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ABSTRACT
Improving the understanding of cloud–radiation–monsoon interac-
tions is difficult due to the limited knowledge regarding the impacts
of vertical cloud radiative forcing on monsoon circulation. Here, we
focus on the annual cycle of the vertical structure of cloud-induced
radiative heating (CRH) to evaluate further their impacts on the East
Asian monsoon circulation (100°–140° E, 20°–45° N) derived from
satellite observations and reanalysis datasets. Entire troposphere
and lower stratosphere are heated by vertical CRH, with the peak
reaching 1 K day−1 at the mid-level troposphere (4–10 km) during
summer. Although radiative warming occurs below 3 km from the
prevailing stratocumulus, widespread weak radiative cooling
(approximately −0.2 K day−1) occurs at a wide vertical range above
3 km during winter. Consequently, the wind vector variations result-
ing from vertical CRH highly coincide with the monsoon circulation,
leading to the increase in wind speeds by 1.8 and 0.5 m s−1 during
summer and winter, respectively, while a weakly negative influence
(about 0.3 m s−1) occurs at the low-level troposphere below 3 km
during winter. Although high clouds, stratiform clouds, and stratocu-
mulus dominate thesewind vector variations, deep convective clouds
generate the strongest updraft (up to 7 m s−1) amongst all cloud
categories despite their low occurrence frequency. Results highlight
the important enhancement of vertical CRH to East Asian monsoon
circulation by perturbing the vertical structure of heating rate.
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1. Introduction

Clouds crucially regulate atmospheric energy balance, water circulation, and Earth’s climate
system with multiple spatiotemporal scales (Boucher et al. 2013). Fundamental conundrums
on clouds, the coupling of clouds with atmospheric circulation, and climate interactions have
remained unsolved and have been identified as considerable challenges in climate research
(Bony et al. 2015). One of the largest uncertainties amongst these challenges is the vertical
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property of clouds and their radiative effects (Li et al. 2015). Vertical variation of clouds can
affect the vertical distribution of atmospheric radiative heating, surface energy balance, and
general circulation by changing the vertical structure of radiative warming and cooling rates
(Johansson et al. 2015; Pan et al. 2017). Quantifying the vertical distribution of cloud radiative
forcing and their impacts on atmospheric circulation and regional climate has become critical.

Clouds over East Asia are influenced by monsoon and have become more compli-
cated than those over other regions; as such, these clouds interact with radiation and
affect the precipitation pattern and monsoon circulation (Wang et al. 2012). Lu, Yang,
and Fu (2016) indicated that stratiform clouds are mostly responsible for the large-scale
precipitation over East Asia. Deep convective clouds produce strong radiative and latent
heating from the ground surface to the upper troposphere, thereby, considerably
affecting atmospheric circulation from the onset to maturity of the summer monsoon
(Wang and Wang 2016). High clouds are the most prevalent with substantial seasonal
variations over East Asia, and their radiative heating in the upper troposphere region is
extensively recognized (Luo, Zhang, and Wang 2009). Cloud–monsoon interaction highly
depends on different vertical radiative properties and categories of clouds over East
Asia, with summer and winter monsoons prevailing alternately every year.

Several studies have partially determined different total column cloud properties and
their radiative effects over East Asia; however, comprehensively investigating the annual
cycle of the vertical structure of cloud-induced radiative heating (CRH) and their impacts
on regional atmospheric circulation remains lacking (Luo, Zhang, and Wang 2009; Pan
et al. 2015; Li et al. 2017). Luo, Zhang, and Wang (2009) previously presented cloud
occurrence frequency and vertical location in China by using CloudSat data. Pan et al.
(2015) provided a detailed report on the seasonally vertical structure of cloud macro-
physical and optical characteristics, but excluded the vertical radiative effects of clouds.
Guo et al. (2015) further simulated the total radiative effects of clouds on the East Asian
summer monsoon circulation, but did not quantify the contribution of different cloud
categories. Given the lack of investigation on the annual evolution of vertical cloud
radiative heating or cooling and their impacts on monsoon circulation, the limited
knowledge regarding the regional cloud–radiation–monsoon interactions and their
parameterizations in climate models have become one of the largest uncertainties
requiring solutions to understand potential climate processes and changes.

