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ABSTRACT

A quantitative analysis of cloud fraction, cloud radiative forcing, and cloud radiative heating rate (CRH)
of the single-layered cloud (SLC) and the multi-layered cloud (MLC), and their differences is presented,
based on the 2B-CLDCLASS-LIDAR and 2B-FLXHR-LIDAR products on the global scale. The CRH at
a given atmospheric level is defined as the cloudy minus clear-sky radiative heating rate. The statistical
results show that the globally averaged cloud fraction of the MLC (24.9%), which is primarily prevalent in
equatorial regions, is smaller than that of the SLC (46.6%). The globally averaged net radiative forcings
(NET CRFs) induced by the SLC (MLC) at the top and bottom of the atmosphere (TOA and BOA) and
in the atmosphere (ATM) are —60.8 (-40.9), —67.5 (-49.6), and 6.6 (8.7) W m™2, respectively, where the
MLC contributes approximately 40.2%, 42.4%, and 57% to the NET CRF at the TOA, BOA, and in the
ATM, respectively. The MLC exhibits distinct differences to the SLC in terms of CRH. The shortwave CRH
of the SLC (MLC) reaches a heating peak at 9.75 (7.5) km, with a value of 0.35 (0.60) K day™', and the
differences between SLC and MLC transform from positive to negative with increasing altitude. However,
the longwave CRH of the SLC (MLC) reaches a cooling peak at 2 (8) km, with a value of -0.45 (-0.42) K
day~!, and the differences transform from negative to positive with increasing altitude. In general, the NET
CRH differences between SLC and MLC are negative below 7.5 km. These results provide an observational
basis for the assessment and improvement of the cloud parameterization schemes in global models.
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1. Introduction

As an important modulator of the global radiation
energy budget, clouds change the atmospheric heating
rate via their various macro- and micro-characteristics,
and thus further affect atmospheric circulation and the
water cycle (Hartmann et al., 1992; Wang and Zhao,
1994; Zhao and Wang, 1994; Wang et al., 2007). Cloud
radiative effects and climate feedbacks have been a
research topic of significant interest. A large num-
ber of studies demonstrated that cloud property dis-
crepancies among various climate model simulations
would produce significantly contrasting results. In-

deed, clouds are one of the largest sources of uncer-

tainty in climate change projections (Cess et al., 1989;
Wang and Ding, 2005; Zhang and Jing, 2010; Zhang
et al., 2010).

Previous studies have revealed that variations in
radiative effects of different cloud types are significant.
Optically thin and high clouds exhibit greenhouse ef-
fects, whereas low clouds exhibit cooling effects (Chen
et al., 2000). Due to observational data and radia-
tive transfer model limitations, most studies simply fo-
cused on the single-layered cloud (SLC) and neglected
uncertainties introduced by the presence of the multi-
layered cloud (MLC), which is defined as two or
more cloud layers in the same atmospheric column.

However, an increasing number of researchers have
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indicated that the MLC cannot be ignored. For exam-
ple, ground, aircraft, and satellite observations suggest
that the MLC is so ubiquitous that it accounts for 40%
of the total clouds (Tian and Curry, 1989; Huang et al.,
2005, 2006b; Wang and Dessler, 2006; Wang and Min,
2008; Li et al., 2009; Wang and Huang, 2009; Wang et
al., 2011; Peng et al., 2013). Li et al. (2009) utilized
the CALIPSO satellite data and found that the MLC
occurrence frequency reaches 43.6% during summer in
East Asia. Based on two decades of ground-based ob-
servations, Wang et al. (2000) concluded that the oc-
currence frequency of two-layered clouds can account
for 42% of the total clouds. Moreover, the interactions
among cloud layers of the MLC can change the radi-
ation fluxes at the top and bottom of the atmosphere
(TOA and BOA). These interactions also affect the at-
mospheric heating rate, causing strengthened or weak-
ened regional atmospheric circulation (Chen and Cot-
ton, 1987; Liang and Wu, 2005; Huang et al., 2006a;
Zhang et al., 2013). Morcrette and Jakob (2000) found
that the simulated emitted longwave radiation fluxes
based on different cloud overlap schemes would lead to
large contrast of up to 40 W m~2. In addition, Li et
al. (2011) quantified cloud radiative forcing induced
by the SLC and the MLC in overcast conditions and
confirmed their distinct impacts on the radiation bal-
ance at the TOA and BOA by combining active and
passive remote data. Moreover, in a recent study per-
formed by Christensen et al. (2013), the MLC led to
complex vertical radiation distributions in the atmo-
sphere. For example, the infrared radiative heating
induced by the base of high clouds can weaken the
infrared cooling effect at the top of low clouds in an
MLC composed of both high and low clouds.

