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Abstract: The macro- and microphysical properties of clouds can reflect their vertical physical struc-
ture and evolution and are important indications of the formation and development of precipitation.
We used four-year merged CloudSat-CALIPSO-MODIS products to distinguish the macro- and micro-
physical properties of precipitating and non-precipitating clouds over central-eastern China during
the warm season (May—September). Our results showed that the clouds were dominated by single-
and double-layer forms with occurrence frequencies > 85%. Clouds with a low probability of precipi-
tation (POP) were usually geometrically thin. The POP showed an increasing trend with increases in
the cloud optical depth, liquid water path, and ice water path, reaching maxima of 50%, 60%, and 75%,
respectively. However, as cloud effective radius (CER) increased, the POP changed from an increasing
to a decreasing trend for a CER > 22 pm, in contrast with our perception that large particles fall more
easily against updrafts, but this shift can be attributed to the transition of the cloud phase from mixed
clouds to ice clouds. A high POP > 60% usually occurred in mixed clouds with vigorous ice-phase
processes. There were clear differences in the microphysical properties of non-precipitating and
precipitating clouds. In contrast with the vertical evolution of non-precipitating clouds with weaker
reflectivity, precipitating clouds were present above 0 dBZ with a significant downward increase in
reflectivity, suggesting inherent differences in cloud dynamical and microphysical processes. Our
findings highlight the differences in the POP of warm and mixed clouds, suggesting that the low
frequency of precipitation from water clouds should be the focus of future studies.

Keywords: precipitating clouds; non-precipitating clouds; macro- and microphysical properties

1. Introduction

Clouds are key components of the Earth’s climate system and have a crucial role in
modulating the radiation budget and hydrological cycle [1,2]. The extent to which they do
so depends on a variety of cloud parameters, including macro-physical (e.g., occurrence
frequency, cloud height, geometric thickness) and microphysical (e.g., optical depth, effec-
tive radius, water path, etc.) properties [2,3]. These parameters have been introduced in
previous studies. The effective radius is the area-weighted mean radius of cloud droplets,
which is proportional to the ratio of the volume of cloud droplets to the projected area [4].
Cloud optical depth is derived from the full integration of radiation attenuation through
the clouds, indicating the cloud opacity at specific wavelengths [5]. Quantitative assess-
ment of liquid water content, which is an integration over the mass of cloud droplet size
distribution, could provide the information of cloud water distribution [4]. In fact, these
basic parameters are intimately related with each other and linked with droplet number
concentration and size distribution [4,6], a large change in effective radius could be due to a
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small variation in droplet number concentration for a given liquid water content [7]. Small
changes in values of cloud properties and their variability in the horizontal and vertical
can result in striking differences in the effects of clouds on climate [8-10].

Providing information about the vertical variation of cloud properties has a signif-
icant impact not only on radiation processes, but also on precipitation processes [11,12].
The vertical characteristics of clouds influence atmospheric heating and thus affect global
atmospheric energy transport by modulating the amount of energy reflected, emitted, and
absorbed at the surface and in the atmosphere [13]. The contribution of different cloud
systems to the radiative heating of the atmosphere has been the subject of several studies,
on the global annual mean, clouds induce a net planetary atmospheric radiative heating
of 0.07 4 0.08 K day ! [13,14]. Particularly, precipitation is important in contributing heat
budget through the release of latent heat during hydrometeor formation and growth [15,16].
Nelson et al. [17] estimated the global character of latent heating in warm rain systems, and
they found that net column-integrated latent heating from warm rain condensation con-
tribute 0.15 K day ! (7.44 W m~2) of atmospheric heating, with nearly equal contribution
from convective and shallow warm rain. In addition, the vertical structure of clouds also
influences microphysical processes such as collision and sedimentation, thereby affecting
the occurrence and intensity of precipitation [18,19]. However, the description of cloud
vertical structure contributes to one of the largest uncertainties in climate simulations and
projections [12,20]. Therefore, the knowledge of vertical structure of different cloud types
(both precipitating and non-precipitating) needs to be improved and is important for better
cloud simulations in weather and climate models.

Satellite-based remote sensing observations have a crucial role in cloud studies given
their advantages of continuous monitoring and wide coverage [21,22]. Conventional pas-
sive sensors provide abundant information near the cloud top, but they cannot adequately
characterize the internal structure of the entire cloud column as a result of their limited pen-
etration into clouds. By contrast, the operation of active sensors in space, such as the Cloud
Profiling Radar (CPR) system on-board the CloudSat satellite [23] and the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) system on-board Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) satellite [24], can compensate for the
deficiencies of passive sensors.

Synergistic observations from the CPR and CALIOP instruments offer an unprece-
dented opportunity for a comprehensive analysis of the occurrence and vertical structure
of thin to thick clouds [5,25]. For instance, Luo et al. [26] compared the distributions of
hydrometeors in two Asian monsoon regions and found that the average hydrometeor
occurrence frequency in eastern China was 80%, 10% higher than that in the Indian mon-
soon region. Das et al. [27] showed that the formation of thicker clouds is maintained by
strong updrafts and high humidity. Kukulies et al. [28] confirmed the dominant role of
low-level single-layer clouds over the Tibetan Pleateau, where there are daytime-nighttime
differences in the frequency, vertical structure, and water path of cloud systems in the
summer [29,30]. Overall, these studies are of great value in improving our knowledge
of clouds on both regional and global scales. The 3D features of clouds from combined
CloudSat-CALIPSO observations have been archived, and it is therefore possible to investi-
gate in detail the linkage between clouds and precipitation. Gao et al. [31] demonstrated
the growth processes from cloud particles to drizzle and raindrops within single-layer
warm clouds over the northern hemisphere and showed that these processes are associated
with an increase in the liquid water path (LWP). Kikuchi et al. [32] showed the systematic
transition of deep convective systems from a non-precipitating to a precipitating mode by
comparing the vertical microphysical structure of clouds at different life stages. Li et al. [33]
focused on stratocumulus clouds over eastern China and showed that the magnitude of the
microphysical properties in NPCs are smaller than those in PCs. These results have helped
to characterize the internal structure of cloud precipitation systems.