This study quantifies the annual evolution of vertical cloud–radiation associations and
related impacts on the East Asian monsoon circulation derived from satellite observa-
tions and reanalysis datasets. The primary motivations are as follows: (1) to investigate
the evolution of the vertical structure of CRH within the annual cycle, (2) to quantify the
absolute contribution of different cloud categories to total CRH, and (3) to evaluate
further the impacts on East Asian monsoon circulation. Resolving these problems is the
first step towards comprehending regional clouds, their coupling with atmospheric
circulation, and climate interactions and towards quantifying the role of the radiative
heating or cooling effects of clouds in regulating the atmospheric circulation and
climate over East Asia.
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2. Data and methodology

2.1. Data

CloudSat and cloud-aerosol lidar and infrared pathfinder satellite observations (CALIPSO)
were launched in April 2006, with primary loads of radar and lidar, respectively (Winker,
Hunt, and McGill 2007). Until early April 2011, CloudSat and CALIPSO were maintained in
tight orbital coordination as part of the A-train satellite constellation, with the temporal
differences between the two satellites kept nominal at 15 s (Mace et al. 2009). Lidar is
more sensitive to optically thin cirrus and aerosol than radar, whereas radar is more
suitable for probing optically thick clouds because of its wavelength (Mace and Zhang
2014). Therefore, the combined CloudSat and CALIPSO datasets are currently the only
available observations that can be used to determine the vertical distribution of clouds
and aerosols and obtain information regarding their type and phase with high con-
fidence (Winker et al. 2010; Pan et al. 2018). Various studies, which combine cloud masks
from the millimetre-wave radar on CloudSat and lidar on CALIPSO, have been conducted
to investigate the three-dimensional properties of clouds at regional and global levels
(Guo et al. 2016; Lu et al. 2018; Liu et al. 2018).

We analysed the vertical structure of CRH and the related contributions of
different cloud categories over East Asia by using the combined CloudSat and
CALIPSO products of 2B-CLDCLASS-LIDAR and 2B-FLXHR-LIDAR R04 from 2006 to
2010. The combined products have a 1.3 km cross-track and 1.7 km along-track
footprint resolutions, and the effective vertical resolution at nadir is
240 m (Stephens et al. 2008). The 2B-FLXHR-LIDAR simulates the radiative effects
of cloud and aerosol by using a broadband two-stream doubling–adding radiative
transfer model (BUGSrad) and assuming a plane-parallel atmosphere (Fu and Liou
1992; Henderson et al. 2013). This model is based on the retrieved profiles of the
macro- and microphysical properties of cloud and aerosol from CloudSat and
CALIPSO. Information regarding the atmospheric state variables was obtained
from the analysis results of the European Centre for Medium-Range Weather
Forecasts-Auxiliary (ECMWF-AUX; Dee et al. 2011). The detailed algorithm of
CloudSat 2B-FLXHR-LIDAR was reported by L’Ecuyer et al. (2008) and Henderson
et al. (2013).

Henderson et al. (2013) stated that the global mean outgoing shortwave (SW)
and longwave (LW) radiations from 2B-FLXHR-LIDAR have collocated with the
Clouds and the Earth’s Radiant Energy System (CERES) observations and are con-
sistent within 4 W m−2 (less than 4%) and 5 W m−2 (approximately 2%) on
monthly/5° scales, respectively. The heating rates (HRs) of SW and LW have
recorded errors of 12.5% at the global level (Haynes et al. 2013; Mao et al.
2018). The root mean square errors of SW and LW HRs are 4% and 7%, respec-
tively, when directly comparing gridded column HRs between CERES and 2B-FLXHR
-LIDAR. Moreover, the uncertainties of radiative fluxes derived from 2B-FLXHR-
LIDAR considerably decrease for longer timescale averages (L’Ecuyer et al. 2008).
In summary, these data can be considered credible for investigating the SW and
LW radiative effects of clouds over East Asia.
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2.2. Methodology

The 2B-CLDCLASS-LIDAR product can classify clouds into high (above 7 km), altostratus,
altocumulus, stratus, stratocumulus, cumulus, nimbostratus, and deep convective clouds
on the basis of cloud base height and horizontal properties, the presence or absence of
precipitation, cloud temperature, and upward radiance from Moderate Resolution
Imaging Spectroradiometer measurements (Sassen, Wang, and Liu 2008). Cloud–aerosol
mask inspection show that layers are appropriately identified with approximately 90%
accuracy (Sassen, Wang, and Liu 2009). The present study used the 2B-CLDCLASS-LIDAR
data product to quantify the categories and related vertical frequency of clouds with
high significance, which was calculated by dividing the number of cloudy pixels of
a particular cloud type by the total number of pixels at each height bin.