Due to sparse ground observations and limitations
in spaceborne passive remote sensing methods, it is dif-
ficult to determine the vertical distribution of clouds
on the global scale (Chen et al., 2006). Consequently,
studies associated with the MLC halted (Minnis et al.,
2007; Chen et al., 2008; Min et al., 2008; Wang et al.,
2010; Haynes et al., 2011; Zhang et al., 2015). Fortu-
nately, NASA and the French Space Agency (CNES)
jointly launched the CALIPSO and CloudSat satel-
lites in 2006. These satellites eventually enabled the
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initiation of MLC research and provided valuable ob-
servations for in-depth studies of global cloud overlap
and associated radiative effects. The polarization lidar
(CALIOP) aboard CALIPSO can detect optically thin
clouds with a high sensitivity while its signals are at-
tenuated upon penetrating thick clouds. By contrast,
cloud radar (CPR) mounted on CloudSat is capable of
penetrating thick clouds and is more sensitive at de-
tecting large particles. However, CPR fails to detect
optically thin clouds and can be significantly affected
by ground clutter. Because the two satellites can con-
verge on the same location within approximately 15 s,
it is possible to combine complementary measurements
from CALIOP and CPR. Overall, a more accurate ver-
tical structure of cloud characteristics can be obtained,
which is also used as input for radiative transfer mod-
els to calculate more reliable radiation fluxes induced
by clouds.

The paper presents a detailed global investiga-
tion of cloud fraction, cloud radiative forcing (CRF),
and cloud radiative heating rate (CRH) of the SLC
and MLC, as well as their differences, by applying
the 2B-CLDCLASS-LIDAR and 2B-FLXHR-LIDAR
products on the global scale. Detailed definitions of
CRF and CRH will be introduced in the subsequent
sections. In general, the quantitative results from this
study will provide an observational basis for assess-
ment and improvement of the cloud parameterization
schemes in global climate models, and also a neces-
sary research base for understanding the global cloud
radiative feedback mechanism.

2. Data

The study uses the latest 2B-CLDCLASS-LIDAR
and 2B-FLXHR-LIDAR products (2007-2010), which
include the combined measurements from CALIPSO
and CloudSat, to provide statistical analysis of the
SLC and MLC cloud fractions, as well as their CRF's
and CRHs on the global scale. Note that only the in-
stantaneous daytime data are employed and the time
when satellites pass cross the equator is approximately
1330 LT (local time). All the data used in this study
were acquired through the CloudSat Data Processing
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Center at http://www.cloudsat.cira.colostate.edu.
According to the cloud top pressure and cloud op-
tical depth, the International Satellite Cloud Climatol-
ogy Project (ISCCP) classifies clouds into varied cloud
types. The algorithm proposed by Wang and Sassen
(2007), based on 2B-CLDCLASS-LIDAR products, di-
vides clouds into eight categories, i.e., high clouds, al-
tostratus, altocumulus, stratus, stratocumulus, cumu-
lus, nimbostratus, and deep convective clouds. The al-
gorithm employs the threshold method and the theory
of fuzzy classification together when processing data
to acquire more representative cloud types. Moreover,
2B-CLDCLASS-LIDAR has the advantage of com-
bining CPR and CALIOP measurements for optical
thin clouds, which are undetected by the CloudSat,
and optical thick clouds, which are undetected by the
CALIPSO. Therefore, each cloud type can be simul-
taneously detected. A complete and accurate vertical
cloud structure can be obtained with a high resolu-
tion of 240 m. CALIPSO is unaffected by ground
clutter, thus the bias introduced by low cloud bases
near the surface via CloudSat is avoided. Mace et
al. (2007) demonstrated that the accuracy of cloud
layer detection via the complementary measurements
of CALIPSO and CloudSat can reach 90% on the
2B-CLDCLASS-LIDAR, has been uti-

lized to conduct a series of studies, including those

global scale.

focused on cloud macro- and micro-property distribu-
tions. They further confirmed the applicability of the
product on the local and global scales (Hu et al., 2010;
Ding et al., 2012; Fu, 2014; Liu et al., 2014). In this
paper, we utilize several 2B-CLDCLASS-LIDAR pa-
rameters, including the number of cloud layers and
cloud fraction. We define the scenario as clear sky
when cloud layer number is zero. We define the SLC
(MLC) when cloud layer number and cloud fraction
values are 1 (> 2) and 100%, respectively.

