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10  Abstract. Clouds exhibit a wide range of vertical morphologies that are regulated by distinct atmospheric
dynamics/thermodynamics and are related to a diversity of microphysical properties and radiative effects. In this study, the
new CERES-CloudSat-CALIPSO-MODIS (CCCM) RelDI1 dataset is used to investigate the morphology and spatial
distribution of different CVS types during 2007-2010. The combined active and passive satellites provide a more precise CVS
than only based on passive imagers or microwave radiometers. We group the clouds into 12 CVS classes based on how they

15 are located or overlapping in three standard atmospheric layers with pressure thresholds of 440 and 680 hPa. For each of the
12 CVS types, the global average cloud radiative effects (CREs) at the top of the atmosphere, within the atmosphere and at
the surface, as well as the cloud heating rate (CHR) profiles are examined. The observations are subsequently used to evaluate
the variations in total, high-, middle- and low-level cloud fractions in CMIP6 models. The ‘historical’ experiment during 1850—
2014 and two scenarios (ssp245 and ssp585) during 2015-2100 are analysed. The observational results show a substantial

20 variance in the spatial pattern among different CVS types, with the greatest contrast between high and low clouds. Single-layer
cloud fraction is almost four times larger on average than multi-layer cloud, with significant geographic differences associated
with clearly distinguishable regimes, showing that overlapping clouds are regionally confined. The global average CREs reveal
that four types of CVS warm the planet while eight of them cool it. The longwave component drives the net CHR profile, and
the CHR profiles of multi-layer clouds are more curved and intricate than those of single-layer clouds, resulting in complex

25 thermal stratifications. According to the long-term analysis from CMIP6, the projected total cloud fraction decreases faster
over land than over the ocean. The high clouds over the ocean increase significantly, but other types of clouds over land and
ocean continue to decrease, helping to offset the decrease in oceanic total cloud fraction. Moreover, it is concluded that the
spatial pattern of CVS types may not be significantly altered by climate change, and only the cloud fraction is influenced. Our
findings suggest that long-term observed CVS should be emphasized in the future to better understand CVS responses to

30 anthropogenic forcing and climate change.
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1 Introduction
Clouds, as primary regulators of Earth’s climate system, have a considerable impact on the radiative budget, the
hydrological cycle and the global circulation (Hartmann et al., 1992; Stephens, 2005; Norris et al., 2016). Cloud cover is
composed of numerous cloud types that are governed by distinctive atmospheric motions and are associated with various
35 microphysical properties and radiative effects (Chen et al., 2000; Oreopoulos et al., 2017). Small changes in cloud properties
have the potential to either mitigate or amplify the warming effects of greenhouse gases, causing clouds to be one of the most

significant sources of uncertainty in climate change research (Slingo, 1990; Garrett and Zhao, 2006).

The overall impact of clouds on the radiative budget is difficult to quantitatively estimate, since it comprises two opposing

effects (cooling and warming) depending on the cloud types (Ramanathan et al., 1989). In general, low, highly reflective clouds

40  cool the surface by reflecting the solar radiation, while high, semi-transparent clouds warm it by enabling shortwave radiation

to pass through but blocking longwave radiation (Slingo, 1990; Lohmann and Roeckner, 1995). The approximately balanced

cloud albedo and greenhouse effect prevent the deep convective clouds from either warming or cooling the Earth system

(Hartmann and Berry, 2017). However, the complex multi-layered clouds have uncertain impacts on the radiative budget due

to the coexistence of incompatible magnitude of warming and cooling effects (Li et al., 2011; Matus and L'ecuyer, 2017).

45  While the global scale horizontal distributions of the total cloud fraction have been well investigated from multiple sources of

datasets (Rossow et al., 1993; King et al., 2013; Vignesh et al., 2020), the spatial distributions of the vertically detailed cloud

categories have received less attention. Therefore, it is crucial to accurately measure and quantify the cloud vertical structure
(CVS) and its radiative effects.

In addition, evidence suggests that CVS is influenced by global warming. The expectation, based on passive satellites

50 and model simulations, is that the high-cloud fraction would increase, while the low-cloud fraction decreases, with a warming
climate (Norris et al., 2016). Changes in CVS primarily alter three aspects of cloud properties, i.e. altitude, fraction and
composition (liquid or ice), thereby affecting the Earth system energy budget (e.g., Zelinka et al., 2013). Less low-level clouds

will mainly reduce albedo effects, while more high-level clouds will mostly enhance greenhouse effects, both of which result

in warming (Gettelman and Sherwood, 2016). In contrast, the transition from fewer, larger ice crystals to smaller but plentiful

55 liquid droplets in high latitudes will increase albedo effects and produce a cooling effect (Senior and Mitchell, 1993; Choi et
al., 2014; Ceppi et al.,, 2016), as will the increase in adiabatic cloud water content (Betts and Harshvardhan, 1987).

