NP-d and NP-n. The
black dashed line is the stratiform line proposed by Bringi et al. (2003) [21].

For the D,,-1gN,, relation, a comparison has been made with previous studies. Figure 9
shows the scatter plots between D, and IgN, for different precipitation types. The average
Dy, and IgNy, of all six types (DP, NP, DP-d, DP-n, NP-n, and NP-d) are around the
lower left side of the “stratiform line” given by Bringi et al. (2003) [21]. The findings of
Han et al. (2023) [41] in the northeastern TP (red box) are consistent with our conclusions,
but the value of IgN;, in our study is lower than that on the eastern slope of the TP [32],
the middle TP [30], and the northeastern TP [29]. Moreover, Wen et al. (2019) [25] showed
that the average values of IgN,, and D,, for stratiform precipitation in eastern China are
3.78 mm ! mm 3 and 1.16 mm, respectively. In our study, the two values are smaller than
those in the plains areas of China.



Atmosphere 2024, 15, 41

11 of 16

IgN,, (mm'mm™)

5.0

4.5 5

4.0 -

354

3.0~

23

2.0

1.5 -

1.0

v Bringi et al.(2003)
N Maritime Con.
MP-N %
s, A \\
o 5
T \ Bringi et al.(2003)
N continental Con.
}ﬁfé..‘fﬁ— .
Han et al.(2023) DP e DP-d DP-n
the northeastern TP ® NP NP-d ® NP-n
B Wang et al.(the eastern slope of TP, Stra.)
*  Chen et al.(the mid-TP, Stra.)
A Li et al.(the northeast of TP,Stra.)

v Wen et al.(East China,Stra.)

0.0

I I I I I I I

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
D, (mm)

Figure 9. Scatter plots between D;; and IgNy,. The six dots represent the six types (DP, NP, DP-d,
DP-n, NP-n, and NP-d). The blue rectangle represents the mean values of D;; and IgNy, over the
northeastern Tibetan Plateau (TP) in summer, as reported by Han et al. (2023) [41]. The two gray
rectangles correspond to the maritime and continental convective clusters, respectively, as reported
by Bringi et al. (2003) [21]. The black dashed line is the stratiform line by Bringi et al. (2003) [21].
The gray dashed line is the Marshall-Palmer value of IgNy, (3.9) for the exponential shape. The red
rectangle, blue cross, green triangle, and purple inverted triangle represent the results obtained in
other regions, respectively, namely, along the eastern slope of TP by Wang et al. (2021) [32], the
middle TP by Chen et al. (2017) [30], the northeastern TP by Li et al. (2022) [29], and eastern China by
Wen et al. (2019) [25].

3.4. Distributions of Dm and R

Figure 10 shows the scatter plots between D;, and R, as well as the power—law rela-
tionships obtained by using the linear least squares fitting. The indexes of D, and R are all
positive, indicating that the values of D,;, and R are larger at larger rain rates than at smaller
rain rates. This can be attributed to more efficient merging and breaking mechanisms [30].
The indexes and coefficients in the NP are higher than those in the DP. The D, value in
the NP is higher than that in the DP for a certain rain rate, which means that the raindrop
diameter of night precipitation is larger at the same rain rate. The variation rate of indexes
in the DP gradually decreased as R continued to increase. This result indicates that the
breaking and merging of raindrops reach an equilibrium state when R increases to a certain
extent, and under this state the increase in R is related to the number concentration of
raindrops [21,42]. Additionally, both the DP and NP exhibit higher precipitation indexes
and coefficients at night.
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Figure 10. (a,b) Scatter plots of D, and R. The gray line is the result after linear least squares fitting.

Wang et al. (2020) [32] studied the summer raindrop spectra at the Daocheng station
in the eastern TP. Their results showed that after D,-R fitting, D,, was 1.133 (1.038) and R
was 0.2098 (0.1389) for convective (stratiform) precipitation. It can be seen that the indexes
for convective (stratiform) precipitation at the Daocheng station are larger (smaller) than
those in our study. There are two possible reasons. First, the Daocheng station has a lower
latitude (3800 m asl) and is closer to the southeastern TP, where water vapor from the
Indian Ocean has a greater influence on the target station and the water vapor conditions
are more favorable [43]. Second, the two precipitation types selected in this study are more
similar to stratiform precipitation.

3.5. Pre-Precipitation Characteristics

To examine the differences of precipitation characteristics at the initial and final stages
of the two types of precipitation processes, the percentages of the R sample number and
their contributions to the total amount in the first hour and last hour of the two types of
precipitation processes are analyzed (Figure 11). It should be noted that the first hour and
last hour of the precipitation process for the DP and NP are referred to as DP-d, DP-n, NP-n,
and NP-d, respectively. Note that they do not include all data samples from the DP-d, DP-n,
NP-n, and NP-d.