The 2B-FLXHR-LIDAR product employs a
broadband, two-stream radiative transfer model to
calculate the atmospheric radiation flux and heating
rate at each discrete atmospheric level in the algo-
rithm. First, input data needed for the radiative
transfer model include the ECMWF reanalysis data

and the CloudSat products such as 2B-LWC, 2B-IWC,
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2C-Precip-Cloumn, and surface albedos obtained from
seasonally varying surface reflectance maps. The gen-
eral framework and detailed parameterizations in the
algorithm have been described by Ritter and Geleyn
(1992) and Stephens et al. (2001). Moreover, L’Ecuyer
et al. (2008) utilized Cloud and Earth Radiance En-
ergy System (CERES) data to estimate 2B-FLXHR
product uncertainties. They concluded that outgo-
ing longwave radiative fluxes are better represented
than shortwave fluxes, but both exhibit good agree-
ment with CERES on scales longer than 5 days and
larger than the grid resolution of 5°. However, un-
certainties linked to thin cirrus and low clouds, which
are obscured by ground clutter, must be addressed.
As a consequence, incorporating CALIPSO cloud ob-
servations that are undetected by the CloudSat 2B-
FLXHR-LIDAR product significantly improve the 2B-
FLXHR product. Henderson et al. (2013) suggested
that the 2B-FLXHR-LIDAR product correlated well
with CERES radiative fluxes, based on monthly av-
erages on a 5° x 5° grid, with biases of 4 and 5 W
m~?2 and root mean square errors of 16 and 6 W m~2,
for shortwave and longwave radiative flux respectively.
In addition, the product provides high-resolution at-
mospheric heating rate profiles, which have been used
by L’Ecuyer (2007). (2013) demon-

strated that this high-resolution dataset outperforms

Haynes et al.

the passive, low-resolution sensor data, and reduces
the errors introduced by cloud base height ambigui-
ties and the presence of the MLC. In addition, it is
suggested that further study be conducted regarding
the impact of the MLC on atmospheric heating rates.
In the present study, the product variables, including
the radiative heating profile (QR) and cloud radiative
forcing at the TOA and BOA (TOACRE, BOACRE),
are utilized to assess the different radiative impacts of
the SLC and MLC on the earth-atmosphere system
radiation budget.

3. Global distribution of cloud fraction

The relationship between the earth radiation bud-
get or surface radiation budget and total cloud fraction
has been studied for decades (Fung et al., 1984; Hart-
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mann et al., 1986; Rossow and Lacis, 1990). Hart-
mann et al. (1992) demonstrated that the net radia-
tive effect of low clouds changed by —0.63 W m~2 if the
cloud fraction increased by 1%. Moreover, a low cloud
fraction increase of 4% or stratus cloud droplet effec-
tive radius decrease from 20 to 16 pum can offset the
warming effect caused by doubling the carbon diox-
ide concentration (Randall et al., 1984; Slingo, 1990).
Thus, in this section, the SLC and MLC cloud frac-
tions were statistically analyzed in detail firstly.

Figure 1 shows the global distributions of SLC
and MLC cloud fractions, as well as their difference.
Different colors correspond to various levels of cloudi-
ness. Based on the definition of Li et al. (2011), all
samples were first averaged on a 2°x2° grid. Then,
the cloud fraction was defined as the number of SLC
(MLC) cloudy profiles divided by the total number
of sample profiles collected in a given grid box. The
global cloud fraction distributions of the SLC, MLC,
and their difference are then mapped.

Figure la illustrates that the SLC cloud fraction
is greatest over the Tibetan Plateau as well as the west
coasts of America, southern Africa, and Australia,
where the smallest MLC cloud fraction is present.
Yuan and Oreopoulos (2013) concluded that the MLC,
which is composed of low and high clouds, occurs
more frequently in the tropics than in the subtrop-
ics (subsidence areas), and the overlap rate is nega-
tively correlated with subsidence rate. Similarly, Fig.
1b illustrates that the MLC cloud fraction is greatest
over tropical and subtropical regions, such as northern
South America, central Indian, and the warm pool
of western Pacific, where the value can reach 50%.
Moreover, the tropical sea surface temperature and the

storm tracks in mid-high latitudes can be key factors
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affecting MLC formation (Behrangi et al., 2012). Con-
sequently, over the midlatitude storm tracks, the MLC
cloud fraction ranges from 20% to 40%. The MLC
cloud fraction is smallest in arid, semi-arid, and sub-
sidence regions near 30°N and 30°S, which are domi-
nated by the sinking branch of the Hadley circulation.
In addition, the MLC cloud fraction barely occurs over
Greenland and the South Pole. In the tropics, the
MLC cloud fraction is larger than the SLC, reaching a
difference of 20% in the western Pacific, central Africa,
and northern South America (Fig. 1lc). However, in
subsidence areas, the MLC cloud fraction is less than
the SLC cloud fraction. Although the MLC cloud frac-
tion ranges from 20% to 40% in mid-high latitudes, the
cloud fraction difference between MLC and SLC re-
mains distinct because of a total cloud fraction above
80%, as demonstrated by previous studies (Chen et
al., 2000; Haynes et al., 2011; Li et al., 2011). In the
present study, the globally averaged cloud fractions of
SLC and MLC can reach 46.6% and 24.9%, respec-
tively, which are in accordance with the results of Li
et al. (2011).