Consequently, an improved understanding of how CVS responds to warming is critical for the study of cloud feedback.

Numerous studies have focused on the CVS obtained from ground-based remote sensors and from radiosonde
measurements (Dong et al., 2000; Zhang et al., 2019; Luo et al., 2023), but such studies are limited in investigating spatial

60 distributions. Additionally, it has been demonstrated that satellite observations are an essential approach to retrieving the CVS
on a global scale. Although many efforts have been made to obtain the CVS based on passive instruments e.g. in the

International Satellite Cloud Climatology Project (ISCCP) and the Moderate Resolution Imaging Spectroradiometer (MODIS)
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(Rossow and Schiffer, 1999; Chang and Li, 2005; Marchand et al., 2010), these passive satellites have limitations and
uncertainties in retrieving overlapped clouds. In contrast, active satellite sensors, such as cloud profiling radar (CPR) onboard
65 CloudSat and Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO), complement and provide detailed insights on CVS that are elusive when relying
solely on passive imagers and microwave radiometers (Stubenrauch et al., 2010; Li et al., 2015; Oreopoulos et al., 2017).
However, to date, there are only a few products available that provide global cloud radiative effect (CRE) based on active
satellite sensors, posing a challenge to investigate the CRE of various cloud types. The Clouds and the Earth’s Radiant Energy
70 System (CERES) instrument retrieves shortwave and longwave broadband radiation at the top-of-atmosphere (TOA) (Wielicki
et al., 1996). Unlike TOA irradiance observations, estimating the surface or atmosphere radiation budget requires radiative
transfer computations with adequate model inputs of cloud properties (Smith et al., 2004). There are currently two kinds of
mainstream products that provide the cloud vertical profiles and the computed CRE simultaneously. One is from the CloudSat
Data Processing center; it offers the cloud vertical boundaries merged from CPR and CALIOP in the Level 2B GEOPROEF-
75 LIDAR product as well as irradiance profiles computed by CPR, CALIOP and MODIS in the Level 2B FLXHR-LIDAR
product (L'ecuyer et al., 2008; Henderson et al., 2013; Mace and Zhang, 2014). The other is from the NASA Langley Research
Center; it produces the A-Train Integrated CERES-CALIPSO-CloudSat-MODIS (CCCM) product (Kato et al., 2011; Kato et
al., 2021). Both the Level 2B FLXHR-LIDAR and the CCCM products demonstrate higher agreement with CERES TOA
observations than the irradiances estimated only using MODIS-derived cloud properties (Ham et al., 2017; Ham et al., 2022).
80 These advancements are achieved by the improvement of detecting vertically resolved cloud structures and multi-layered
clouds by the active sensors. Therefore, using a combination of active and passive satellite sensors to capture the CVS and

CRE is preferable to relying on one single sensor.

In order to better constrain the role of clouds in global climate change, it is necessary in addition to understand long-term
variations and trends in CVSS, which reflect the changing contributions of CREs to the climate system. Anthropogenic forcing,

85 such as greenhouse gases and aerosols, may have an impact on the cloud fraction and its vertical distributions (Penner et al.,
2009; Gryspeerdt et al., 2016). In addition, clouds also respond to global warming and interannual as well as decadal internal
climate variability (Chepfer et al., 2014; Chernokulsky et al., 2017). However, a detailed understanding of how changes in
natural and anthropogenic forcing might impact CVS during both the historical period and future projections is still lacking,
especially with regard to the different cloud types. Due to the interference with solar and terrestrial radiation, changes in CVS

90 can strongly affect the Earth’s energy budget, even when the total cloud fraction remains constant. Satellite observations are
insufficient for examining long-term trends in CVS, not only because of the limited time records, but also because it is a
challenge to understand the anthropogenic influence on CVS using satellites alone. Alternatively, general circulation models
(GCMs) can give us insights into long-term cloud trends, and different projected future scenarios can provide a comprehensive

understanding of cloud responses to anthropogenic forcing.
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95 Given the issues raised above, this work primarily attempts to analyse cloud macro-physical properties of CVS and the
associated radiative forcing using joint satellite observations as well as variations in CVS during historical and projected
climates using Coupled Model Intercomparison Project Phase 6 (CMIP6) outputs. The latest version (RelD1) of the CCCM
dataset updated in November 2021 is utilized as the satellite observations to quantify the global climatology of the occurrence
of 12 classified CVS types and the accompanying CREs. The CVS categorization, which takes into consideration up to three