Examining and understanding properties of clouds and their relationships with pre-
cipitation are crucial in advancing of monitoring floods and improving satellite-based
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rainfall retrieval techniques [34]. The surface rain rates depend strongly on the optical and
microphysical features of clouds over the YHRV [35], although results are—so far—limited
to cloud parameters near the cloud-top and there is a lack of information on NPCs, which
are important in the redistribution of water vapor [36].

We therefore aimed to quantitatively investigate the vertical structure of clouds to
distinguish NPCs and PCs. This study focuses on clouds over the YHRV (110-122° E,
27-35° N) during the warm season (May-September), which will enable us to gain a clearer
picture of cloud microphysical mechanisms and deal better with summer droughts. The
study area is located in eastern China, marked by the red rectangle in Figure 1. The datasets
and methods are briefly described in Section 2. In Sections 3 and 4, we present the satellite-
derived cloud characteristics, consisting of cloud occurrences, cloud heights, and cloud
internal structures, as well as their relationships with precipitation. Our key findings are
summarized in Section 5.
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Figure 1. Location of the Yangtze-Huaihe River Valley (110-122° E, 27-35° N) in eastern China and
its topography (color shading represents elevation).

2. Data and Methods

CPR is a nadir-viewing radar aboard CloudSat without cross-track scanning, and the
successive profiles generate a vertical section in the atmosphere. A CloudSat profile is
generated every 1.1 km along the orbit track. The effective field of view of a CPR pixel
is approximately an oval, with a footprint of 1.8 km along-track and 1.4 km across-track.
We obtained four years of data (2007-2010) from the latest version of CloudSat Level 2
standard products (https://www.cloudsat.cira.colostate.edu, accessed on 26 October 2021).
These products are 2B-GEOPROF, 2B-CLDCLASS-LIDAR, 2B-TAU, 2B-CWC-RVOD, and
2C-PRECIP-COLUMN. 2B-GEOPROF provides vertical profiles of radar reflectivity and
cloud mask value [37]. Each profile consists of 125 vertical bins; for bins with cloud mask
values > 30, which were considered to be reliably detected as clouds in this study, the
probability of false identification is <5% [38]. The CloudSat 2B-TAU product provides
the cloud effective radius (CER) and profiles of the cloud optical depth (COD) [39]. The
2B-CLDCLASS-LIDAR product combines CPR and CALIOP measurements for cloud
scenario classification and is widely used in various studies [31,40,41]. The output of this
product contains cloud overlap information for up to 10 layers for each profile, and the
description of the hydrometer layers in the vertical column is derived by the combined
cloud masks from radar and lidar [42]. In the product, the number of cloud layers, cloud
top and base height of each layer are reported as “Cloudlayer”, “CloudLayerBase”, and
“CloudLayerTop”, respectively. Taking advantage of the different sensitivities of radar
and lidar to ice crystals and liquid droplets, the 2B-CLDCLASS-LIDAR product also offers
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more effective cloud phase determination than lidar alone. Based on a combination of
the 2B-GEOPROF radar reflectivity and the COD from MODIS, the latest version of the
2B-CWC-RVOD product [43] derives cloud microphysical properties such as the liquid/ice
water content (LWC/IWC) and the liquid/ice water path (LWP/IWP). The 2C-PRECIP-
COLUMN product was adopted to identify the incidence of precipitation [44]. In this
analysis, we focused on rain that reached the surface, which is reported as “rain possible”,
“rain probable”, or “rain certain” by the precipitation flag in the product.

To validate the rationality of the precipitation flag from 2C-PRECIP-COLUMN, the
rainfall datasets from 170 meteorological stations of the China Meteorological Adminis-
tration (CMA) covering YHRV are used to check the consistency between satellite and
ground-based observations. Since the CPR/CloudSat overpass time is around 13:30 (01:30)
LT (Iocal time), the hourly rainfall at 14:00 (02:00) LT is selected for the closest collocation
with the satellite overpass time over the study area. As shown by four typical cases in
Figure 2, the precipitating pixels determined by the flag match well with the ground-based
precipitating stations. Besides, statistical analysis shows that the results from CPR are
highly consistent with the observations from stations. The coincidence rate of precipitation
identification between the two reaches 91%, while the discrepancy is less than 9%. There-
fore, if the pixel has surface precipitation based on the precipitation flag, it is classified as
PCs, otherwise it is classified as NPCs.
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Figure 2. Spatial pattern of CloudSat orbit track for (a) granule 06522; (b) granule 11990; (c) granule
16468; (d) granule 22519, and the corresponding precipitation observations of 170 ground-based
stations. The dots marked in peach are identified as precipitating pixels by 2C-PRECIP-COLUMN.