4. Global distribution of CRF

Differences in cloud fraction and cloud vertical
distribution between the SLC and MLC inevitably
influence their radiative fluxes at the TOA, BOA,
and in the ATM. In addition, they may further
modify the atmospheric circulation and water vapor
transport (Huang et al., 2006c; Su et al., 2008).
Based on the definition of Li et al. (2015), the
SLC (MLC) CRF is defined as cloud fraction mul-
tiplied by the overcast cloud radiative forcing on
a 2°x2° grid when considering the impacts of cloud

50 60 70 80 —40 —30 —20 —10 O

10
Cloud fraction difference between the SLC and MLC (%)

20 30 40

Fig. 1. Cloud fractions of the (a) SLC, (b) MLC, as well as (c) their difference.
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fraction differences between the SLC and MLC. The
overcast cloud radiative forcing is averaged from the
selected profiles of which the cloud fraction equals
100% at the fixed grid. Note that the CRF in the
ATM is defined as the difference between the CRF at
the TOA and BOA. The positive (negative) values of
CRF indicate the heating effect (cooling effect) on the
atmosphere induced by clouds.

The global distributions of CRF induced by the
SLC and the difference with that of the MLC at the
TOA are shown in Fig. 2. From left to right, each col-
umn represents different flux bands, including short-
wave (SW), longwave (LW), and net (NET) CRF.

The positive correlation between the SW CRF
and the cloud fraction can be seen in Figs. la and
2a. Moreover, the SLC SW CRF is negative every-
where, and in some areas, such as the western coasts
of multiple continents, they are less than —120 W m~2.
In these regions, the SLC is mainly composed of low
clouds with high albedos. The CRF differences be-
tween the SLC and MLC indicate their relative re-
gional importance (Fig. 2d). This is particularly true
in tropic areas, where the difference is positive and
with the largest of more than 40 W m~2, indicating
a stronger cooling effect induced by the MLC than
the SLC. Similarly, in areas where the SLC frequently
occurs, the difference is negative and largest. Utiliz-
ing the datasets from CMIP3, Trenberth and Fasullo
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(2010) concluded that the outputs of 24 coupled mod-
els exhibit significantly different SW CRF zonal pat-
terns, which are partially due to the assumption of
single layer clouds. Our results confirm that the CRF
differences between SLC and MLC underline the sig-
nificance of the MLC in the tropical area, which ex-
hibits a larger impact on the regional radiation bal-
ance. Figure 2d can be used to improve the cloud
overlapping schemes of the regional models.

Cloud height is the decisive factor in the LW CRF
difference as illustrated in Fig. 2e. This is confirmed
by the data shown in Fig. 2b, where over the western
coasts of the continents, low clouds are prevalent, ex-
hibiting SLC LW CRF of less than 10 W m~2. This is
because low clouds fail to prevent LW radiation emit-
ted by the earth out of space. Moreover, the LW CRF
difference shows that the MLC can regionally trap
more infrared radiative energy than the SLC in the
tropical regions, whereas the situation is reversed in
mid-high latitudes. The NET CRF, which is defined
as the sum of the SW CRF and LW CRF, with its
contrasting images shown in Figs. 2c and 2f, are not
discussed in detail here due to their similarity to the
SW CRF.

Figure 3 presents global CRF distributions at the
BOA. Similarities between the global SW CRF at the
TOA (Figs. 2a and 2d) and BOA (Figs. 3a and 3d)
are in accordance with the results of Chen et al.

