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Abstract: The Tibetan Plateau (TP) and the Arctic are both cold, fragile, and sensitive to global warm-
ing. However, they have very different cloud radiative effects (CRE) and influences on the climate
system. In this study, the effects of cloud microphysics on the vertical structures of CRE over the two
regions are analyzed and compared by using CloudSat/CALIPSO satellite data and the Rapid
Radiative Transfer Model. Results show there is a greater amount of cloud water particles with
larger sizes over the TP than over the Arctic, and the supercooled water is found to be more prone to
exist over the former than the latter, making shortwave and longwave CRE, as well as the net CRE,
much stronger over the TP. Further investigations indicate that the vertical structures of CRE at high
altitudes are primarily dominated by cloud ice water, while those at low altitudes are dominated
by cloud liquid and mixed-phase water. The liquid and mixed-phase water results in a strong
shallow heating (cooling) layer above the cooling (heating) layer in the shortwave (longwave) CRE
profiles, respectively.

Keywords: cloud microphysics; cloud radiative effects (CRE); Tibetan Plateau; Arctic; Cloud-
Sat/CALIPSO; RRTM

1. Introduction

Clouds have a crucial effect on the radiation budget of the Earth via the reflection
of shortwave (SW) and absorption of longwave (LW) radiation by both ice and liquid
water particles in clouds [1,2]. The balance of these SW and LW effects is referred to as
cloud radiative effects (CRE), with positive values indicating that clouds warm the sur-
face/atmosphere/Earth relative to clear sky conditions and negative values indicating
that clouds cool the surface/atmosphere/Earth. Studies have found that cloud radiation
characteristics are closely related to cloud phase and cloud microphysical properties [3,4].
Due to the lack of knowledge concerning cloud vertical structures and their microphysical
processes, clouds remain one of the largest sources of uncertainty in climate model simu-
lations [5–7] and the precise modeling of cloud–radiation interactions remains uncertain.
Investigating the vertical microphysical characteristics of clouds and CRE for a variety of
conditions and locations is important to determine the dynamics of the general circulation,
as well as to improve the simulation performance of climate models, therefore promoting
climate research processes.

The Tibetan Plateau (TP) and the Arctic are fragile regions that are sensitive to global
warming [8,9].
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The TP, often referred to as the third pole of the Earth, has the highest mountain
on Earth and significantly affects atmospheric circulation and the Asian climate [10–13].
Despite numerous studies analyzing cloud microphysical or macrophysical properties
over the TP [14–22], interest in CRE over the TP is rare and a few studies focus on CRE on
the ground surface of Earth system. For example, the surface irradiation over the TP has
been found to be higher than that over other areas at the same latitude and can frequently
exceed the solar constant because of multiple scattering in clouds over the plateau [23,24].
The CRE over the TP has been found to be dominated by cooling effects [25], and the down-
ward SW flux over the TP is modulated by cloud cover and the cloud optical thickness [26].
Nevertheless, the vertical structures of CRE in the atmosphere, which directly affect the at-
mospheric circulation, are rarely mentioned because of the lack of direct observations.
Yan et al. [19] demonstrated that the TP has a unique vertical structure of atmospheric CRE
compared with neighboring regions, especially with respect to the existence of a strong
cooling layer of net CRE at an altitude of 8 km in boreal summer, according to products
from CloudSat/CALIPSO satellites. However, it is urgent to answer the following question:
what causes the unique atmospheric CRE over the TP? An appropriate answer to this
question is essential to accurately understand the interactions between cloud, precipitation,
radiation, and large-scale circulation over the plateau.