Cloud fraction is defined as the ratio of the number of cloudy profiles to the total
number of profiles [45]. To obtain the vertical profile of the cloud fraction, we calculated
the cloud fraction of each vertical bin using Equation (1)

_ Ncloudyy

Che=—Nun M

where CF; is the cloud fraction of the kth bin, k is the sequence number (k=1, 2, ... ,125).
Nall is the total number of profiles and Ncloudyy is the number of profiles with clouds
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captured in the kth bin. As a result of contamination by surface clutter, the weak cloud
signals of bins near the surface are generally missed, resulting in a ground clutter zone that
extends to nearly 1 km above the surface [46,47]. As a consequence, samples of the lowest
four bins above the surface (about 0.96 km) were discarded in this study and the analyses
were restricted to the remaining higher bins.

Yuter and Houze [48] proposed the contoured frequency by altitude diagram (CFAD)
to demonstrate the statistical characteristics of vertical radar reflectivity structure. It is
calculated as the observed number of data points at given values of reflectivity and altitude
divided by the total number of points at that altitude. The problem with this method
is that it may show a high frequency at altitudes where the sample size is small. Some
researchers therefore developed a normalized CFAD (NCFAD) of reflectivity [26,49]. This
modified frequency is normalized by the total number of points at all height levels rather
than one corresponding altitude. A NCFAD can be used not only to gain the statistical
distributions at each altitude, but also to display differences in the occurrence frequency
between multiple height levels. We used NCFADs to analyze the vertical structure of clouds
and the possible microphysical processes. For a particular parameter X, the NCFAD is
constructed with height on the y-axis and X on the x-axis, which is calculated by Equation (2)

Nx (i, j)
iz1 L1 Nx (i)

NCFAD(i, j) = @)

where Nx (i, j) is the number of data points in the jth interval of X at the ith height. m and
n are the total number of intervals of height and X, respectively. To ensure data quality,
only the fifth bin and above from the surface with a cloud mask > 30 were used in the
calculations of the NCFAD.

The analyses in this study are fulfilled on pixel-level cloud samples. During the study
period, there are 632 orbits passed through the YHRYV, and a total of 457,729 profiles are
detected, of which about 80% are cloudy profiles, including 315,975 and 50,068 profiles of
NPCs and PCs, respectively.

3. Results
3.1. Cloud Occurrence Frequency

The vertical profiles of the cloud fraction have an essential role in depicting the mean
climate state of water resources in the atmosphere. Figure 3 shows the vertical distributions
of the cloud fraction in different months. These results show that clouds can be present
from near the surface to an altitude > 16 km. The cloud fractions present similar bimodal
patterns from May to September, but the actual values differ. Specifically, May and June
show a higher occurrence of clouds than the other three months and the maximum cloud
fraction of >27% appears in June. This is consistent with the ‘Meiyu” weather phenomenon
characterized by strong moisture flux convergence and frequent rainfall events [50,51].
Clouds tend to concentrate at higher altitudes in July, which may be attributed to the
favorable thermodynamic conditions during this period. The greatest cloud fraction (>21%)
is observed at an approximate height of 12 km. The cloud fraction above 11 km is greatest in
July, indicating vigorous convection. There is less cloud fraction in August, which may be
related to the prevailing downdrafts under the control of subtropical high-pressure systems.
In September, the cloud fraction increases gradually with decreasing height, reaching peak
values of about 19% at 7 and 1.8 km, respectively. In general, the mean vertical distribution
of the whole warm season exhibits one wide peak at 7 km with a cloud fraction > 21% and
another small peak with a cloud fraction around 18% at 1.8 km. These two peak values
suggest that the occurrence of clouds fluctuates weakly below 11 km.
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Figure 3. Vertical distribution of the cloud fraction for May (green), June (blue), July (orange), August
(pink), September (purple), and the whole warm season (black) during 2007-2010.

Diverse cloud systems can be distinguished according to the overlapping features of
clouds, including single-layer, double-layer, triple-layer, and four-layer or more clouds.
Figure 4 shows the occurrence frequencies of systems with one or more cloud layers. It
is clear that single-layer clouds are the dominant type among these systems, accounting
for more than half of the total number of clouds. There is a decrease in frequency with
an increasing number of cloud layers. The fraction of double-layer clouds is about 31%,
followed by triple-layer clouds with a frequency of 10%; cloud systems with four or more
layers account for <3%. Each cloud system is divided into either PCs or NPCs based on
surface precipitation. The occurrence frequency of single-layer clouds is about 56%, to
which the contribution of PCs is 7%, indicating that the frequency of precipitation in single-
layer clouds is about 13%. PCs contribute 4% to double-layer clouds, 1% to triple-layer
clouds, and <0.05% to clouds with four or more layers, respectively. This suggests that
there is only a slight difference, ranging from 10% to 13%, in precipitating frequency in
these different multi-layer systems—that is, the frequency of precipitation does not change
significantly with the number of cloud layers, so single-layer PCs are the predominant form
of PCs as a result of the highest occurrence frequency of single-layer clouds.