As polar orbit satellites, CloudSat and CALIPSO, obtain atmospheric profiles only at
certain times of the day at each location. The instantaneous observations of SW HR from
2B-FLXHR-LIDAR are considerably more than the daily average HR at all times. Therefore,
SW HR is normalized by a factor that considers the diurnal variation of incident solar
radiation. The normalization factor is computed using Equation (1):

rF ¼ F#
.
F
#
; (1)

where F
#
and F# are the daily average and observed instantaneous solar radiations at the

top of the atmosphere, respectively. F
#
is calculated using the method presented by

Quaas et al. (2008). For a particular cloud type, the related net CRH is the sum of SW and
LW CRH and is calculated using the method proposed by Johansson et al. (2015), as
shown in Equation (2):

CRH ¼ ðrF � ðQSW
Cloudy � QSW

ClearÞ þ ðQLW
Cloudy � QLW

ClearÞÞ � CF; (2)

where QSW
Cloudy and QSW

Cloudy are the SW and LW HR vectors under a cloud-sky condition,
respectively. By contrast, QSW

Clear and QSW
Clear are the SW and LW HRs vectors under a clear

sky condition, respectively. The absolute contribution of this particular cloud type was
obtained by weighing the related absolute cloud fraction (CF).

Atmospheric heating from clouds is generally balanced by thermodynamic adiabatic
cooling through vertical upward motion; thus, monsoon circulation is distinctly affected
by this vertical thermodynamic perturbation (Mather et al. 2007; Guo et al. 2015). This
phenomenon can be explained by applying the following simplified thermodynamic
energy equation:

ω
N2H
R

¼ Q; (3)

where R is the gas constant, ω is the vertical velocity vector, and H and Q represent the
scale height and atmospheric HR vectors (Mather et al. 2007). The Brunt–Vaisala fre-
quency (N2) is a widely used dynamical vector that determines atmospheric stratification
and defined as follows:

N2 ¼ g
Tθ

@Tθ

@z
; (4)
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where g is the local acceleration constant due to gravity, Tθ and z are the potential
temperature and height vectors, and ∂Tθ / ∂ z is the potential temperature gradient (Wu
et al. 2015). Therefore, the impacts of CRH on locally vertical atmospheric motions are
evaluated as the difference of ω under all sky and clear sky conditions.

Figure 1 presents the annual average total precipitation from the Tropical Rainfall
Measuring Mission (Henderson et al. 2017). The total precipitation gradually decreases
with the weakened summer monsoon from southern to northern East Asia. Moreover,
precipitation over the sea is more than that over land and is focused on the southeast
(SE) islands of East Asia. Therefore, we divided East Asia into Southern Continent (SC;
100–122° E, 20–33° N), Northern Continent (NC; 100–122° E, 33–45° N), SE (122–140° E,
20–33° N), and northeast (NE; 122–140° E, 33–45° N) by considering the differences in
their precipitation, climate, and underlying surface to determine the differences in the
vertical structure of CRH in different regions of East Asia accurately (Ding, Wang, and Sun
2008; Ding and Chan 2005).

3. Results and discussion

3.1. Monthly evolution of the vertical structure of clouds

The monthly evolution of the average vertical occurrence frequency of clouds over East
Asia indicates vertical variations of clouds triggered by monsoon circulation (Figure 2).
The seasonal cloud amount reaches its maximum value during summer (particularly in
southern East Asia), with the southerly summer monsoon winds transporting
a considerable amount of precipitation (Ding and Chan 2005). The cloud amount over
East Asia exhibits a sharp decrease during autumn after the southerly summer monsoon
retreats and the northerly winter monsoon is generated, with a gradual weakening of

Figure 1. Annual average total precipitation from 1998 to 2014 over East Asia. The grey lines
represent the boundary of sub-regions in this study.
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vertical convection and a decrease in water vapour (Ding et al. 2014). Given that summer
and winter monsoons alternately prevail every year, we observe general seasonal varia-
tions in which clouds appear the most and the highest during summer and the least and
the lowest during winter across the four seasons over East Asia. In addition, more
distinct seasonal variations of the vertical frequency of clouds occur over southern
East Asia than that over northern East Asia, where clouds are mostly concentrated at
an altitude of 5–10 km throughout the year.