The Arctic is another sensitive area of climate change in the Northern Hemisphere,
and the cloud–radiation feedback there is believed to play an important role in the Arctic
climate system [27]. By modulating the LW and SW radiant fluxes, Arctic clouds are
crucial for determining the energy balance at the top of the atmosphere and surface [28,29],
which may regulate the growth or withdrawal of the sea ice range and thickness via
effects on the surface temperature [30,31]. For example, extreme poleward transport of
water vapor caused by global warming, on one hand, accelerates the melting of sea ice
in the Arctic through the influence of LW radiation on the surface; on the other hand,
it leads to additional cloud radiative heating through increased vertical cloudiness [32].
However, the retreat of the sea ice coverage can further lead to changes in the cloud
amount and cloud vertical structures [33,34]. A recent study found that the cloud cover
over the Arctic has been increasing in October with an approximate 1 month lag behind
the sea ice reduction, which may result in further sea ice retreat and enhance the feedback
processes of Arctic warming [35]. Earlier studies [36,37] suggested that infrared radiation
emitted from clouds toward the surface can cause sea ice melting and that the cloud
phase may be related to anomalies in the downward LW radiation. Overall, there are
complex interactions between clouds and other processes in the Arctic climate system and
an accurate description of the cloud microphysical properties and their radiative effects
are important to understand these interactions. Furthermore, considerable differences
exist between atmospheric climate models in terms of cloud-related variables, such as
surface downwelling solar and terrestrial radiation, surface albedo, vertically integrated
water vapor, liquid water paths, and cloud cover [38–40]. Therefore, improvements in
the parameterization of clouds are urgently needed to improve the overall performance
of climate models in the Arctic. Even though a large amount of attention has been given
to the study of cloud properties and the CRE on top of the atmosphere or surface in
the Arctic [36,41–48], similar to the TP, fewer studies have focused on the vertical structures
of CRE, which have a direct effect on atmospheric circulation. Accordingly, we pose
the following question: what is the vertical distribution of CRE in the atmosphere over
the Arctic?

Recently, while focused on mixed-phase clouds, we found that abundant mixed-phase
clouds exist over these two regions and that the atmospheric heating profile induced by
mixed-phase clouds exhibits larger vertical contrasts and more seasonal variations over
the TP than over the Arctic [49]. However, the differences in the general atmospheric
heating profiles (induced by general clouds, including not only mixed-phase clouds but
also pure ice or pure liquid clouds), as well as the relationships between the vertical
structures of the clouds and the cloud microphysical properties, remain unclear.
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In this study, we aim to reveal the comparative vertical structures of CRE and re-
lated cloud microphysical characteristics over the TP and the Arctic based on Cloud-
Sat/CALIPSO products. Then, we will investigate the effects of cloud microphysical
characteristics on the vertical distribution of CRE over both regions. The definition of
the TP area (latitude: 27–40◦ N, longitude: 70–103◦ E, altitude: >3000 m) is consistent with
Yan et al. [19–21,49]. As the maximum latitudinal coverage of the CloudSat/CALIPSO
polar-orbiting satellites is near ±80◦, the Arctic region is defined as the annular zonal area
between 72.5◦ N and 77.5◦ N, which is consistent with Yan et al. [49].

This paper is organized as follows. Section 2 covers the data and methodology.
Section 3 presents results concerning the vertical distribution of the cloud microphysics
properties and CRE, as well as the contributions of cloud microphysics in terms of different
water phases on the vertical structures of CRE. Section 4 presents our conclusions and
a discussion.

2. Data and Methodology
2.1. Data

The CloudSat [50] and CALIPSO [51] satellites, flying in a close sun-synchronous near-
polar orbit at approximately 705 km above the Earth’s surface and overpassing the equator
at approximately 01:30 and 13:30 local time, were launched in 2006 as part of the NASA
A-Train constellation of satellites. Their mission is to measure cloud internal properties
and vertical structures from space based on active sensors. The millimeter-wavelength
Cloud Profiling Radar onboard the CloudSat satellite is a 94-GHz nadir-viewing radar
measuring the backscattered power resulting from clouds and precipitation particles in
the atmospheric column within a 1.4 km across-track by 2.5 km along-track radar footprint.
The Cloud Profiling Radar has great advantages when optically probing thick large-particle
layers, while the Cloud-Aerosol Lidar with Orthogonal Polarization onboard the CALIPSO
satellite can sense optically thin layers and tenuous cloud tops. The combination of the two
provides an unprecedented opportunity to explore cloud internal vertical properties based
on active sensors.

The primary datasets used for this study were 2B-CWC-RO [52,53] and 2B-FLXHR-
LIDAR [54–56] (both version r04) estimated from the CloudSat/CALIPSO satellites. To
obtain robust conclusions, we chose datasets with the same period from 6 July 2006 to 17
April 2011. A brief introduction to each dataset is given here, and more detailed information
concerning the products can be found online (http://www.cloudsat.cira.colostate.edu/
data-products/level-2b. Accessed on 23 April 2020).