3.2. Cloud Height and Thickness

Cloud-top height (CTH), cloud-base height (CBH) and cloud thickness are important
geometric parameters because they usually imply the mechanisms behind the formation
of clouds. Because our analysis showed that <3% of the cloud systems had four or more
layers, only the results for cloud systems with no more than three layers are reported here
due to the distribution of samples. Figure 5 shows the probability distribution functions
(PDFs) of CTH, CBH, and cloud thickness for these three kinds of cloud systems.
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Figure 4. Occurrence frequencies of single- and multi-layer clouds in all cloud samples. The frequen-
cies shown in deep blue are the fraction of precipitating clouds in each cloud system. NPCs = non-
precipitating clouds; PCs = precipitating clouds.
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Figure 5. Probability density functions (PDFs) of cloud-top height (solid lines), cloud-base height
(dashed lines) and cloud thickness for (a,d) single-layer clouds, (b,e) double-layer clouds, and (c,f)
triple-layer clouds. The letters in the legends indicate different cloud layers. S, D, and T denote
single-, double-, and triple-layer clouds, respectively. U/M/L represent the upper/middle/lower
layers in multi-layer cloud systems.

The CBH of single-layer clouds shows a single-peak distribution with a maximum fre-
quency below 2 km, whereas the CTH has two focal crests at about 2 and 13 km (Figure 5a).
This shows that single-layer clouds tend to form at lower levels, but extend to both lower
and higher altitudes, indicating two primary single-layer modes: shallow and deep clouds.
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For multi-layer systems (Figure 5b,c), the CTH and CBH distribution patterns of the cloud
layers are unimodal. The lower cloud layers in the double- and triple-layer systems have
similar shapes. The CBHs of these two types of layers mainly occur below 2 km and their
CTHs are mostly around 2-3 km. By contrast, the peaks of CBH and CTH for the upper
layer in the double-layer systems are observed at about 11 and 13 km, much higher than
the lower layer (Figure 5b). By comparison, the upper (middle) layers in triple-layer cloud
systems are inclined to be elevated (depressed). Namely, the average CBH (CTH) values
of the upper layer in double-layer systems are 9.6 (11.4) km, whereas the average CBH
(CTH) values of the middle and upper layers in triple-layer systems are 7.3 (8.6) km and
11.3 (12.8) km, respectively.

The results for the distribution of cloud layer thickness (Figure 5d—f), which is derived
from the difference between the CTH and CBH, show that all the different kinds of layer
show a pronounced unimodal pattern, with a distinct maximum near 0.5 km. The PDFs
drop sharply with the occurrence of geometrically thicker clouds and more than half of the
clouds are <1 km thick. In general, the thicknesses of layers in certain cloud systems are
similar, but, when considering the layers involved in different cloud systems, the cloud
thickness usually shifts to smaller values for systems with more layers. Single-layer clouds
have an average thickness of 3.4 km, the largest value among the three systems, followed
by a mean value of 2.1 km for double-layer clouds. Triple-layer clouds have the smallest
average thickness of about 1.5 km.

3.3. Comparison of Single-Layer Precipitating and Non-Precipitating Clouds

In scenarios with multiple cloud layers, it is difficult to determine which layer pro-
duces precipitation because the datasets used in this study only provide precipitation
identification at the surface. We therefore performed the analyses with single-layer clouds,
which clearly demonstrate the differences between precipitating and non-precipitating
cloud layers and reveal the characteristics necessary for precipitation.

3.3.1. Macrophysical Properties

The number of samples and probability of precipitation (POP) in two-dimensional
parameter space are presented for single-layer clouds to recognize the potential correlation
between precipitation and cloud geometric parameters. The CBH and CTH groups show a
noticeable mode along the major diagonal (Figure 6a), suggesting frequent appearances
of geometrically thin clouds at various altitudes. The distribution of single-layer clouds
is also concentrated in the left-hand area with CBH < 2 km and CTH 7-15 km (Figure 6a).
This indicates the prevalence of thick layers extending from the near surface and associated
with deep convection. There are considerable occurrences of higher clouds with a primary
mode at a CBH of 7-14 km and a CTH of 8-15 km (Figure 6a), which is partly contributed
by anvil and cirrus clouds detrained from deep convection systems. The POP is calculated
as the number of precipitating pixels divided by the total number of cloud pixels at given
intervals of CBH and CTH (Figure 6b). Samples with a high POP are relatively thick
clouds located in the off-diagonal area, as suggested by the mode at a CBH of <3 km and
a CTH of 4-18 km. A sufficient vertical extent of cloud is necessary for precipitation [52],
however, compared with clouds with a low CBH, clouds with a high CBH are less likely to
precipitate even though their thicknesses are the same. The POP shifts from >90% to <30%
as the CBH increases to nearly 3 km. POPs > 80% usually coincide with CBHs lower than
1.5 km. In summary, warm season precipitation over the YHRV tends to occur in vigorously
developed clouds with low bases and high tops.
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Figure 6. (a) Sample amounts and (b) probability of precipitation in two-dimensional space consisting
of the cloud-top height and cloud-base height for single-layer clouds.

3.3.2. Microphysical Properties

A knowledge of the vertical structure of the microphysical properties has a funda-
mental role in improving our understanding of the microphysical mechanisms operating
in clouds, as well as the simulation and prediction of numerical models. To explore the
differences between PCs and NPCs, we calculated the NCFADs for the COD, LWC, and
IWC (Figures 7 and 8).

18 Bl 4] o]
15 15
E 12 E 12
X : X :
E = —
D2 9 2 9 - —
o (5]
I ) I
6 - 6 -
3 3
0 LB LN B B R B L | 0 LU BB B R B B |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
COD COD
B D .