—150

—120 —90 —60

—30 0 10 20 30 40 50

Fig. 2. Global distributions of CRF induced by the SLC and difference with that of the MLC at the TOA. (a) SW CRF
of the SLC (W m™?), (b) LW CRF of the SLC (W m~?), (¢) NET CRF of the SLC (W m~?), (d) SW CRF difference
(W m~2), (e) LW CRF difference (W m~2), and (f) NET CRF difference (W m~?).
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(2000). Based on the LW CRF in Fig. 3b, the SLC ex-
hibits warming effects over midlatitudes, the Tibetan
Plateau, and western coasts of multiple continents. In
these regions, the SLC LW CRF is typically larger
than that of the MLC, and their maximum difference
can reach approximately 30 W m~2 (Fig. 3e). Con-
versely, in some regions near the equator, such as the
eastern Indian Ocean and the warm pool of western
Pacific, the MLC LW CRF is significantly larger, and
the difference is within 10 W m~2. Moreover, the NET
CRF global distributions (Figs. 3¢ and 3f) are similar
to those of the SW CRF because the SW CRF has
a larger magnitude than the LW CRF. Consequently,
the MLC exhibits stronger surface cooling effects in
the regions around the equator (maximum difference is
50 W m~?2); whereas the situation is reversed in other
Note

that only instantaneous daytime data were used in the

regions (maximum difference is 150 W m™2).

study based on A-Train satellites across the equator at
1330 LT. Therefore, the strong incident solar radiation
at that time potentially causes the larger, more nega-
tive SW CRF. However, we should know that the daily
averaged LW CRF at the TOA and BOA is as impor-
tant as the SW CRF.

The SLC and MLC affect the atmospheric trans-
mission of radiative energy in different ways based on
their different cloud structures. Figure 4 illustrates
their radiative difference in the ATM. Clouds can ex-
ert three different effects on shortwave atmospheric

absorption: 1) higher cloud albedo increases the to-
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tal reflected solar radiation, consequently increasing
the solar radiation absorbed by the atmosphere above
the clouds; 2) cloud droplets in the cloud layer can in-
crease the average photon path via scattering, which
absorbs more solar radiation than water vapor; and
3) clouds attenuate the atmospheric absorption below
them (Chen et al., 2000). For low clouds, the first
two effects surpass the third, causing increased atmo-
spheric shortwave absorption. For high-level clouds,
the third effect surpasses the first two, causing de-
creased atmospheric shortwave absorption (the three
effects nearly offset for middle clouds). Therefore,
in the areas where low clouds frequently occur, such
as western continental coasts, the SLC SW CRF in
the ATM is significantly larger. In the tropics, where
the MLC cloud fraction is greatest, the MLC induces
stronger atmospheric solar radiation absorption (Figs.
4a and 4d). Both the SLC and MLC trap more atmo-
spheric solar radiation with CRF values over the range
of 10-20 W m~2.

Moreover, two opposite effects are shown associ-
ated with cloud impacts on the atmospheric infrared
radiation energy. First, clouds can trap more long-
wave radiation energy by decreasing the effective at-
mospheric emitted temperature. Second, clouds can
increase atmospheric longwave cooling by increasing
the effective emissivity of the atmosphere in the water
vapor window (Chen et al., 2000). The competition
between these two effects causes the SLC LW CRF to
produce positive and negative regional values. The

—150 —120 -90 —60
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Fig. 3. As in Fig. 2, but for the CRF at the BOA.
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Fig. 4. As in Fig. 2, but for the CRF in the ATM.

sufficient water vapor and vertical upward motion
around the equator favor high clouds. Therefore, the
SLC exhibits a warming effect (the maximum value of
LW CRF reaches 40 W m~2). However, in high lati-
tudes, the second effect surpasses the first by signifi-
cantly increasing the water vapor. Therefore, the SLC
exhibits an enhanced infrared cooling effect (the LW
CRF ranges from 10 to -30 W m~2). The LW CRF
difference displayed in Fig. 4e is so distinct that in
some regions, such as the western coasts of South and
North America, southern Africa, Australia, and other
high-latitude areas, the SLC reveals a stronger infrared
cooling effect than the MLC, which is mostly due to
the cloud fraction difference (the contrast ranges from
~10 to —30 W m~2). The global distribution of NET
CRF is similar to that of LW CRF rather than the SW
CREF, indicating the dominant role of LW CRF in the
ATM.

5. Zonal pattern and global average of CRF

Following the discussion of the global distribu-
tions of SLC and MLC radiative effects, this section
intends to further analyze their zonal patterns (2° av-
eraged in latitudes) and global averages. The zonal
distributions of the CRF and radiative contribution
ratio (RCR) at a certain latitude induced by the SLC
and MLC, as well as their difference at the TOA and
BOA, are given in Figs. 5a and 5b, respectively. For
the SW CRF, the SLC and MLC both exhibit some

peaks at 50°N, north of the equator, 20°S, and 50°S.
Other than the areas around the equator, the SLC
with the largest peak of ~120 W m~2 is always larger
than the MLC. Moreover, at the TOA, the LW CRF
zonal trend peaks at the equator. At the BOA, the
largest peaks occur in mid-high latitudes. In addition,
the NET CRF variations are all similar to those of the
SW CRF due to the latter’s larger magnitude.