The 2B-CWC-RO product contains the retrieved cloud liquid and ice water content,
particle effective radius, and number concentration estimated from a calibrated radar
reflectivity factor converted from measurements of the radar backscatter for each CloudSat
profile. Retrievals for the liquid and ice phases are performed separately and primarily
depend on the temperature. The two resultant profiles are then combined into a composite
profile that is consistent with the input measurements. The cloud liquid water estimates are
obtained only in the portion of the profile warmer than 0 ◦C, the cloud ice water estimates
are obtained only in the portion of the profile colder than −20 ◦C, and a linear combination
of the two is obtained in the intermediate temperature range [52]. The cloud radar can
accurately sense between −28 and 6 dBZe and can sense above 6 dBZe with an error
of ±50% [57]. As CloudSat cannot accurately retrieve clouds in the lowest 1 km near
the surface, we limited our analysis to cloud profiles above 1 km.

The 2B-FLXHR-LIDAR product provides the upwelling and downwelling LW and
SW fluxes of each profile, as well as the heating rates inferred from these fluxes at discrete
levels in the atmosphere. It makes use of the liquid and ice water contents estimated
from the Cloud Profiling Radar and additional cloud and aerosol properties detected by
CALIPSO and MODIS (the Moderate Resolution Imaging Spectroradiometer), combined
with the atmospheric profiles from ECMWF reanalysis. The FLXHR radiative transfer
algorithms perform independent flux calculations over 12 LW bands and 6 solar bands that
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are ultimately combined into 2 broadband (SW bands: wavelengths greater than 0.2 µm and
less than 4.0 µm; LW bands: wavelengths greater than 4.55 µm) flux estimates with vertical
resolutions of ~240 m. For the SW bands, molecular (Rayleigh) scattering and condensed
water optical properties are treated as gray properties. Refractive effects are considered in
the visible bands. For the LW bands, the condensed water optics is considered grey along
with the water vapor continuum absorption and Planck emissions [55]. Using a “status
flag” (a value between 1 and 20), the 2B-FLXHR-LIDAR product identifies the cloud type
or types present in the scene for each pixel and indicates scenes that may be contaminated
with drizzle. Pixels with a status flag value of 8 or less contain valid flux and heating rate
output; this is also the criterion for valid data adopted in the diagnostics. The atmospheric
fluxes and heating rates are accurate to 5 W m−2 and 1 K day−1, respectively, at a resolution
of 500 m [55].

In this study, we first converted the CloudSat/CALIPSO products from the original
orbital data to daily grid data with a horizontal resolution of 2.5◦ × 2.5◦ and a vertical
resolution of 240 m, wherein the cloud properties for each lattice are the average of all
the pixels passing through the grid box, such that there is only one value for each grid
representing the average properties within a meridional or zonal extent of ± 1.25◦. The av-
erage daily number of valid climatology samples for each grid cell is approximately 280
granules during the 5 years of data, and the global sample distribution is basically uni-
form [19]. The daily climatological grid data of CloudSat/CALIPSO were used to analyze
the regional averages of the cloud properties and as input of the Rapid Radiative Transfer
Model (RRTM).

2.2. The Rapid Radiative Transfer Model (RRTM)

The accurate and rapid radiative transfer model RRTM (Version 3.3) used for the cal-
culation of the LW and SW atmospheric radiative fluxes and heating rates was developed
by Mlawer et al. [58] and has been widely used since then [59]. A key aspect of RRTM is
the correlated-k method, which is an accurate and computationally fast radiative transfer
scheme that greatly reduces the radiative transfer computation time. The k-distribution
coefficient needed by RRTM is generated using the Line-By-Line Radiative Transfer Model,
and its calculation accuracy agrees with the Line-By-Line Radiative Transfer Model within
~1 W m−2 for the LW fluxes and ~1.5 W m−2 for the SW fluxes [60,61].