100 cloud layers, is based on the cloud top and base location of each cloud layer. While we define similar CVS classes as
Oreopoulos et al. (2017), the data product and the total number of classifications differ. Further analysis and quantification of
the impacts of various CVS classes on radiative fluxes at the TOA, within the atmosphere and at the surface are conducted by
the CCCM data. In terms of the long-term variations in cloud cover and its vertical structure, multiple GCM outputs from
CMIP6 are used from 1850 to the end of this century. The CCCM observed CVS additionally offers the possibility for

105 evaluation of the CMIP6 data. Besides the ‘historical’ experiment driven by all forcings from 1850 to 2014, two future
scenarios from 2015 to 2100 are examined to capture the cloud variations with different, increasing anthropogenic forcings.
In summary, this work analyzes the vertical structures of clouds and the CREs based on vertically detailed joint satellite

observations as well as concludes about long-term variations and projections of CVS using CMIP6.

The remainder of this paper is structured as follows. The data and methodology used in this study are described in Sect.
110 2. Section 3 contains the CCCM retrieved results of CVS and CRE, as well as the evaluation of the long-term variations in
historical and projected CVS from the CMIP6 multi-model ensemble (MME). Finally, the conclusions are presented in Sect.

4.

2 Data and methods
2.1 Satellite Observations

115 2.1.1 Release D1 CCCM product
To estimate and quantify the global CVS and CRE, the CCCM dataset (version: RelD1) from January 2007 to December
2010, which was updated in November 2021, is utilized in this study. Here, we use the enhanced product, which combines
CALIOP, CPR and MODIS retrievals to produce more precise cloud boundaries and properties. CloudSat radar and CALIPSO
lidar are active sensors that provide detailed aspects of CVS, while CERES and MODIS are passive instruments retrieving the
120 radiative properties of clouds and fluxes at the TOA. To address the varying view fields of multiple sensors, observations are
collocated in two steps in this product by Kato et al. (2011). Firstly, three 333 m resolution CALIPSO profiles and one CloudSat
profile (1.4 km x 1.9 km resolution) are collocated with each 1 km MODIS imager pixel. Then, these 1 km data are coupled
with 20 km CERES near-nadir footprints that overlap the CloudSat and CALIPSO ground tracks. Profiles with the same cloud
top/base height and overlapping layer number are grouped, and the cloud fraction of each cloud group along the ground track

125 is computed. Within a CERES footprint, the CCCM algorithm keeps up to 16 cloud groups, and each group allows up to 6
4
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separate cloud overlapping layers. Vertical irradiance profiles are computed for each cloud group profile by inputting the
observed cloud properties, which uses the FLux model of CERES with k-distribution and correlated-k for Radiation (FLCKKR)
radiative transfer model with a 2-stream approximation. For further details about the CCCM data, see Kato et al. (2021). In
this work, the cloud group area percent coverage and vertical irradiance profile for shortwave (SW) and longwave (LW) under
130  cloudy-sky and clear-sky conditions from the CCCM dataset are used. Section 2.3 describes the detailed processing methods

regarding the CVS classification, irradiance flux calculation and data interpolation.

2.1.2 Level 2B GEOPROF-LIDAR product
The 2B-GEOPROF-LIDAR P2 R04 product combines CloudSat radar and CALIPSO lidar to provide cloud masks, which
has a horizontal resolution of 1.4 km x 1.8 km and a vertical resolution of 480 m (Mace and Zhang, 2014). Although CCCM
135 and 2B-GEOPROF-LIDAR combine the same active satellite sensors, there are some main algorithmic differences. First, the
2B-GEOPROF-LIDAR merges cloud profiles at the CloudSat vertical resolution (240 m), whereas the CCCM combines the
cloud boundary at the CALIPSO vertical resolution (30 m to 60 m). Second, the 2B-GEOPROF-LIDAR defines the cloud with
cloud aerosol discrimination (CAD) >70, while the CCCM uses the threshold with CAD >0. CAD score indicates a confidence
level of the feature classification for each vertical bin such as cloud, aerosol, and clear. A positive CAD score indicates that
140 the feature is likely cloud, whereas a negative value means aerosol. [CAD| >70 is regarded as high confidence, and the
confidence level decreases as the magnitude of the CAD score decreases. As a result, cloud features with CAD scores ranging
from 0 to 70 are only included in the CCCM cloud mask. Third, the 2B-GEOPROF-LIDAR considers cloud layer separation
if a cloud layer is more than 960 m distant from other cloud layers, while the CCCM algorithm employs a 480 m threshold.
Here, we use the 2B-GEOPROF-LIDAR dataset as a comparison with the CCCM dataset between 2007 and 2010, because the
145 accuracy of CCCM RelD1 has not been well validated yet in prior studies. When intercompared to the CCCM, the 2B-
GEOPROF-LIDAR product is processed to three cloud layers with cloud top boundaries of 440 hPa and 680 hPa as the ISCCP

classification, and then monthly averaged and interpolated into a grid of 2° x 2°.