To provide further detail regarding the contribu-
tion made by the SLC (MLC) at each latitude, we
introduce the RCR. This parameter is defined as the
CRF induced by the SLC (MLC) divided by the total
CRF induced by sum of the SLC and MLC. In Figs.
5¢ and 5d, the MLLC RCR at the TOA peaks at 40°N,
40°S, and near the equator, where the maximum SW
RCR can reach 55%. The RCR of the MLC is more
stable in mid-high latitudes of the Northern Hemi-
sphere than the corresponding areas in the Southern
Hemisphere. Moreover, in regions from the equator
to 10°S, the MLC exhibits larger LW RCR than the
SW and NET RCR. In addition, the MLC SW RCR
exhibits a similar magnitude to the NET RCR at the
BOA, whereas LW RCR is smallest from 40°S to 40°N.
The RCR difference is further defined as the contrast
in RCR between the SLC and MLC to display their
zonal difference (Figs. 5e and 5f). The positive (neg-
ative) value indicates a larger SLC (MLC) RCR. The
SW and NET RCR differences exhibit similar vari-
ations and magnitudes at both the TOA and BOA.
They are stable within a 24% range from 30° to 60°N,
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Fig. 5. Zonal distributions of the CRF, the RCR induced by the SLC and MLC, and their RCR difference.

and then sharply decrease to —10% near the equator.
In addition, the zonal RCR differences reveal distinct
hemispheric asymmetry, as Southern Hemisphere val-
ues are higher than Northern Hemisphere values. Pos-
itive RCR differences only appear around the equator,
indicating the importance to regionally strengthening
MLC research there. Note that the South Pole peaks
unreasonably occur at the BOA for the SW and NET
(Figs. 5d and 5f). This is because the opposite signs
of the SLC and MLC CRF lead to a total RCR ex-
ceeding 100%.

The zonal CRF patterns in the ATM are pre-
sented in Fig. 6. Starting from the equator the at-
mospheric NET heating effect with a maximum value
of 30 W m~2 caused by the SLC gradually transfers
to an NET cooling effect with a minimum value of

~15 W m~2 at around 60°N and 40°S. Moreover, the
varied zonal radiative differences between the SLC and
MLC are distinct. In the regions between the equator
and 40°S, the MLC exhibits a stronger NET heat-
ing effect than the SLC (the NET CRF differences
range from —5 to 0 W m~2). In the south of 40°S, the
NET cooling effects caused by the MLC are obviously
weaker because of their positive LW CRF differences.
However, in the Northern Hemisphere, the MLC ex-
hibits either a weaker NET cooling effect (north of
60°N) or NET warming effect (south of 60°N) than the
SLC. In addition, the zonal NET CRF difference re-
veals a significant hemispheric asymmetry, which may
be potentially linked to asymmetric cloud structure
and requires further study (Li et al., 2011).

In the present study, the globally averaged SW,
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Fig. 6. (a) Zonal CRF distributions induced by the SLC
and (b) the differences between SLC and MLC in the ATM.

LW, and NET CRF at the TOA, BOA, and in the
ATM for both the SLC and MLC are shown in Ta-
ble 1. The globally averaged SLC and MLC NET
CRF (RCR) at the TOA are —60.8 (59.8%) and —40.9
(40.2%) W m~2, respectively. At the BOA, the as-
sociated values are —67.5 (57.6%) and —49.6 (42.4%)
W m~2, respectively. The globally averaged SLC SW
CRF in the ATM (8.3 W m~2) is larger than the MLC
(5.2 W m~2). However, for the LW in the ATM, the
MLC exhibits a warming effect (3.5 W m~?), whereas
the SLC exhibits a cooling effect (—1.7 W m~2). As a
consequence, the globally averaged NET CRF of the
MLC (8.7 W m~2) is greater than that of the SLC
(6.6 W m~2) by 2.1 W m~2. In addition, the to-
tal MLC heating contribution to the atmosphere can
reach 57%, further indicating the important role of the

MLC in the atmospheric radiative balance.
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6. Zonal pattern and global average of CRH

The MLC exhibits a stronger warming effect in
the ATM than the SLC, although its cloud fraction
is relatively small. Indeed, this indicates the signif-
icance of the MLC in affecting the atmospheric ra-
diative balance. However, the CRF in the ATM fails
to describe the vertical radiation energy distribution.
Therefore, we utilize high-resolution atmospheric heat-
ing profiles to study how the SLC and MLC influence
vertical redistribution of radiative energy in this sec-
tion. In the past, high-resolution atmospheric heat-
ing rate profiles have proved difficult to obtain on the
global scale. However, CloudSat and CALIPSO now
provide such high-resolution data. We hope that our
results can improve understanding of the role that the
MLC has played in affecting the vertical distribution
of radiative energy and provide an observational basis
for cloud parameterizations in global models.