For the LW radiation scheme in RRTM, the fluxes and heating rates are calculated in
16 contiguous bands with spectrum ranges from 10 to 3250 cm−1. To perform a comparison
with the values from 2B-FLXHR-LIDAR, we only selected bands whose spectrum ranged
between 10 and 2250 cm−1 (corresponding to the LW spectrum greater than 4.48 µm
for the 2B-FLXHR-LIDAR) as LW radiation for the RRTM results. Parameterizations
of the optical properties for each spectral band are based on Hu and Stamnes [62] for
water clouds and Fu [63] for ice clouds. In the calculations, the discrete-ordinate-method
radiative transfer algorithm is used to perform the radiative transfer calculations for
multiple scattering. The molecular species accounted for in this study are H2O, CO2, O3,
N2O, CO, CH4, and O2. The values of H2O and O3, as well as the atmospheric temperature
and pressure of the profiles, were taken from ERA-Interim. Other species (CO2, N2O,
CO, CH4, and O2) were set to their default values, see Mlawer et al. [58]. Aerosols were
not considered in this study because they emanate from local sources and remain in
the troposphere for only a few days and because the overall impact of aerosols on the LW
radiation has been estimated to be less than 2 W m−2 [64]. The height of the boundary layers
used in the RRTM calculations was consistent with the CloudSat/CALIPSO products and
varied from 0 to 25 km with a vertical resolution of 240 m. Cloud microphysical parameters
(e.g., ice or liquid water content and effective radius) are taken from the 2B-CWC-RO
product, and non-gray optical properties (or depths) due to ice (or liquid) clouds were
computed. Note that the “cloud fraction” representing the fraction of clouds in a certain
volume of space for cloudy layers must be set to 100% in the RRTM calculations, which



Remote Sens. 2021, 13, 2651 5 of 14

may cause the calculated CRE to be stronger than the actual situation where the “cloud
fraction” may not be 100%.

For the SW radiation scheme in RRTM, the fluxes and heating rates were calculated
in 14 contiguous bands with spectrum ranges from 820 to 50,000 cm−1. Similarly, we
only focused on bands whose spectrum ranged between 2600 and 50,000 cm−1 (corre-
sponding to spectrum between 0.2 and 4.0 µm) as SW radiation, which is consistent with
the CloudSat/CALIPSO product. The parameters selected were similar to those selected
for the LW radiation except that the delta-M approximation was used to compute the total
downwelling flux at each level. The surface was treated as a Lambertian reflector, and its
emissivity for each band was set to 0.8. The solar zenith angle was given as a daily mean
value for each grid.

We first conducted seven group calculations concerning the cloud SW and LW radia-
tive heating rates under conditions containing different cloud water phases in the atmo-
sphere profiles: (1) cloud ice or liquid water in the atmosphere column, (2) only ice water
(no liquid water), (3) only liquid water (no ice water), (4) only a mixed-phase water layer
(ice and liquid water exist simultaneously in the layer), (5) only the ice water portion in
the mixed-phase layer, (6) only the liquid water portion in the mixed-phase layer, and (7)
no liquid or ice water contained in the column (a clear profile). The calculated differences
between conditions (1)–(6) and condition (7) are referred to as the CRE in the different
approximate cloud water phases.

3. Results
3.1. Vertical Structures of the Cloud Microphysics

Figure 1 indicates that both cloud ice and liquid water exhibit obvious seasonal
variations over the TP and the Arctic, and they can reach high altitudes in boreal summer
while low altitudes in winter. The cloud particles in both phases are much more abundant
over the TP (Figure 1a,c) than over the Arctic (Figure 1b,d). Over the TP, a considerable
amount of ice particles (exceeding 30 particles per liter between 7 and 10 km) are distributed
in the vicinity of −20 ◦C during May and June (Figure 1a). In boreal summer, because
of the outbreak of the South Asian summer monsoon [10,12,13], ice particles can be
transported to higher altitudes (nearly 15 km) by frequent convective activities, leading
to a decrease in their number concentration at 7–10 km and an increase at 10–15 km.
Meanwhile, after September, the ice number concentration between 10 and 15 km decreases
sharply (from 20 particles per liter or more decrease to nearly 0 particles per liter) with
the retreat of the monsoon (Figure 1a). The location of the maximum concentration of
liquid particles over the TP is 5–8 km, where the environmental temperature is below
0 ◦C (Figure 1c), which indicates that a mass of supercooled liquid water (exceeding 10
particles per cubic centimeter) exists over the TP, most likely coexisting with ice particles
in the range of 5–10 km. Meanwhile, the maximum concentration of liquid particles is
located at 1–2 km over the Arctic where the environmental temperature is always above
0 ◦C (Figure 1d). The maximum centers of the cloud ice particles over both regions are
located near −20 ◦C; however, the higher altitude distribution of cloud liquid particles
over the TP indicates the unique presence of mixed-phase clouds there, as revealed by
Yan et al. [49]. In short, more cloud water particles, especially supercooled liquid cloud
particles and mixed-phase cloud particles, are found over the TP than over the Arctic in
boreal summer.
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both phases over the TP are larger and the layer with large particles is thicker. 