2.2 CMIP6 models
In order to examine the cloud cover trend in both historical and future periods, the cloud fraction data from 36 CMIP6
150  models are used in this work (Eyring et al., 2016). Considering the time span of all the models, the analysis is performed using
the ‘historical’ experiment driven by all forcings for the period from 1850 to 2014, and two future scenarios, the ‘ssp245’ (i.e.,
Shared Socio-Economic Pathway 2 and 2100 climate forcing level of 4.5 W m?) and ‘ssp585’ (i.e., Shared Socio-Economic
Pathway 5 and 2100 climate forcing level of 8.5 W m) experiments, for the period from 2015 to 2100 (O'neill et al., 2016).
SSP245 assumes a central pathway with continued historical tendencies, while SSP585 envisions optimistic but fossil-fuelled
155 development trends. Different future emission scenarios may provide further insights into the impacts of global climate change
on cloud cover. Direct comparisons between the total cloud cover in models and satellite observations may be hampered by

uncertainties due to the differences in cloud cover definitions and determination algorithms (Engstrom et al., 2015). Therefore,

5
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this investigation mainly employs the total and layered cloud fraction produced by the CALIPSO simulator, and the direct
cloud cover simulations are used to verify the representativeness of the limited CALISPO simulator results. Table 1 provides

160  a list of CMIP6 models used in this study.

2.3 CVS classification and irradiance flux
CVS could be fairly complex with numerous conceivable configurations, therefore reducing its complexity into a handful
of manageable classes requires simplification. In accordance with Oreopoulos et al. (2017), the two atmospheric boundaries
of the ISCCP cloud categories, as specified in Sect. 2.1.2, are adopted as the basis for the three standard layers of CVS
165 classifications in each CCCM cloud group profile. Since the CCCM product also gives the cloud base location, vertically
separated cloud layers can be identified. When multiple overlapping clouds coexist inside the same standard layer or they
contiguously span two or three standard layers, we treat them as one single-layer cloud. Under the above presumptions, 12
combinations illustrated in Fig. 1 are conceivable, including six single-layer clouds: isolated high clouds with base pressures
<440 hPa (H), middle clouds with cloud base pressures <680 hPa and top pressures >440 hPa (M), and low clouds with top
170  pressures >680 hPa (L), as well as contiguous clouds of H and M (HxM), M and L (MxL), and H, M and L (HxMXxL); six
multi-layer clouds: non-contiguous clouds of H and M (HM), H and L (HL), H and M (HM), H, M and L (HML), H and MXL
(HMXL), as well as H*xM and L (HxML). After classification, the cloud fraction of a certain CVS in each CCCM group profile

can be derived.

The radiative impacts of the total clouds and different CVS categories are investigated using the CCCM dataset. Since

175  the satellites of the A-Train constellation used to generate the CCCM product are polar orbiting with fixed crossing times of

approximately 0130 and 1330 local solar time (LST), the instantaneous solar irradiance is initially adjusted with the daily
average solar insolation, F', as applied by Haynes et al. (2013). The CRE at the TOA or surface is then calculated by:

4 T 4 *
CRE = (Er - Fx )rlaudy - (Fr - Er )(‘Ieur’ 12()

where F is the irradiance at the TOA or surface, the subscript x is either shortwave (SW) or longwave (LW), and the cloudy

180 and clear indices denote cloudy-sky and clear-sky conditions, respectively. The superscripts + and T indicate downward
and upward fluxes, respectively. The sum of SW and LW CRE gives the net CRE. The difference between the CRE at the
TOA and the surface is the CRE within the atmosphere.

The vertical irradiance profile provided by the CCCM product is used to obtain the heating rate (HR) profile, and HR at

a certain layer is computed by:

Diower

N D
HR - dr _ (F, = F )upper —(F —F, ,
185 de €, (Priower = Pupper) | 8 34()
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where T is the layer temperature, ¢ is time, F is the irradiance, p is the pressure, ¢, = 1004 J kg'! K'! is the specific heat capacity
of air at constant pressure, and g = 9.81 m s™! is the gravitational constant. The subscripts upper and lower denote, respectively,

the upper and lower boundary of a layer and x is either SW or LW. The unit of HR is converted to K day™'.