Different cloud types play a unique role in the cycle of summer and winter monsoons;
such role results from their radiative heating or cooling capacity and the latent heat
released from precipitation (Rosenfeld et al. 2014). For example, stratiform clouds
distinctly contribute to a substantial amount of rainfall covering large areas of East
Asia (Lu, Yang, and Fu 2016). Deep convective clouds are considerably related to strong
convective precipitation and produce strong latent heating, which can sustain monsoo-
nal circulation during summer. Moreover, Table 1 shows that high clouds dominate the
cloud systems during summer, whereas stratocumulus and altocumulus are dominant
during winter with a summed probability of 46.7% and substantial seasonal variations.
Therefore, we divide all cloud layers into five cloud categories associated with

Figure 2. Monthly evolution of the average vertical frequency of clouds over the sub-regions within
East Asia from 2006 to 2010: (a) NC; (b) NE; (c) SC; and (d) SE. The blank indicates a fairly low
occurrence frequency (less than 0.1%) at the height bin.
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Table 1. Statistics of annual and seasonal average probability for different cloud categories over
East Asia from 2006 to 2010 (unit: %).

Annual Spring Summer Autumn Winter

High clouds 31.5 32.5 44.5 25.8 15.2
Stratiform 20.3 24.8 12.5 18.7 28.5
Stratocumulus 18.1 15.6 10.7 20.7 31.2
Cumuliform 28.3 25.7 29.2 33.1 24.7
Deep convective 1.8 1.4 3.1 1.7 0.4

Figure 3. Monthly evolution of the average vertical frequency of different cloud categories over the sub-
regions within East Asia from 2006 to 2010: (a–d) high, (e–h) stratiform, (i–l) stratocumulus, (m–p)
cumuliform, and (q–t) deep convective clouds. The blank indicates a fairly low occurrence frequency (less
than 0.1%) at the height bin.
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precipitation and distinct seasonal variations to investigate the related contributions of
different cloud categories to the vertical structure of CRH (Johansson et al. 2015). These
cloud categories are high, stratiform (altostratus, stratus, and nimbostratus), stratocu-
mulus, cumuliform (altocumulus and cumulus), and deep convective clouds.

High clouds prevail in the upper troposphere and lower stratosphere (above 10 km),
particularly during summer. Moreover, Figure 3(e–l) shows that stratiform clouds and strato-
cumulus dominate the middle and low cloud systems over East Asia, respectively. Stratiform
clouds frequently prevail during spring in northern East Asia (NE and NC), particularly over the
NC (occurrence frequency nearly 30%). Stratocumulus becomes increasingly important during
spring and winter, particularly over southern East Asia (SC and SE). The aforementioned
regional variations indicate that the stratiform clouds are more important than the stratocu-
mulus over northern East Asia, and vice versa over southern East Asia. Cumuliform clouds are
prevailing during summer and autumn with the weakest seasonal variations. Furthermore,
deep convective clouds occur in the entire troposphere and lower stratosphere and are
considerably enhanced by the summer monsoon (Figure 3(q–t)), whereas their occurrence
frequency is low.

3.2. Monthly evolution of vertical CRH

Given the distinct annual cycle of the absolute vertical frequency of clouds, investigating
the corresponding monthly variations of CRH provides interesting insights to evaluate
directly the interaction between vertical CRH and regional atmospheric circulation
(Johansson et al. 2015). When a cloud layer occurs, the atmospheric column can be
heated due to the absorption and scattering of solar radiation by clouds. This scene
commonly generates SW heating within and above the cloud layer, which decreases
incident solar radiation at the cloud base. Simultaneously, clouds distinctly absorb LW
radiation emitted from the surface, which causes LW heating within and under the cloud
layer, thereby decreasing LW radiation at the cloud top and further resulting in LW
cooling above the cloud.