0.10% 0.15% 0.19% 0.24% 0.28% 0.33% 0.37% 0.42% 0.46% 0.51% 0.55% 0.60%

Figure 7. Normalized contoured frequency by altitude diagrams for the cloud optical depth of
(a) precipitating clouds and (b) non-precipitating clouds.
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Figure 8. Normalized contoured frequency by altitude diagrams for the ice water content and liquid
water content for (a,c) precipitating clouds and (b,d) non-precipitating clouds.

Figure 7 uses vertical slicing of the optical depth. The layered COD is in the range
0.1-0.4 and is <0.1 for both PCs and NPCs throughout the entire column. However, there
are some differences. For PCs, the NCFAD distribution shows a trianglular shape, with
large CODs at altitudes below 7 km, whereas large CODs of NPCs generally occur at
heights of 6-12 km, showing the opposite pattern.

Figure 8 shows the NCFADs of the IWC and LWC to understand the differences in
hydrometeor contents. The IWC is broadly found at heights above 5 km, whereas the LWC
is mainly distributed at heights below 9 km. One notable feature of PCs is the presence of
two IWC peaks (Figure 8a), one at 5-7 km and the other at 10-14 km. The higher peak of
the IWC may imply the presence of deep convection. When compared with the values of
the IWC for NPCs, PCs are characterized by a larger IWC, which can exceed 150 mg m 3.
There is a greater proportion of samples with an IWC < 50 mg m~3 for NPCs (Figure 8b),
suggesting a weaker updraft of NPCs according to Heymsfield et al. [53], who showed
that the IWC increases with increasing vertical velocity. Similar structures of the LWC
are observed for PCs and NPCs at heights above 6 km, where the LWC of each bin is
usually <20 mg m~3. Below this level, the LWC of PCs tends to be more spread out and
presents higher frequencies at lower altitudes than the LWC of NPCs (Figure 8c,d).

We also examined the statistical characteristics of the vertically integrated properties
of clouds. Figure 9 shows PDFs of the COD, CER, LWP, and IWP for PCs and NPCs. The
COD (Figure 9a) has a wider range of values for PCs, varying from 0 to >50. The CODs for
PCs and NPCs show one and two focal peaks, respectively. The maximum frequency center
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of NPCs is in the range 0-5, whereas the peak frequencies of PCs are located at values of 3
and 22. These two kinds of cloud are well separated around a COD of about 20; the clouds
with a COD < 20 are mostly NPCs, whereas those with a larger COD have a relatively high
probability of being PCs. Given the nearly unimodal form of each distribution, the patterns
of the LWP and IWP are similar (Figure 9¢,d), and are highly centralized for the NPCs and
more evenly distributed for the PCs. Although the LWP for PCs has a similar width to that
of NPCs, the NPCs have larger proportion of smaller LWPs and a smaller proportion of
larger LWPs than the PCs.
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Figure 9. PDFs (red curves) of (a) COD, (b) CER, (¢) LWP, and (d) IWP for precipitating and non-
precipitating clouds. The blue curves are the corresponding parameter-dependent variations of the
probability of precipitation. PDF = probability density function; POP = probability of precipitation;
COD = cloud optical depth; CER = cloud effective radius; LWP = liquid water path; IWP = ice water path.

Similarly, the occurrence of high IWPs increases notably in PCs compared with NPCs.
The IWP of PCs ranges up >1500 g m~2, whereas there is a narrower spread for NPCs,
generally <900 g m~2. By contrast, the PDFs of the CER (Figure 9b) for PCs and NPCs,
which display multi-peaked structures for both types of clouds, largely overlap with a
similar range of 4-45 pm. There is almost no clear boundary in the CER to separate
PCs from NPCs, except one dominant peak in the PCs at about 22 pm. With regard to
the POP, the trends of the COD, LWP, and IWP are similar—that is, they all increase at
first and then remain relatively stable. There is a low POP when the COD/LWP/IWP is
small; the POP then increases monotonically until the COD/LWP /IWP increases to about
40/250 g m~2/900 g m~2, reaching a peak of about 50%/60%/75%. These results are
consistent with the earlier concept model that PCs are typically associated with sufficient
vertical extent and water, with ice particles in the upper part [52,54,55]. The value of
250 g m~2 for the LWP is the threshold recommended by the International Satellite Cloud
Climatology Project to screen out PCs. However, the POP of CER has one dominant
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mode near 22 um. The POP changes from an increasing to a decreasing trend as the CER
increases continuously, in contrast with our perception that large particles fall more easily
against updrafts.

Given that the frequency of occurrence of precipitation is related to the thermodynamic
phase of clouds [56], and that ice crystals are generally larger than liquid droplets [32], the
specific trend of the POP may be attributed to the transition of the cloud phase associated
with the increase in the CER. Figure 10 shows the dependence of the cloud phase fraction on
the CER, which is defined as the ratio of the number of columns with a specific phase to the
total number of cloud columns in a given CER interval. The contribution of water, mixed,
and ice clouds changes with the CER. Water clouds, reaching up to >50%, are the dominant
form when the CER is <20 um. There is a dramatic decrease in the fraction of water clouds
with increasing CER. Mixed clouds show a relatively stable fraction, but contribute > 60%
between 20 and 24 um, which coincides with the peak POP in Figure 9b. The distribution
of ice clouds is the opposite of the distribution of water clouds. Ice clouds hardly occur
when the CER is in the range 4-18 mm, but they are often seen when the CER increases
further. Overall, these features clearly show the transition of water clouds to mixed clouds
and then ice clouds with increasing CER. Based on the statistical results for the POP of
clouds with different phases, ice clouds hardly precipitate regardless of the value of CER.
We therefore interpret the decreasing trend of POP in Figure 9b as a result of two factors:
(1) ice clouds predominate when the CER is >26 pm; and (2) POP is significantly reduced
in the ice cloud of YHRV.
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Figure 10. Variations of fraction of water, mixed, and ice clouds with the cloud effective radius. The
gray dashed line represents the number of samples. CER = cloud effective radius.