Figure 1. Seasonal cycle of the vertical distribution of the cloud ice (upper panels), (a,b) and liquid
(lower panels), (c,d) number concentrations over the Tibetan Plateau (TP; left panels), (a,c) and
the Arctic (right panels), (b,d). The upper and lower black lines in each plot represent the climatic
locations of −20 and 0 ◦C that are calculated from the ECMWF–aux (version r04) product.

In addition, the vertical distribution of the cloud particle sizes (Figure 2) demonstrate
that, compared with the Arctic (Figure 2b,d), the sizes of both the cloud ice and liquid
particles at the same environmental temperature are larger over the TP (Figure 2a,c) all
year round, especially at low levels with a layer thickness of 2–3 km. In boreal summer,
the ice particle effective radius over the TP near −20 ◦C can be 80 µm (Figure 2a) while
it is 70 µm over the Arctic (Figure 2b). The thickness of the layer with ice particles with
an effective radius greater than 110 µm in boreal summer over the TP is approximately
2 km (Figure 2a) and is considerably thicker than that over the Arctic (less than 1 km, as
shown in Figure 2b). A similar phenomenon is observed for the liquid particles. That
is, liquid water cloud particles over the TP (almost larger than 10 µm and can even be
16 µm or more near surface) are larger than those over the Arctic (most are between 9
and 13 µm) (Figure 2c,d) and the layer with liquid particle sizes larger than 13 µm extends
approximately 2 km above ground surface (as shown from 4 to 6 km on the y-axis) over
the TP (Figure 2c). In summary, compared with the Arctic, the particle sizes of cloud water
in both phases over the TP are larger and the layer with large particles is thicker.
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panels), (b,d). The upper and lower black lines in each plot represent the climatic locations of −20
and 0 ◦C that are calculated from the ECMWF–aux (version r04) product.

3.2. Vertical Structures of the Cloud Radiative Effects (CRE)

Defined as the difference between the radiation flux under all-sky conditions and that
under clear-sky conditions by Ramanathan et al. [65], the CRE (also called CRF) reflects
energy changes caused by the presence of clouds.

Similar to the salient seasonal cycle of the atmospheric CRE over the TP [19], the ver-
tical structure of CREs (SW, LW, and net CRE) over the Arctic also shows seasonal signals,
as indicated in Figure 3a,d,g. A relatively strong SW heating layer (mostly in the range of
0.1–0.5 K day−1) occurs between 4 and 10 km from May to the beginning of September
over the Arctic, below which is a weak SW cooling layer and above which is a weak SW
heating layer. In other seasons, there is instead a weak SW heating for almost the entire
atmosphere (Figure 3a). However, even in boreal summer, the SW heating center over
the Arctic (less than 0.3 K day−1) is much weaker than that over the TP (nearby 1 K day−1)
(Figure 3b), which is related to less water particles and smaller water particle sizes over
the Arctic as revealed in Figures 1 and 2. Meanwhile, the LW and net CRE centers are
below 4 km with a heating effect of less than 0.5 K day−1 in boreal summer and a cooling
effect for almost the entire atmospheric column in other seasons (Figure 3d,g). Apparently,
the LW CRE and net CRE over the Arctic are very weak compared with those over the TP
for both warm (Figure 3e,h) and cold (Figure 3f,i) seasons. Note that the cooling shallow
layer near 2 km during the cold season (from October to March), as reflected in Figure 3d,g,
coincides with the existence of mixed-phase clouds as revealed by Yan et al. [49]. Another
different feature captured in the comparisons is that the LW CRE and net CRE at low levels
in boreal winter are cooling over the Arctic while they are heating over the TP (Figure 3f,i).
Overall, even though it is common in both regions for the heating SW or LW to be confined
to the lower troposphere or near the surface in boreal summer, the heating rates over
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the Arctic are obviously weaker than those over the TP. The dissimilar vertical distributions
of the atmospheric CRE in boreal winter over the two regions may result in very different
local atmospheric circulations.
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Figure 3. Seasonal cycle of the vertical profile of the cloud radiation effects (CRE) per unit mass over
(a,d,g) the Arctic and a comparison of the vertical profile of CRE per unit mass over the Arctic (blue)
and the TP (red) in (b,e,h) boreal summer and (c,f,i) boreal winter for the (a–c) shortwave (SW), (d–f)
longwave (LW), and (g–i) net (SW+LW) CRE. The grey lines in the center and right panels represent
0 K day−1.