SW heating is highly consistent with the vertical frequency of clouds (Figure 2), with
the highest values of more than 0.5 K day−1 over all the subregions of East Asia.
Simultaneously, weak atmospheric cooling occurs under cloud layers at a magnitude
of −0.3 K day−1 due to enhanced SW reflection from the clouds. Figure 4(a–d) shows that
the monthly variations in SW CRH are also associated with incident solar radiation, which
generally reaches its maximum value during summer in the mid-latitudes of the north-
ern hemisphere (Gao, Sui, and Hu 2014). Furthermore, LW radiative forcing in the
atmosphere occurs from heating to cooling with altitude due to the variable LW
absorption of clouds (Figure 4(e–h)). Robust LW radiative heating occurs in the low-
level troposphere (below 4 km) because of the strongest absorption of LW radiation by
the clouds emitted from the surface. This phenomenon further causes LW radiative
cooling in the high-level atmosphere due to the reduced cloud LW emission at the
cloud top, particularly during winter. However, weak LW heating occurs in the upper
troposphere (above 10 km) during summer over SC and SE; this phenomenon is
attributed to the LW radiation absorbed by the prevailing high clouds during summer
(Henderson et al. 2013; Pan et al. 2015).
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Clouds generally heat the entire troposphere and the lower stratosphere over East Asia at
amaximumof 1.0 K day−1 in themid-level troposphere (4–10 km) during summer due to the
resulting strong SW and LW radiative absorptions (Figure 4(i–l)). However, net radiative
cooling occurs above the cloud top at amagnitude of lower −0.2 K day−1 due to reduced LW
emission. The seasonal and regional variations of vertical CRH are determined by the vertical
structure of clouds (Johansson et al. 2015; Li et al. 2015). A widespread weak radiative
cooling occurs (approximately −0.2 K day−1) at a wide vertical range above 3 km during
winter when the clouds nearly concentrate on the lower troposphere. Furthermore, LW CRH
dominates the overall vertical radiative effects from clouds, whereas SW CRH occurs in the
mid- and high-level troposphere at a magnitude lower than that of LW CRH. This finding is
consistent with that of a previous study of Johansson et al. (2015).

Figure 5 shows the evaluated related contributions from different cloud categories to
vertical net CRH by considering their absolute vertical occurrence frequency. Quantifying
the vertical CRH of a particular cloud category above and under cloud layers is difficult
due to cloud overlap (Li et al. 2015). Therefore, we evaluated the vertical CRH of
a particular cloud category on the basis of the scenes of single-layer clouds to suppress
uncertainties from cloud overlap. The single-layer clouds contribute to two-thirds of the
total cloud layers, and their vertical CRH pattern is more consistent with that of the total
cloud layers than that of the multilayer clouds (not shown).

High clouds dominate the CRH in the upper troposphere and lower stratosphere
(Sassen, Wang, and Liu 2008), particularly over southern East Asia (SC and SE). The

Figure 4. Monthly evolution of average (a–d) SW, (e–h) LW, and (i–l) net CRH of total cloud layers
over the sub-regions of East Asia from 2006 to 2010. The grey lines indicate the upper boundary of
vertical occurrence range of cloud corresponding to Figure 2.
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maximum heating of the CRH (about 0.8 K day−1) occurs during summer because of the
prevalence of high clouds (Figure 5(a–d)). Although deep convective clouds are infre-
quent (Figure 3(q–t)), they generally contribute to the net radiative heating (up to 0.2
K day−1) from the near surface to the upper troposphere (Figure 5(q–t)) in some areas
from the surface to 15 km, particularly during summer. High clouds result either from
a convective process or a large-scale vertical ascent (Sassen, Wang, and Liu 2009). This
condition nearly coincides with the seasonal pattern of CRH by deep convective and
high clouds, thereby indicating greater control of high cloud formation through

Figure 5. Monthly evolution of average net CRH of all selected cloud categories over the sub-regions
of East Asia from 2006 to 2010: (a–d) high, (e–h) stratiform, (i–l) stratocumulus, (m–p) cumuliform,
and (q–t) deep convective clouds. The grey lines indicate the upper boundary of vertical occurrence
range of all selected cloud categories corresponding to Figure 3.
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enhanced convective processes than by large-scale ascent during the summer monsoon
(Ding, Wang, and Sun 2008). Furthermore, cumuliform clouds result in the moderate
CRH (about 0.5 K day−1) between 2 and 6 km with the consistent seasonal variations as
high and deep convective clouds.