We define the CRH based on the definition of
Haynes et al. (2013), which is the difference in the
atmospheric heating rate profiles between cloudy and
clear skies. Thus, the defined parameter can clearly
describe the vertical redistribution of radiative energy
by clouds. The zonal distributions of CRH induced by
the SLC, and its difference compared with that of the
MLC, are illustrated in Fig. 7.

In tropical regions, clouds vigorously develop up
to the higher tropopause. Clouds not only enhance the
absorption of solar radiation in the cloud layer but also
in the atmosphere above the clouds. Therefore, the en-
hanced heating areas above 5 km, near 30°N and 30°S,
and at higher altitudes in the tropics are caused by the
prevalent low and high clouds, respectively (Fig. 7a).
Moreover, the negative SW CRH induced by the SLC
along the boundary is due to solar radiation attenua-
tion by clouds. Regarding the SW CRH difference,

Table 1. Global averages of CRF induced by the SLC and MLC at the TOA, BOA, in the ATM, and their

differences (W m~2)

TOA BOA ATM
Cloud type SW LW NET SW LW NET SW LW NET
SLC o 16.9 ~60.8 ~86.0 18.6 —67.5 8.3 17 6.6
MLC 536 12.7 40.9 58.8 9.2 49.6 5.2 3.5 8.7
Difference 241 4.2 “19.9 27.2 9.4 17.9 3.1 5.2 21
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the MLC reveals a boundary cooling rate larger than
the SLC, whereas in the mid-high atmosphere, the
MLC reveals an enhanced heating rate over more ex-
tensive areas (Fig. 7d).

Previous studies have shown enhanced infrared
cooling at the top of clouds and reduced infrared heat-
ing at the bottom of clouds (Liou and Zheng, 1984;
Wang and Zhao, 1994), which is confirmed in Fig. 7b.
The positive and negative LW CRH alternately occurs
with increasing altitude. The areas in which LW CRH
is less than —0.1 K day~! can reach approximately 15-
km altitude in the tropics, which is due to the presence
of high clouds there. Note that the enhanced infrared
cooling areas induced by the SLC appear significantly
in the boundary layer from 20° to 60°S. This is due to
the prevalence of low clouds and their enhanced cloud
top infrared radiative cooling. Similarly, over there the
SLC exhibits a stronger infrared cooling effect than the
MLC, as the infrared heating rate of SLC at the bot-
tom of the upper cloud layer has offset the infrared
cooling rate at the top of the lower cloud layer (see
Fig. 7e), as confirmed by Christensen et al. (2013).

In addition, the NET CRH is defined as the sum
of the SW and LW CRH and is positive at mid-high
atmospheric levels from 60°S to 60°N. In these regions,
they are contributed largely by the SW CRH, except
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in the boundary layer where the LW CRH dominates
(Fig. 7c). In high latitudes, the NET CRH at mid-
high atmospheric levels is negatively dominated by the
LW CRH. The NET CRH differences are predomi-
nantly negative, with a maximum value of —0.45 K
day~!, and partially positive, in the range of 0-0.25
K day~! (Fig. 7f) after LW and SW CRH differences
cancel each other for their opposite signs.

Figure 8 illustrates the globally averaged CRH in-
duced by the SLC and MLC, as well as their difference.
The CRH difference is represented by the positive ar-
eas, indicating larger CRH of the SLC, and negative
areas vice versa. The SW CRH of the SLC and MLC
gradually increases with raising altitude. They then
transfer from negative to positive at 1.5 and 2.5 km, re-
spectively (Fig. 8a). In the mid-high troposphere, the
SLC and MLC SW CRH displays unimodal distribu-
tions, with peaks occurring at 9.75 km (0.35 K day~!)
and 7.5 km (0.60 K day~!), respectively. Moreover,
compared with the SLC, the presence of the MLC re-
duces more SW absorption at low levels while traps
more solar radiation energy in the mid and high tro-
posphere. Consequently, for the SW CRH difference,
the positive and negative areas alternate. As shown
in Fig. 8b, the LW CRH of both the SLC and MLC
exhibits heating peaks at 1 km, with values of 0.66 and
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1.12 K day~!, respectively. Their cooling peaks ap-
pear at 2 km (-0.45 K day™!) and 8 km (-0.42 K
day~1), respectively. Conversely, the MLC LW CRH
exhibits a weaker heating effect than the SLC at the
mid-high levels, whereas the opposite is true in the
lower troposphere. In Fig. 8c, significant negative
differences below 7.5 km highlight the impacts of the
MLC on the atmospheric radiative balance, conse-
quently further confirming the obtained result that the
MLC has larger global averaged NET CRF than the
SLC. In summary, the negative NET CRH difference
in the troposphere and the opposing relationship be-
tween the globally averaged SW CRH and LW CRH
differences can provide an observational basis for im-
proving the cloud parameterization schemes in global
models.