In the previous analysis, the raindrop spectrum was localized at three observation
stations, and some common characteristics were detected in the initial and final stages
of the precipitation processes, as illustrated in Figure 11. For NP precipitation, when the
precipitation sample size exceeded 80%, the precipitation intensity distribution in the two
periods (the beginning hour of precipitation and the end hour of precipitation) gradually
tends to be consistent, and there are more heavy rain intensity samples in the beginning
period of precipitation. For DP precipitation, when the sample proportion is 50-55%,
the sample proportion line of the beginning hour of precipitation and the end hour of
precipitation (Figure 11) has an intersection point, and both are at R = 0.83 + 0.0lmm h~1.

The DP-N and NP-N are both in the nighttime, with more precipitation samples
exceeding 1 mm h~!. This is consistent with our findings that the percentages of R2 and R3
(0.1-1.0 mm h~! and 1.0-5.0 mm h~!) in the NP are higher than those in the DP (Figure 2).
The contribution rate of R3 to the total precipitation duration is the largest (Figure 2b),
accounting for 62%, and this contribution rate is higher than those in the NP and DP.

The heat, updraft, and lower atmospheric instability are stronger in the daytime over
the TP, promoting the formation of more intense precipitation and even hail. Similar to
Figure 10, the proportion and contribution rate of the two types of precipitation (DP and
NP) in the total sample number are shown in Figure S1 in the Supplementary Materials,
and the conclusion is consistent with Figure 2.
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Figure 11. Histograms of rainfall intensity distribution and the cumulative frequency curves in the
first hour and last hour of the DP (a,c,e), and NP (b,d,f). In (a,c,e), the gray dashed lines show the
intersection of the first and last hour of the DP events.

4. Conclusions

In this study, the differences between DP and NP over the northeastern TP are revealed
from the perspective of the spectral characteristics of raindrops. The precipitation samples
with longer durations were selected. Observations from three raindrop spectrometers were
used to analyze the DSD, rainfall intensity, and raindrop spectral width during the DP and
NP at five rain-rate classes over the northeastern TP in summer. The objective was to reveal
the possible reasons for stronger nighttime precipitation in this region.

The rainfall amount of 1.0-5.0 mm h~! contributes the most to total amount, with
an average contribution rate of 62%, and the contribution rate in the NP is about 18%
higher than that in the DP. The overall precipitation amount was larger at night, while the
precipitation was more extreme in the daytime. The raindrop spectra of all five rain-rate
classes were all single peaked, and IgNy, increased with increasing D,;,. All spectral widths
were higher in the DP-n than in the DP-d for the same rain rate, and the N(D) in the DP-n
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was higher than that in the DP-d when D > 1.5 mm. For a given rain rate, the NP has
higher D,, values than the DP.

The power-law relationship between D, and R was obtained through linear least
square fitting. The D,,-R indexes were all positive, indicating that the D,, and N,, values
were higher at larger rain rates than those at smaller rain rates, which is caused by more
efficient merging and breaking mechanisms. The Gamma distribution function performs a
better fitting effect than the M-P distribution function for the two types of precipitation.

A second-order polynomial equation was used to describe the p-A relation. The
average D;, and IgN,, of the six types (DP, NP, DP-d, DP-n, NP-n, and NP-d) were around
the lower left side of the “stratiform line” given by Bringi et al. (2003) [21]. The values of
lgNy and Dy, over the northeastern TP in this study are smaller than those in the plains
areas of China according to the conclusions of previous studies. Different precipitation
starting times also affect raindrop characteristics. For a given rain rate, the D, value in the
NP was higher than that in the DP, indicating that the raindrop diameter in the NP was
larger and the raindrop spectrum was wider at the same rain rate.

By comparing the NP and DP, as well as their respective daytime and nighttime parts,
it was found that the NP over the TP is stronger, reflected in the following two aspects.
First, the sample size of the rain rate within 1.0-5.0 mm h~! is larger in the NP, and rainfall
amount at this rain rate contributes the most to the total amount. For both types, relatively
larger rain rates are found in the nighttime period of some rainfall samples, even during
the middle and late stages of the NP. Second, the raindrop particles in the nighttime period
are larger at the same rain rate.

It was also found that the characteristics of the raindrop spectrum in the NP are more
localized over the TP, but there are still some common characteristics. More precipitable
water vapor is found at night due to the thermal effect between the TP and the Hindustan
Plain [44]. The nighttime radiation cooling of cloud tops causes the condensation of a
large amount of water vapor, thereby producing nighttime precipitation [45] and causing
high relative humidity in the NP. Different sample selection techniques are suggested in
this study compared to previous research. The results are still not fully resolved because
of the small number of data samples. However, we aim to be able to offer another way
for other researchers to choose raindrop spectrum observation data samples. This study
mainly focuses on the NP characteristics in the northeastern TP from the perspective of the
raindrop spectrum, but the precipitation characteristics and formation mechanisms over
the whole TP need to be further explored using more observations and methodologies,
which will be the task in our next study.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/atmos15010041/s1, Figure S1. Histogram and cumula-
tive frequency curves of all precipitation intensity distributions for the two types of precipitation
(DP and NP).
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