Stratiform clouds and stratocumulus dominate the CRH in the mid- and low-level
troposphere, respectively, which is consistent with the results in Figure 3. The strongest
radiative heating from stratiform clouds (up to 0.8 K day−1) is observed in the mid-level
troposphere during summer because of the most prevalent stratiform clouds over NC.
Moreover, stratiform clouds result in distinct net radiative cooling (over −0.2 K day−1) in
the high-level atmosphere, which is responsible for the net radiative cooling from the
total cloud layers (Figure 4(e–h)). Notably, radiative cooling from stratiform clouds is
considerably counteracted by warming above 10 km during summer; this phenomenon
occurs because of the high vertical variability of these clouds and the additional
absorption of cloud layers to SW and LW radiation during summer (Johansson et al.
2015). Furthermore, stratocumulus becomes increasingly important (up to 0.7 K day−1) in
the low-level troposphere below 4 km because of the prevailing stratocumulus during
spring and winter over southern East Asia (Figure 5(i–l)).

3.3. Enhanced monsoon circulation by vertical CRH

Clouds distinctly regulate vertical atmospheric HRs due to cloud–radiation interaction
(Henderson et al. 2013). These atmospheric heating variations from clouds are generally
balanced by thermodynamic adiabatic cooling through vertical upward motion varia-
tions, which results in distinct impacts on the locally vertical monsoon circulation
(Mather et al. 2007; Guo et al. 2015). Figure 6 exhibits the resulting vertical velocity
variations from CRH on the basis of thermodynamic balance to quantify the impacts of
CRH on the vertical summer and winter monsoon circulations. During summer, the
vertical upward motion is enhanced by CRH by approximately −6 hPa day−1 at
6–10 km (Figure 6(a)). However, the weak subsidence is approximately 3 hPa day−1 in
the low-level troposphere (below 3 km) due to the atmospheric cooling that results from
the enhanced SW reflection by clouds. Moreover, clouds warm the atmosphere within
and below the cloud layers due to LW absorption, thereby enhancing the vertical
upward motion at a higher magnitude of approximately −8 hPa day−1 than that from
SW CRH during summer (Figure 6(a,b)). The atmosphere within and above the cloud top
is cooled due to reduced LW emission, which results in atmospheric subsidence at
a wide range above 10 km during summer. Furthermore, the vertical motion variations
resulting from CRH are contributed by LW CRH.

With the additional heating source, clouds distinctly enhance the vertical upward
motions from the near surface to the tropopause, with its peak reaching −10 hPa day−1

approximately at the mid-level troposphere (4–10 km) during summer due to SW and
LW absorptions. This finding coincides well with the vertical summer monsoon circula-
tion with a dominant large-scale updraft of approximately −20 hPa day−1 over East Asia
(Figure 6(d)). This finding is consistent with that of the study of Guo et al. (2015) on the
basis of a climate model. The impacts of CRH on the vertical motions of the winter
monsoon are more complicated than those of the summer monsoon. During winter,
robust subsidence reaches up to 40 hPa day−1 and controls large-scale atmospheric
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vertical motions with the prevailing winter monsoon. The weakly enhanced upward
motions from CRH constrain the vertical downward motions through the winter mon-
soon circulation below 3 km with an average of −3 hPa day−1. However, wide sub-
sidence from clouds (about 2 hPa day−1) occurs at a wide range above 3 km due to the
reduced LW emission, which coincides well with the vertical downdraft of the winter
monsoon over East Asia.

Furthermore, atmospheric vertical motion variations from CRH are generally followed
by the meridional wind variations, which can be explained by Sverdrup vorticity bal-
ances (Rodwell and Hoskins 2001; Guo and Zhou 2015), using follows Equation (5):

βv ¼ f
@ω

@p
; (5)

where f and β are the Coriolis parameter and its meridional gradient, respectively. ∂ω / ∂p is
the vertical velocity gradient, which determines the meridional wind based on the Sverdrup
vorticity balance. The negative and positive v indicate southward and northward wind
vectors, which frequently occur above and under the maximum centre of ∂ω / ∂p, respec-
tively. Figure 7(a,b) shows the latitude–altitude wind vector during summer and winter over
East Asia with the shading of the vertical frequency of clouds, respectively. The peak of
occurrence frequency (more than 50%) is matched with the maximum vertical updraft
during summer and located within the latitude–altitude range of 10–20° N and 10–18 km

Figure 6. Monthly evolution of average vertical velocity induced by (a) SW, (b) LW, and (c) net CRH,
and derived from (d) ECMWF over East Asia from 2006 to 2010.
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(Figure 7(a)). Thus, the vertical updraft enhances cloud formation and growth during
summer (Luo, Zhang, and Wang 2009). Moreover, clouds concentrate on the location of
a wind point at all times, such as the high- and low-level troposphere, during summer and
winter (Figure 7(a,b)), respectively. In summary, the vertical structure of clouds is shaped by
monsoon circulation over East Asia, particularly the summer monsoon circulation.