After calculating the HR, the cloud heating rate (CHR), which denotes the HR between cloudy-sky and clear-sky

190 conditions, is represented by:

gy cloudy _ clear
CHR=HR HRS™, 56()

where the subscript x is either SW or LW, and the superscripts cloudy and clear denote cloudy-sky and clear-sky conditions,

respectively. The sum of SW and LW CHR indicates the net CHR.

Note that when we examine the CRE and CHR for a specific CVS class, the cloud group containing only one CVS class
195  with a cloud fraction of 100% is considered. In terms of the spatial distributions, the cloud fraction and CRE calculated in a

CERES footprint are further monthly averaged and interpolated into a grid of 2° x 2°.

3 Results and discussion

3.1 CCCM observations of CVS
Before delving into the CCCM product, we first assess its cloud fraction in comparison to the data from the Level 2B
200 GEOPROF-LIDAR. Although Ham et al. (2017) has conducted a four months thorough comparison between these two
products, the findings are only applicable to the previous version of the CCCM data (RelB1). Overall, the 4-year assessments
in Fig. SI indicate that the CCCM and GEOPROF-LIDAR products capture quite comparable features, and the temporal
correlations are extremely strong for both total and different types of cloud cover. However, biases between these two products
cannot be ignored, notably for the middle cloud, which has a global average cloud fraction bias of 5.74%. These biases are
205 mainly induced by differences in cloud mask algorithms between the CCCM and GEOPROF-LIDAR discussed in Set. 2.1.2,
despite their employing the same satellite products (Ham et al., 2017).

The spatial distributions of the 12 CVS categories are shown in Fig. 2. Although there exist slight differences in daytime
and nighttime cloud fractions of the 12 CVSs, the magnitudes are consistent (Fig. 1), thus we merely show the average values
here. The statistical results demonstrate that single-layer clouds of L, H and, to lesser extent, HxMxL as well as the multi-

210 layer cloud of HL occur frequently, whereas the other eight CVSs all have relatively lower cloud fractions, with area-weighted
averages of less than 5%. Basically, H distributes with latitudes, with its high values in the Tropics across the west-central
Pacific Ocean warm pool, Indonesia, western Africa and central South America. The Tibet Plateau, which is dominated by
high topography, is another region with a high H fraction. In contrast, L is distributed throughout the low value zones of H and
shows a clear land-ocean difference with very low values over land except for some regions in the Northern hemisphere mid-

215 to-high latitudes. The L class has very high values over oceans globally, except where the H class is prevalent. The distributions
7
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of HL and HxMXxL generally follow a similar pattern with H, apart from the low values over the Tibet Plateau due to the
absence of low-level clouds. For the eight infrequent CVSs (average cloud fraction <5%), their spatial patterns resemble the
feature of HXxMXL, excluding the high values of HxM over the Tibet Plateau and Antarctica caused by high terrain. In
conclusion, the spatial patterns of these 12 CVSs reveal consistent distributions with well-known cloud top height/pressure
220 characteristics (Marchand et al., 2010; King et al., 2013) and, for the single-layer clouds, documented cloud regimes from
approaches (Tselioudis et al., 2013; 2021; Unglaub et al., 2020). However, the quantitative cloud fractions of the various CVS

types provided here is previously not achievable with passive satellite sensors.

For the six overlapping cloud types, it is more challenging to derive the cloud radiative effect. However, their fractions

are much lower than the ones of the single-layer clouds. Figure 3 shows the spatial distributions of the single-layer and multi-

225 layer clouds, as well as their ratio. In the global average, single-layer clouds are 3.74 times more frequent than multi-layer
clouds. This ratio exhibits considerable regional variations that are associated with clearly distinguishable regimes. In the time
average, nowhere multi-layer clouds are more frequent than single-layer clouds. Over tropical convective zones, multi-layer
clouds are almost as frequent as single-layer clouds. A reason for this is that cirrus clouds from either large-scale ascents or

from dissipating deep convections are ubiquitous in these regions, both in the absence (Fig. 2a) and presence (Fig. 3¢) of low-

230 level clouds below the cirrus. In contrast, near the descending branch of the Hadley cell in both hemispheres, single-layer
clouds are often an order of magnitude more frequent than multi-layer clouds. There, the prevalent subsidence is unfavourable

for the formation of mid- or upper-level clouds (Yuan and Oreopoulos, 2013). The large ratio values over Antarctica and
Greenland are influenced by the descending branch of the polar circulation. In brief, the single-layer clouds prefer regions with

a stable troposphere, while the multi-layer clouds favour the regions with strong ascents.