3.3.3. NCFADs of Radar Reflectivity

Our results show that precipitation is produced by water clouds and mixed-phase
clouds. We therefore placed single-layer clouds into different categories according to
the cloud phase to give a better understanding of precipitation. Figures 11 and 12 show
the microphysical differences between PCs and NPCs of water clouds and mixed-phase
clouds, respectively.

Figure 11a shows that sample size of single-layer water clouds varies with the CER.
Clouds are mainly found in the range of 4-30 pm and reach a peak size at 10 um. The POP
for all single-layer clouds has a unimodal pattern (Figure 10b), but the POP in Figure 11a
shows relatively stable trend as the CER increases. In general, the POP of water clouds
is <10%, indicative of the scarcity of precipitation from water clouds over the YHRV. We
compared the NCFADs of reflectivity for the precipitating and non-precipitating water
clouds. Figure 11b,c show that water clouds mainly occurred at altitudes < 6 km. For the
NPCs, the maximum frequencies of reflectivity were broadly distributed below —20 dBZ
and the maximum reflectivities at different heights were almost all <0 dBZ. Given that
the radar reflectivity is proportional to the sixth power of the particle size, it can be
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regarded as a proxy of the size. The black solid line in Figure 11b, the profile of the mean
reflectivity for NPCs, indicates that the radius of the hydrometeors is small because it
remains around —18 dBZ between 1 and 5 km. However, the profile of PCs showed a
steep gradient (Figure 11c), reflecting a clear downward growth of droplets by collision—-
coalescence processes. The highest frequencies of PCs were mainly found over the region
with reflectivities ranging from —5 to 10 dBZ, which is assigned to drizzle and light rain
modes [57]. Apart from the distinct slopes of these profiles, a high radar reflectivity is much
more common for PCs (Figure 11d).

Compared with water clouds, mixed-phase clouds have a wider range of CER (Figure 12a).
The CER shows a bimodal pattern for mixed-phase single-layer clouds, with two clear
peak frequencies at 10 and 24 um. The POP changes significantly with variation in the
CER. As the CER increases, the POP gradually increases and reaches a peak of >80% at
CERs between 22 and 24 pm. The POP then fluctuates slightly with further increases in the
CER. The POP of mixed-phase clouds is much larger than that of water clouds, indicating
the dominant contribution of precipitation from mixed-phase clouds. When a POP = 50%
is taken as the critical value, mixed-phase clouds can be subdivided into two separate
categories. The POP in the first category is usually <40% and the corresponding CER ranges
from 4 to 18 pm. In the second category, in which the CER is >18 um, the POP is >60%.
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Figure 11. (a) Sample number (blue line) and probability of precipitation (orange line) as a function of
the cloud effective radius. Normalized contoured frequency by altitude diagrams of radar reflectivity
for single-layer water clouds for (b) non-precipitating clouds, (c) precipitating clouds, and (d) their
differences (non-precipitating clouds minus precipitating clouds). The black lines in parts (b) and
(c) are the mean vertical profile of reflectivity for non-precipitating clouds and precipitating clouds,
respectively. CER = cloud effective radius; POP = probability of precipitation.
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Figure 12. (a) Sample number (blue dotted line) and probability of precipitation (orange dotted line)
as a function of cloud effective radius. Normalized contoured frequency by altitude diagrams of
radar reflectivity for single-layer mixed clouds grouped by cloud effective radius values of (b—d)
<18 um and (e f) >18 pm. (b,e) non-precipitating clouds, (c,f) precipitating clouds, and (d,g) the
differences in the normalized contoured frequency by altitude diagram (non-precipitating clouds
minus precipitating clouds). The black lines in parts (b,e) and (c,f) are the mean vertical profile of
reflectivity for non-precipitating clouds and precipitating clouds, respectively. CER = cloud effective
radius; POP = probability of precipitation.

The key differences in the POP between the two mixed-phase cloud categories are
associated with differences in the CER, which probably result from different cloud micro-
physical mechanisms [58]. Although both PCs and NPCs can reach an altitude of nearly
9 km in the first category (CER < 18 um), they show notable differences. NPCs have
reflectivities over a broad range above 4 km (Figure 12b), indicating the dispersion of
particle sizes. The maximum frequency with reflectivities of —28 to —10 dBZ is mainly
located at altitudes of 5-6 km. By contrast, PCs show a peak frequency at altitudes <5 km,
with reflectivities ranging from 0 to 10 dBZ (Figure 12c). Although the mean reflectivity
changes slightly with height for NPCs, the profile of PCs tilts toward higher reflectivities
with decreasing height to 4 km and then decrease gradually thereafter. Compared with
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the first category, the reflectivities of the category with CER > 18 um are shifted to larger
values for both NPCs and PCs, showing a distinct peak frequency around 10-15 dBZ.