Figure 7(c,d) shows that the wind vector variations resulting from CRH are generally
consistent with the East Asian monsoon circulation. Clouds generally heat the entire tropo-
sphere and the lower stratosphere during summer, thereby strengthening the vertical
upward motion and enhancing the northward wind in the low- and mid-level troposphere
and southward wind in the high-level troposphere. Thus, vertical CRH considerably
enhances the summer monsoon circulation with a maximum wind speed variation of up
to 1.8 m s−1, which is consistent with the study of Guo et al. (2015). In addition, low-level
clouds dominate the cloud system during winter when robust subsidence controls the
atmospheric motion, thereby heating the low-level troposphere, whereas the higher-level
troposphere is widely cooled. Consequently, atmospheric subsidence is strengthened and
the southwardwind is enhanced duringwinter (up to 0.5m s−1) at a wide range above 3 km,
while the atmospheric subsidence is moderately suppressed by the CRH (about 0.3 m s−1) at
the low-level troposphere below 3 km. In addition, the robustness and magnitude of wind
vector variations from CRH during winter are lower than those during summer. Generally,

Figure 7. Latitude–altitude wind vectors from ECMWF with the cloud vertical frequency (shading)
during (a) summer and (b) winter. The latitude–altitude wind vector variations resulting from vertical
CRH (shading) during (c) summer and (d) winter over East Asia from 2006 to 2010.
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the vertical structure of CRH is favourable to the East Asian monsoon circulation, particularly
the summer monsoon circulation.

We further evaluate the related contribution of cloud categories to monsoon circulation
variation resulting from the total vertical CRH (Figures 8 and 9). The high-level troposphere
(>10 km) is heated by high clouds, thereby inducing large-scale air upwards into the
stratosphere and southward to the tropical region during summer (up to 1.2 m s−1).
Moreover, stratiform clouds and stratocumulus result in the wind vector variations in the
mid- and low-level troposphere, which correspond to the related vertical structure of CRH.
Although the stratocumulus (below 3 km) dominantly results in the weakly enhanced
upward motion in the low-level troposphere during winter, the wind vector variations

Figure 8. Latitude–altitude wind vector variations resulting from vertical CRH (shading) of all
selected cloud categories during summer and winter over East Asia from 2006 to 2010: (a–b)
high, (c–d) stratiform, (e–f) stratocumulus, (g–h) cumuliform, and (i–j) deep convective clouds.
The blank indicates a fairly low cloud cover (less than 0.1%).
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caused by vertical CRH coincide with the winter monsoon circulation in the higher-level
troposphere. The impact of deep convective clouds on monsoon circulation is seemingly
negligible, which can be attributed to the low occurrence frequency of these clouds.

The impact of cloud categories on monsoon circulation is a function of cloud occurrence
frequency, albeit a distinct difference exists amongst cloud categories (Johansson et al. 2015).
For example, high clouds contribute to approximately one-third of the cloud layers, whereas
deep convective clouds account for less than 2% over East Asia. Figure 9 indicates that deep
convective clouds generate the strongest upwardwind vector variations (up to 7m s−1) under
the cloud-sky condition due to its strong radiative absorption, followed by stratiform clouds
(up to 5 m s−1), particularly during summer with the intensive atmospheric convection. The
related impacts of high clouds are considerably weaker than those of deep convective clouds
in terms of magnitude and opposite to that shown in Figure 8. This phenomenon

Figure 9. As same to Figure 8, but under the cloud-sky condition.
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demonstrated the significant role of deep convection on regulating energy and wind vectors
in the entire troposphere, albeit their occurrence frequency is low. Furthermore, stratocumu-
lus and stratiform clouds determine the vertical structure of CRH during winter over East Asia
and further generate the wind vector variations coinciding with the winter monsoon circula-
tion, albeit the part inconsistence at the low-level troposphere below 3 km.