3.3. Calculations of Vertical CRE under Different Cloud Microphysical Conditions

It is well known that CREs are strongly related to cloud microphysical structures. For
example, ice clouds contribute more than 70% of the clouds heating on atmosphere for
the global average, and mixed-phase clouds have a global net CRE of −3.4 W m−2 [66].
The RRTM calculations further illustrate the contributions of cloud microphysics to
the CRE vertical distributions.

Figure 4a,g shows the simulations of SW CRE over the TP and the Arctic, respectively.
As cloud fraction is setting 100% in RRTM, this may lead to larger CRE than reality. It
can be seen that cloud ice water primarily dominates the vertical distribution of the SW
heating layer at high altitudes (Figure 4b,h), while cloud liquid water primarily dominates
the strong shallow SW heating layer (stronger than 1.5 K day−1 over the TP and weaker
than 1 K day−1 over the Arctic) above the cooling layer (Figure 4c,i). If we calculate the CRE
induced by mixed-phase cloud water (Figure 4d,j), the shallow SW heating layer is found
to be much stronger than that induced by the liquid water conditions, as indicated by
Figure 4c,i. This is because more solar radiation is absorbed near cloud top in mixed-cloud
case, as there are fewer cloud hydrometeors above and consequently the downward solar
radiation is less attenuated. Moreover, the SW CRE caused by the mixed-phase cloud over
the TP (stronger than 1.5 K day−1) is much stronger than that over the Arctic (weaker than
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1 K day−1) due to larger amount of mixed-phase water over the TP. Therefore, even though
the mixed-phase cloud over the Arctic has been emphasized [41,42], the comparison result
shows that the effect of mixed-phase clouds over the TP requires more attention than
the current. Taking the solid and liquid phase water in the mixed-phase cloud as separate
inputs to the model, the liquid water in the mixed-phase clouds (Figure 4f,l) was confirmed
to contribute more to the strong shallow SW heating layer and the SW cooling layer near
the surface than the ice water in the mixed-phase clouds (Figure 4e,k). Overall, compared
with the Arctic, the TP shows much a stronger SW CRE even for the same phase of cloud
water. This is related to the higher quantity (Figure 1) and larger size (Figure 2) of the cloud
particles. The vertical structures of the SW CRE at high levels are primarily dominated by
cloud ice water, while the CREs at low levels are primarily contributed to by cloud liquid
water and mixed-phase clouds, especially the liquid portion of the mixed-phase clouds.
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The pattern of the vertical distribution of the LW CRE (Figure 5) is opposite to that
of the SW CRE (Figure 4), that is, the upper layer has a cooling effect while the lower
layer near the surface has a heating effect. Similarly, cloud ice water dominates the dis-
tribution of the cooling layer of the LW CRE at high altitudes above 8 km (Figure 5b,h).
Meanwhile, cloud liquid water primarily dominates the strong shallow LW cooling layer
above the heating layer near the surface, which can be stronger than −1.5 K day−1 over
both regions (Figure 5c,i). Mixed-phase clouds (Figure 5d,j), especially the liquid water in
the mixed-phase clouds (Figure 5f,l), contributes much more to the strong shallow LW
cooling layer and the heating layer near the surface than the ice water in the mixed-phase
clouds (Figure 5e,k) over both regions. In addition, even though the LW cooling in the up-
per layer (especially the strong shallow cooling effect layer) over the Arctic is comparable
to that over the TP, the heating effect in the lower layer over the Arctic is very weak.