235 In addition to the global horizontal distributions, another concern is the vertical extent of each type of CVS. These,
provided by the top and base heights, are shown as global averages in Fig. 4. In the presence of high-level clouds, different
CVSs present distinctive top heights. When the high-level clouds occur alone or overlap thinner low-level clouds (average
geometric thickness <1 km), the cloud tops exceed 12 km (H, HM and HL), primarily in the Tropics throughout the west-
central Pacific Ocean warm pool, Indonesia, western Africa and central South America. However, the cloud tops drop to
240 approximately 1011 km when thicker low-level clouds (average geometric thickness >2 km) are overlapped by high clouds
(e.g. HML and HMXL), mainly across equatorial and mid-high latitudes. The average cloud top of deep convective clouds
(HxMxL) distributed mostly over equatorial and mid-high latitudes is >11 km, but lower than the isolated H. The cloud tops
are much lower (<10 km) when the high-level clouds and mid-level clouds are contiguous (e.g. HXM and HxML), and they

are generally spread over high altitudes and mid-high latitudes.

245 Morphological differences in low-level clouds among the CVSs are also observed. When low-level clouds are overlapped
by upper-level clouds (e.g. HL, ML, HML and HxML), the top heights of low-level clouds are negatively correlated with the

distance between them. Specifically, when the clear-sky gap is larger (smaller), the low-level cloud top height is lower (higher).
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The cloud base heights are higher (>1 km) when the low-level clouds connect with the mid-level clouds (e.g. MxL and HMxL),
mostly occurring across equatorial and mid-high latitudes. Contrarily, deep convective clouds (HxMxL), which prevail over

250 the same regions as MxL and HMXL, have the lowest base height.

3.2 CCCM observations of CRE
The CCCM product makes use of the combination of cloud profiles from active satellites, cloud optical properties from
MODIS and broadband radiation fluxes from CERES to compute radiative flux profiles using radiative transfer modelling.
Fig. 5 shows the total SW, LW and net CREs at the TOA and surface as well as within the atmosphere as provided by four
255 years of CCCM data from 2007 to 2010. Overall, this matches the global patterns of CREs examined in the previous studies
using other datasets (Allan, 2011; Dolinar et al., 2019), although values partly deviate somewhat. In total, clouds act to cool
the Earth-atmosphere system with a global average net top-of-atmosphere CRE of —18.7 W m2, which is due to the cloud
albedo effect. Over northern Africa and other bright surfaces (e.g., Greenland, Arctic, Antarctica) (Fig. 2a), there is a slight
warming at the TOA, and the cloud greenhouse effect dominates. The SW CRE manifests primarily as surface cooling, with
260 an average residual heating of 4.69 W m within the atmosphere. This heating effect is partly related to an enhanced SW
absorption by water vapor in the atmosphere in cloudy compared to clear skies (Sohn et al., 2006; Allan, 2011), and partly SW
absorption by the clouds themselves (Slingo and Schrecker, 1982). The SW CRE within the atmosphere is homogenous
globally, so the spatial pattern of net CRE within the atmosphere is driven by LW. At the surface, net CRE is dominated by

SW cooling, except over the poles, which are warmed by LW heating.

265 Given the systematic differences in the total opacities and thermal emissions caused by vertical extent and temperature-
dependent cloud phase, it is evident that different CVSs influence the radiative flux for both SW and LW within the atmosphere
in distinct ways. The geographic variations in prevalent CVSs over different regions cause the spatial pattern of CRE in Fig.
5. Therefore, quantifying the global average CREs induced by various types of CVSs is valuable. Figure 6 shows the global
average SW, LW and net CREs at the TOA, within the atmosphere and at the surface for the 12 classified CVSs.

270 In terms of SW CRE, the magnitude of each CVS is similar at the surface and TOA, with a relatively small value within
the atmosphere. The minor positive values of SW CRE within the atmosphere are due to the increased atmospheric path length
for radiation reflected by clouds that caused an enhanced absorption by water vapor, but for some high-level clouds (e.g. H
and HXML), the reflection at high altitudes instead decreases the SW absorption by the atmosphere that induce tiny negative
values. At the TOA and surface, all the types of CV'S exert cooling effects in the SW. In general, low-level clouds have stronger
275 SW CRE:s than high-level clouds due to the generally vertically decreasing profile in cloud water content and due to cloud
phase differences. When they are overlapped or connected with upper-level clouds, the SW CREs further increases as the
vertically integrated water content and thus optical thickness increases. The deep convective clouds of HxXMxL with an average

geometric thickness >10 km have, as expected, the strongest albedo effect (SW CRE <-85 W m™2).
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Compared to SW, LW CRE exhibits more complex features. At the TOA and surface, all the types of CVS act as warming