3.4. Discussion

This study highlight the impact of the vertical structure of CRH on monsoon circulation
derived from satellite observations and reanalysis datasets. The synergy between CloudSat
and CALIPSO provides the most comprehensive descriptions for the vertical structure of
CRH (L’Ecuyer et al. 2008; Mace and Zhang 2014). Given the limitation of satellite observa-
tion for controlling specific atmospheric variations, quantifying further mutual-coupled
feedback, and other processes between vertical CRH and monsoon circulation is difficult.
Actually, clouds substantially influence the energy budget of the atmosphere at a bigger
magnitude when comprehensively considering radiative heating/cooling and latent heat
release processes (Zuluaga, Hoyos, and Webster 2010; Johansson et al. 2015). The latent
heating associated with precipitation importantly affects the air transmission, especially at
the low- and mid-level troposphere (Zuluaga, Hoyos, and Webster 2010). Johansson et al.
(2015) also present the importance of CRH significantly increase in upper troposphere
where the influence of latent heating is weak. It is worth to further discuss the latent
heating process and the related effect on monsoon circulation in the future.

Previous studies have investigated the radiative effects of clouds and their impacts on
summer monsoon circulation, but not for the annual cycle of cloud radiative forcing and
contribution of different cloud categories (Guo et al. 2015; Johansson et al. 2015; Li et al.
2017). The present results indicate that the vertical structure of CRH is considerably
formed by summer and winter monsoons prevailing alternately every year (Luo, Zhang,
and Wang 2009; Pan et al. 2015). With the strong upward convective action during
summer, the prevailing high and stratiform clouds dominate the radiative heating in the
upper and middle troposphere. However, dominant atmospheric subsidence during
winter results in the collection of cloud in the lower troposphere (below 3 km) as
stratocumulus over East Asia. Wind vector variations caused by vertical CRH generally
coincide with the winter monsoon circulation at a wide range above 3 km, while the
stratocumulus moderately suppresses atmospheric subsidence in the low-level tropo-
sphere during winter. Therefore, the vertical CRH positively affects the East Asian
monsoon circulation, particularly during the summer monsoon, in which the robustness
and intension of enhancement are higher than that during winter.

4. Conclusion

Clouds are intrinsically associated with radiative balance and they further regulate regional
atmospheric circulation. Here, we investigate the annual evolution of the vertical structure
of radiative heating induced from different cloud categories and further quantify their
impacts on the East Asian monsoon circulation (100–140° E, 20–45° N). We summarize the
most important features as follows:
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(1) Vertical CRH enhances the vertical updraft from the surface to the lower stratosphere,
with the peak reaching −10 hPa day−1 (CRH up to 1 K day−1) within 4–10 km during
summer and is distinctly contributed by high clouds (44.5%). Although the enhanced
updraft at −3 hPa day−1 results from the prevailing stratocumulus (31.2%) below
3 km, atmospheric subsidence (about 2 hPa day−1) spreads at a wide range above
3 km due to the reduced LW emission. Furthermore, the net CRH is dominated by the
vertical LW radiative forcing of clouds.

(2) The wind vector variations resulting from the CRH coincide withmonsoon circulation,
with the positive feedback for wind speeds reaching up to 1.8 and 0.5 m s−1 during
summer and winter, respectively, while a weakly negative influence (about 0.3 m s-1)
occurs at the low-level troposphere below 3 km during winter. Although high clouds,
stratiform clouds, and stratocumulus dominate these wind vector variations, deep
convective clouds generate the strongest updraft variations (up to 7 m s−1) despite
their low occurrence frequency. In summary, the vertical structure of CRH is favour-
able to the monsoon circulation over East Asia, particularly the summer monsoon
circulation.

This study investigates the vertical cloud–radiation associations with the East Asian
monsoon circulation on the basis of satellite observations and reanalysis datasets. Our
results highlight the considerable impacts of the vertical structure of CRH on the East
Asian monsoon circulation by perturbing the vertical atmospheric HRs, irrespective of
summer and winter. Moreover, each of the cloud category plays a unique role via their
radiative heating/cooling potential and latent heat release within the atmosphere dur-
ing summer and winter monsoon seasons, respectively. This quantification contributes
to understanding the interaction between clouds and monsoon circulation, thereby
promoting the evaluation of the impacts of clouds on the Earth–atmosphere system
and the assessment of regional climate change in the future.
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