7. Summary and discussion

As a modulator of climate and climate change,
varied cloud types have different radiative impacts
on the earth-atmosphere system, thus affecting atmo-
spheric water cycle and large-scale circulation in dif-
ferent ways. Therefore, the SLC and MLC, which ex-
hibit contrasting cloud structures, can alter the radia-
tive fluxes at the TOA, BOA, and in the ATM, and
the atmospheric heating rates. We first quantified the
cloud fractions of the SLC and MLC and discussed
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their CRF at the TOA, BOA and in the ATM, and
their CRH. Our conclusions are as follows.

The SLC cloud fraction is greatest over the Ti-
betan Plateau and the western coasts of the conti-
nents including Americas, southern Africa, and Aus-
tralia, whereas the MLC cloud fraction is greatest over
the tropical and subtropical regions, particularly near
northern South America, central Africa, the eastern
Indian Ocean, and the warm pool of western Pacific,
where cloud fraction can reach more than 50%. In
these regions, the MLC cloud fraction is higher than
that of the SLC, with the difference ranging from 0
to 20%. Moreover, the MLC cloud fraction is least in
the Hadley circulation subsidence areas at 30°N and
30°S, which are significantly lower than the SLC cloud
fraction. Although the MLC cloud fraction ranges
from 20% to 40% in mid-high latitudes, the larger SLC
cloud fraction magnitude creates a large contrast be-
tween the values. In summary, the globally averaged
SLC and MLC cloud fractions are 46.6% and 24.9%,
respectively.

The globally averaged SW CRF values at the
TOA (BOA) of the SLC and MLC are —77.7 (-86.0)
and —53.6 (-58.8) W m~2, respectively, implying their
cooling effects on the global radiation energy budget.
Moreover, the globally averaged SLC and MLC LW
CRF values at the TOA (BOA) are 16.9 (18.6) and
12.7 (9.2) W m~2, revealing their infrared warming
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Fig. 8. Global averages of CRH induced by the SLC and MLC as well as their difference.
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Although the globally averaged SLC cloud
fraction is greater than that of the MLC, the MLC
contributes to the total NET CRF at the TOA (BOA)
with a value of 40.2% (42.4%). In the ATM, the SLC
and MLC SW CRF values are 8.3 and 5.2 W m~2
respectively, whereas their LW CRF values are —1.7
and 3.5 W m~2. For the globally averaged NET CRF
in the ATM, the MLC (8.7 W m~2) is larger than
the SLC (6.6 W m~2) by 21 W m~2. The MLC
contributes to 57% of the total heating effect on the

atmosphere, indicating its important role in the atmo-

effects.

spheric radiation balance.

The globally averaged SLC and MLC SW CRH
tends to change from negative to positive at 1.5- and
2.5- km height, respectively. In addition, in the mid-
high troposphere, they display unimodal distributions,
with peaks at 9.75-km (0.35 K day~!) and 7.5-km
(0.60 K day—!) altitudes. Moreover, for the SW CRH
difference, positive and negative areas alternatively
occur with increasing altitude. Similarly, the SLC
and MLC LW CREF values both reach heating peaks
(0.66 and 1.12 K day~!) at 1 km, whereas their cooling
peaks (-0.45 and —0.42 K day~!) appear at 2 and 8
km, respectively. In addition, the LW CRH difference
exhibits a negative area first, followed by positive ar-
eas, with increasing altitude. This result is opposite to
the SW CRH difference. The NET CRH difference is
always negative below 7.5-km altitude. In conclusion,
the negative NET CRH difference and the opposing
relationship between the globally averaged LW CRH
difference and SW CRH difference in the troposphere
can provide an observational basis for understanding
and improving the cloud parameterization schemes.

The SLC can be further divided into several cloud
types, including high, middle, and low clouds, whereas
the MLC can be high clouds overlapping low clouds,
high clouds overlapping middle clouds, and middle
clouds overlapping low clouds, etc. These cloud types
also exhibit different radiative characteristics because
of their distinguished cloud properties, thus affecting
the radiative differences between the SLC and MLC.
Further studies are needed to better understand the
impacts that specific cloud types have on the global

radiation budget, particularly on atmospheric heating
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profiles.
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