280 effects in LW, but the magnitude differs a lot. At the TOA, since the LW CRE highly depends on the temperature difference
between the surface and cloud top, CVS containing high-level clouds all have a strong LW CRE (>40 W m™2), notably for the
HxMxL with its value >90 W m2, On the contrary, LW CRE at the surface greatly depends on the cloud base thermal emission.
Therefore, the CVS containing low-level clouds all have a strong LW CRE at the surface (>38 W m2), whereas the H with

the highest cloud base presents the weakest surface LW CRE (<10 W m2). As the LW CREs at the TOA and surface are quite

285 dissimilar, the LW CREs within the atmosphere display a wide range among all the CVSs. The clear distinction is that the H
causes LW radiative warming within the atmosphere, while the L causes LW radiative cooling. The LW CREs generated by

the clouds between the locations of L and H or the combination of the two can be offset to some extent.

The net CRE, which combines both SW and LW, indicates whether a specific type of CVS has an overall warming or

cooling effect. At the TOA, four CVSs have warming effects, all of which include high-level clouds, while eight CVSs have

290 cooling effects and most of them contain low-level clouds. For M or HL, SW and LW cancel almost entirely. Within the
atmosphere, there are seven CVSs that in the net warm the atmosphere, while five CVSs cool it. At the surface, all the types

of CVS have net cooling effects, as the reduction in SW reaching the surface is larger than the increase in downwelling LW.

We conclude that these intriguing discrepancies in the CREs of all kinds of CVSs contribute to large uncertainties in estimating

changes in the radiative budget when the spatial patterns of CVS change.

295 Apart from the integral CREs within the atmosphere, the CHR profiles of 12 CVS types are further illustrated in Fig. 7,
which can provide detailed profiles of how clouds vertically affect radiative heating as provided by the CCCM dataset. Overall,
the net CHR profiles are driven by the LW component, and the CHR profiles of multi-layer clouds are more curved and
complex than those of single-layer clouds. Regarding SW, all the CVSs exert similar characteristics, which are shown as
heating near the cloud layers and cooling beneath the clouds. Due to the SW absorption within the upper parts of some optically

300 thick clouds (e.g. MxL and HxMxL), the SW cooling starts to appear in the middle and lower portions of the clouds.
Concerning LW, the heating below the cloud layers is due to the absorption of LW radiation emitted from the surface or the
lower clouds below, whilst the LW cooling near and above the cloud layers is the result of radiative emissions by the clouds.
Strong greenhouse effects are produced by ample ice particles inside the H, exhibiting inconsistent characteristics distinguished
from the other CVSs and even heating all levels below the cloud top. In conclusion, the SW albedo effects, LW greenhouse

305 effects and the interactions between cloud layers result in rather complex radiative profiles, contributing to manifold
atmospheric thermal stratifications. The precise assessment of these stratifications is inextricably linked to the accurate

observation of cloud properties, especially the detection of vertically overlapping clouds.

3.3 Trends and projections of CVS from CMIP6
In light of the widely disparate radiative effects of different kinds of CVS, the response of CVS to a warming climate

310 appears to be particularly important. However, how the CVS changes during the historical period and future projections remain

10
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poorly constrained. Some aspects have been documented in Norris et al. (2016) from passive satellite sensors. In this section,
the trends in total, high-, middle- and low-level cloud fractions from 1850 to the end of this century are analysed based on
CMIP6 models. The ‘historical’ experiment driven by all sorts of forcing for the period from 1850 to 2014, and two future
scenarios (the ‘ssp245” and ‘ssp585° experiments) for the period from 2015 to 2100 are used. Furthermore, we investigate

315 whether the global spatial distribution of the dominating cloud type will change as a result of climate warming.

Because GCMs only parameterize cloud fraction, the performance of the CMIP6 models is initially assessed with CCCM
observations. Figure 8 presents scatterplots of the monthly average cloud fraction between the MME, using the CALIPSO
simulator diagnostics available from eight CMIP6 models, and the CCCM datasets, including total, high, middle and low
clouds between 2007 and 2010. Land and ocean regions are separated. The results indicate that CMIP6 models in general

320 rather well capture the monthly-mean cloud fraction for both total and layered clouds, especially over the ocean with correlation
coefficients >0.9. Cloud fraction in CMIP6 is systematically underestimated due to the ability of two active satellites
(CALIPSO and CloudSat) in CCCM retrieve more clouds than CALIPSO alone. Although this underestimation mainly occurs
over the tropical regions, the correlations against CCCM are even stronger than in high latitudes (Fig. S2). It is concluded that
the CMIP6 models perform well in simulating the cloud fraction for both the total and layered clouds, implying that estimating