Despite the opposite effects of SW CRE and LW CRE, the net CRE are not completely
cancelled out and still have vertical distribution features over the two regions. The vertical
structures of the net CRE induced by ice water (Figure 6b,f) at high altitudes above 10 km is
highly consistent with that of actual situations (Figure 6a,e), which demonstrates that cloud
ice water plays an important role in dominating the net CRE structures at high levels. In
addition, the shallow net cooling layer and net heating layer above the surface still exist in
both regions, in particular in the cases of liquid water (Figure 6c,g) and mixed-phase water
(Figure 6d,h). Similar to the vertical distributions of the SW CRE and LW CRE, compared
with the mixed-phase ice water, the mixed-phase liquid water contributes much more to
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the net heating layer near the surface and the net shallow cooling layer above it over both
regions, as noted in Yan et al. [49]. However, for cloud water in the same phase, the net
heating effect at low levels above the surface in boreal summer is obviously weaker over
the Arctic than over the TP while the net cooling intensity above the net heating layer is
comparable over both regions, indicating that the cloud microphysics leads to stronger
uneven vertical structures in the net CRE over the TP.
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Figure 6. RRTM calculation results for the seasonal cycle of the cloud net (SW+LW) CRE under different sky conditions
per unit mass over (a–d) the TP and (e–h) the Arctic. Panels (a) and (e) show the cloud ice or liquid water contained in
the atmospheric profiles; panels (b) and (f) show only the cloud ice water; panels (c) and (g) show only the cloud liquid
water; panels (d) and (h) show only the mixed-phase cloud water layer. Positive and negative values represent the heating
and cooling rates, respectively. Unit: K day−1.

4. Conclusions and Discussion

Using the two datasets from CloudSat/CALIPSO and RRTM, the vertical structures
of the cloud microphysics and their radiative effects, as well as the relationships between
them, were comparatively analyzed over the TP and Arctic regions. The main conclusions
are as follows.

(1) More plentiful cloud water particles with larger sizes and more supercooled water
in the liquid phase were found over the TP than over the Arctic. Even though cloud
particles in both phases are located at high altitudes in boreal summer and at low
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altitudes in boreal winter, cloud water particles are more abundant and much larger
and the layer with the large particles is thicker over the TP than over the Arctic.
Compared with the Arctic, the vast majority of liquid water clouds over the TP are
supercooled and are distributed at high altitudes in boreal summer, which is more
conducive to the formation of mixed-phase clouds.

(2) The greater quantities and larger sizes of liquid and solid cloud particles over the TP
result in a much stronger SW cooling CRE and stronger LW heating CRE and net
CRE at low altitudes and a much stronger SW heating CRE and stronger LW cooling
CRE and net CRE at high altitudes there than over the Arctic. During boreal winter,
the appearance of cooling LW and the net CRE at low altitudes over the Arctic
is opposite to that over the TP, which may be associated with the distinct local
atmospheric circulations over the two regions and the mechanism between them
needs further research.

(3) Further model calculations demonstrated the influence of the cloud microphysical
distributions on the vertical structures of CREs. Ice cloud water primarily domi-
nates the CRE vertical structures at high altitudes above 8 km, while cloud liquid
water and mixed-phase cloud water (especially the liquid water in the mixed-phase
clouds) primarily dominate the CRE vertical structures at low altitudes. The strong
shallow heating layer above the cooling layer in the SW CRE and the strong shallow
cooling layer above the heating layer in the LW CRE are primarily caused by cloud
liquid water and mixed-phase water (especially the liquid water in the mixed-phase
clouds). Compared with the Arctic, the cloud microphysics over the TP lead to very
uneven vertical distributions of net CREs with a much stronger heating layer above
the ground surface and almost comparable cooling layer above the heating layer
caused by cloud water in the same phase.

The observational and modeling comparisons of the cloud microphysics and CREs
over the two northern “poles” help us better understand cloud microphysics and its contri-
butions to the vertical atmospheric structures of CREs. However, the vertical atmospheric
CREs related to different cloud phases and the various microphysics in dynamical circu-
lations and their underlying mechanisms require further research, which is essential to
understand the roles played by the two northern “poles” in the local and global climate.
Limited by the transit time of CloudSat/CALIPSO satellite, this study mainly reveals
the characteristics on climatological scale, rigorous study of diurnal variation requires
a combination of geostationary satellite and ground data synchronization. In the calcula-
tion of CRE through RRTM, the surface emissivity was set as the same no matter whether
the surface ground was covered by ice or not which may cause a potential caveat [67,68],
especially as the cloudy profiles increase atmospheric shortwave radiation [69]. The daily
mean value of the solar zenith angle as input for the RRTM may be another caveat to
the SW CRE calculated during warm seasons over the TP.
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