An arc-like shape is observed for the NCFAD of PCs within the second category
(Figure 12f). It resembles the structure in Figure 12c, but extends further along the vertical
direction. The radar reflectivities are weak at high altitudes (Figure 12f), but generally
increase as the height decreases above 6 km, suggesting the growth of ice particles due to the
microphysical processes such as riming and aggregation [59]. High reflectivity dominates
in middle layer, and the peak values are centered at about 4.5 km, indicating the location of
the melting layer also known as the bright band. This sudden enhancement in reflectivity is
probably associated with variations in the dielectric constant and fall velocities of particles
as they pass through the melting layer [60]. Because the sample size of PCs in the second
category is larger as a result of the higher POP, the vertical structure with the bright band
indicates the dominant role of stratiform precipitation in the YHRV, which is consistent
with the results from Yang et al. [35]. Below the melting layer, the reflectivity generally
decreases downward, which can be attributed to the collapse of melting hydrometeors
and the attenuation of signals through optically thick cloud systems [27,61,62]. The NPCs
tend to have weaker reflectivities throughout the entire column. NPCs are broadly present
at altitudes of 4-9 km and the peak occurrence frequencies are mainly around 0-15 dBZ
(Figure 12e). Below 4 km, the reflectivities decrease sharply to less than —20 dBZ near the
surface, indicative of strong evaporation and break-up of droplets falling out of clouds.
Reflectivities exceeding 10 dBZ above 4 km are associated with the remaining hydrometeors
suspended in clouds or falling as drops before reaching the surface [31].

4. Discussions

Ideally, it is meaningful to quantitatively assess the contribution of each precipitating
category to surface precipitation, as well as the relationship between surface rain rates
and cloud properties. However, due to the limitations of CPR products, precipitation
intensity of each pixel is not available in our study area. Specifically, the algorithm of CPR
makes use of the radar reflectivity near the surface of the earth and an estimate of path
integrated attenuation determined from the surface reflection characteristics to determine
precipitation incidence and intensity [44]. Since CPR echoes at the lowest two or three
bins are contaminated by strong surface clutter, there is an almost blind zone from surface
to nearly 1 km [47,63]. Precipitation intensity is only reported over open-water surfaces.
Therefore, the rainfall datasets from meteorological stations covering YHRV are used for
further study. Each CPR pixel is matched with an hourly rainfall of the closest time using
the linear nearest distance method.

According to the approaches of Lu et al. [64], area fraction (AF) is used to quantitatively
evaluate the observed sample proportion of each precipitation category, and contribution
fraction (CF) is calculated to show the rainfall contribution from each category to total
rainfall in the YHRV. In detail, a larger AF represents for larger occurrence frequency, and a
larger CF indicates a larger contribution to total rainfall. Statistical results show that the
contribution of each precipitating category are different, the AF (CF) is 6% (2%) for water
PCs, 30.8% (19.5%) for mixed PCs with CER < 18 um, and 63.2% (78.5%) for mixed PCs with
CER > 18 um, respectively. In other words, the AF for water PCs is 6%, while the sample
proportion of mixed PCs is 94%. The corresponding contribution to total precipitation of
mixed PCs can reach 98%, while the CF for water PCs is only 2%.

The relationships between surface rain rates and cloud properties are investigated in
Figure 13. Generally, surface rain rate of PCs increases from 1 mm/h gradually to nearly
4 mm/h with the increment of CER at first, and then shows a decreasing trend as CER
increases further (Figure 13a). The heaviest precipitation falls in the range of 20-30 pum,
consistent with the result presented by Cattani et al. [65]. However, no clear relationship
is found between COD and precipitation intensity of PCs (Figure 13b), rain rates stay
relatively stable with the COD spanning from 10 to 40, which needs to be further explored
in future work. In Figure 13c, when LWP is low, rain rate increases as LWP increases. By
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contrast, a notable decrease in rain rate is shown for LWP > 500 g m~2. One possible reason
could be that the descending trend is contributed by dissipating convections, the LWP of
the dissipating stage clouds is larger than that in developing stage, whereas it is opposite
for precipitation intensity [66]. In Figure 13d, rain rate of PCs obviously increases as IWP
increases, associated with stronger updrafts and vigorous convection corresponding to
larger IWP. In summary, we give a preliminary assessment of the impact of cloud properties
on precipitation intensity by combining observations from satellites and ground-based
stations. The precipitation mechanism and its relationship with cloud characteristics is
fairly complicated and dynamic activity, the completion of an improved analysis requires
more simultaneous in situ measurements as well as the validation from numerical models,
which is beyond the scope of the present study.
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Figure 13. Variations of surface rain rate with (a) CER; (b) COD; (c) LWP; (d) IWP. COD = cloud
optical depth; CER = cloud effective radius; LWP = liquid water path; IWP = ice water path.

It is also important to clarify some limitations of this study. Although the CloudSat
product is by far make remarkable progress in observing cloud and precipitation, the
sparse temporal sampling of CPR measurements may result in biases in our results due to
its sun-synchronous orbit with only two overpasses at about 13:30 local time during the
daytime and 01:30 local time during nighttime. However, according to Battaglia et al. [67],
CloudSat CPR remains the only existing (until 2020) spaceborne radar with a frequency
of W-band, which is the preferred cloud-sensing frequency with sufficient sensitivity to
detect most hydrologically important clouds. There is currently no other appropriate
instrument to provide supplementary observations of cloud internal structure in the study
area, which can enable us to conduct a more comprehensive analysis. Additionally, as
indicated by Liu et al. [68], the occurrence of precipitation and cloud averaged from both
the day and night CloudSat data are close to the mean results derived from 9-year full
day samples of Tropical Rainfall Measuring Mission (TRMM). Therefore, both day and
night-time measurements are adopted in this study to minimize biases caused by low
sampling as much as possible.

We use the products from 2007 to 2010 for analysis since the longer-term CPR data used
in this study is not available. CloudSat was launched in 2006 to join the A-train constellation,
but temporarily left A-train in 2011 as a result of a spacecraft battery failure and then
returned to the A-train but behind Calipso on 15 May 2012. After that, the CPR is operated
in the so-called “Daylight Only” mode. Therefore, the product during 2007-2010 would
be continuous observations with good consistency in time and space with A-train. We
reviewed related works from the literature when conducting this study. To our knowledge,
there are many studies regulating the data interval within 2007 to 2010 [2,41,69,70]. In
addition, large-scale processes do have impacts on clouds and precipitation. According
to previous studies [64,71], the western North Pacific subtropical high (WNPSH) is the
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major atmospheric system controlling the East Asia summer monsoon behaviors. They
showed that WNPSH has significant impacts on summer precipitation over Eastern China.
Specifically, Zhang et al. [71] investigated temporal changes of WNPSH and the summer
precipitation of eastern China during 1961-2010. They found that the correlation coefficient
between the areal average summer precipitation and the WNPSH index is —0.46, significant
at the 99% confidence level. From 2007 to 2010, both the WNPSH index and standardized
regional precipitation anomaly are inside the range of 1 standard deviation from the mean
without significant abnormalities. Therefore, it is suggested that the large-scale circulation
and precipitation during our study period are close to the annual average state and our
conclusions are potentially representative.

5. Conclusions

By using five standard CloudSat products, which synthesize observations from CPR,
CALIOP, and MODIS, we have illustrated cloud characteristics regarding the occurrence
frequency, vertical arrangements and distinctions between NPCs and PCs over the YHRV
during the warm season. The notable results can be summarized as follows:

Clouds are most likely to appear at altitudes of 7 km, with a cloud fraction > 21% over
the YHRV during the warm season. Single-layer clouds are the most fundamental form,
making up nearly 56% of the total frequency of clouds, followed by double-layer clouds
with a frequency of 31%. Cloud systems with three or four layers are rare. Single- and
multi-layer cloud systems have distinct geometrical features. Single-layer clouds are the
dominant form of PCs.

The macrophysical properties show that warm season precipitation tends to be gen-
erated from clouds with a lower CBH and higher CTH; clouds with a low POP mainly
correspond to clouds with a smaller geometric thickness. There is a clear difference be-
tween NPCs and PCs with regard to the internal structure of the microphysical properties,
reflecting inherent difference in the dynamic and microphysical processes of clouds, such
as updraft strength or the coalescence/break-up of water droplets. In addition to con-
firming several known features of PCs—such as sufficient vertical extent, abundant water,
and the existence of ice particles—we quantitatively showed that the POP increases to
50%/60%/75% as the COD/LWP /IWP increases. The POP shows an increasing trend with
increasing cloud effective radius (CER) when the CER was <22 pm, but a decreasing trend
when the CER was >22 um, which is in contrast with our perception that large particles fall
more easily against updrafts. However, this can be attributed to the transition of the cloud
phase from a water cloud to an ice cloud.

Clouds were categorized into two groups depending on their phase. The most striking
feature was the scarcity of precipitation from water clouds, with a maximum POP of <10%.
Only a few samples had a CER > 14 um, which is regarded as the initial threshold for
warm rain [72,73]. Since it is difficult for water cloud droplets to grow to the precipitating
size, the phenomenon is probably driven by the relatively heavy aerosol loadings in this
region [35]. According to Fu et al. [74], the frequency and intensity of summer precipitations
in YHRYV are associated with the aerosol concentration in the lower atmosphere. Given
that the location of warm clouds is relatively lower, it is easier for aerosols to enter in,
and then reduce particle sizes to suppress warm-rain processes through aerosol indirect
effects [75,76]. Mixed clouds are more likely to precipitate over the YHRV than warm clouds,
indicating their significant contribution to precipitation. More specifically, PCs are usually
associated with the prevalence of reflectivities > 0 dBZ, as well as the significant downward
growth of particles, potentially a result of processes such as aggregation or coalescence.
NPCs, by contrast, are typically characterized by weaker reflectivity throughout the entire
column with less variation, or strong evaporation below large reflectivities concentrated
above 5 km.

The use of thresholds (CER = 18 pum) to distinguish two mixed-cloud categories
yielded some differences. The vertical extent of the second category develops at higher
altitudes (>12 km). Given the higher POP of the second category, these results imply that
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vigorous ice-phase microphysical processes are important for the occurrence of surface
precipitation over the YHRV in the warm season, further confirming the role of sufficient
vertical development for droplet growth.

This study is a preliminary comparison of PCs and NPCs over the YHRV and provides
researchers with benchmarks to evaluate the treatability of clouds with weather modifi-
cation technologies. There is an increasing socioeconomic demand for monitoring and
managing atmospheric water to protect the regional ecology, including resolving droughts
and preventing forest fire. Precipitation enhancement experiments should remain at the
forefront of current research. Specific studies are required to explore the underlying physi-
cal regimes that induce the low probability of warm cloud precipitation, which will help to
give a complete characterization of seedable clouds and inform the scientific conduction of
weather modification activities.
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