325 the historical and projected cloud fraction using CMIP6 is reliable. Additionally, since there are only two models (GFDL-CM4
and IPSL-CM6A-LR) available for the future period, it is crucial to assess whether these two models have representation
comparably good to the MME mean. Fig. S3 compares the total, high, middle and low cloud fractions of the two CMIP6
CALIPSO simulators MME with the total eight CALIPSO simulators MME for the historical period from 1850 to 2014, as
well as analyse the total cloud fraction correlations between the two CALIPSO simulators MME and 32 models MME for four

330 different periods from the past to the future (Fig. S4). The results demonstrate that for both historical and future periods, the
two models for which CALIPSO simulator output is also available for future scenarios have a fair representation of the
simulated cloud fractions over both land and ocean regions. Although the cloud fraction from the direct simulation of the 32

GCMs is defined differently from that in CALIPSO simulators, they are still highly correlated.

Time series of annual average cloud fraction based on the two CMIP6 models from 1850 to 2100 are presented in Fig. 9,

335 including two scenarios of ssp245 and ssp585 for the future. Here, four time periods are specifically focused on to understand
the temporal variations, which include the baseline (1994-2014), near-term (2021-2040), mid-term (2051-2070) and long-

term (2081-2100). The spatial differences between the future periods under ssp585 (ssp245) and the historical baseline are
illustrated in Fig. 10 (Fig. S5). The results show that the projected total cloud fraction decreases faster over land than over
ocean. High clouds over oceans increase dramatically while other types of clouds over land and ocean all continue to decrease,

340 which helps to almost offset the reduction in the oceanic total cloud fraction. Though the global average middle and low cloud
fractions both decrease over land and ocean in the future, the low cloud fractions over the tropical ocean and the Arctic show

a significant increase. The increase in oceanic high clouds is spatially concentrated across the tropical Pacific Ocean and the

high latitudes, emphasizing the ensuing positive cloud feedback generated by the increased ice clouds. The decreasing trend
11
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difference between continental and oceanic total cloud cover is also influenced by spatial patterns, cloud fraction over the land
345 (except the polar regions) consistently decreases, whereas the opposing tendency between high and low latitudes over the

ocean offset the global average.

For the near-term, there are only slight differences in the total cloud fraction over land between ssp245 and ssp585, but
for the mid- and long-term, the cloud response becomes more sensitive to different anthropogenic forcing. The total cloud
fraction over the ocean, however, only shows a discernible difference between the two scenarios in the long-term. The different

350 layered cloud fractions exhibit the same time series feature as the total cloud over the land. Over the oceans, the high cloud
shows small differences between the two scenarios over all the projected periods, while the low cloud only shows a discernible
difference in the long-term. Although the oceanic middle cloud fraction changes significantly over the mid- and long-terms,
its small value means that it contributes little to the total cloud cover. The combined changes of the high and low clouds over

the ocean mainly result in the time series features of the total cloud fraction.

355 As the above analysis demonstrates, the changes in total cloud cover and distinct types of cloud cover are noticeable in
the context of climate change. The interesting question that follows is, could climate warming and anthropogenic forcing
change the driving cloud type in a certain area? Here, we analyse the correlations between the cloud types and the total cloud
cover using historical forcing and future scenarios. Two correlation coefficient thresholds of 0.66 and 0.9 with p value <0.05
are employed, which means likely positive correlation and very likely positive correlation, respectively (Chen et al. 2021).

360 When only one cloud type is correlated with the total cloud fraction, we presume that only this cloud drives the total cloud
cover. When two or three cloud types are simultaneously correlated with the total cloud fraction, we assume that the total cloud

cover is driven by these several cloud types together.

Figure 11 depicts the results with a correlation coefficient >0.66, and the results with a correlation coefficient >0.9 are

displayed in Fig. S6. Over the ocean, the changes in total cloud fraction are mainly governed by low cloud cover, with the

365 exception of the tropical Pacific Midwest and the Indian Ocean, where high clouds or a combination of high and middle clouds
dominate the total cloud cover change. Over the land, the regional differences are more pronounced. At high northern latitudes,
middle and low clouds together drive the total cloud cover. In low-latitude regions, high clouds have a greater influence on the

total cloud cover, and some regions, such as South America, South and Central Africa and Indonesia, are synchronously
affected by middle and low clouds. In the Antarctic region, the total cloud fraction is primarily affected by the middle cloud,

370 which has a clearer signal when the correlation coefficient threshold is increased to 0.9, as seen in Fig. S6. Moreover, by
comparing the results of different periods and scenarios, we can conclude that climate change and human activities have little

impact on this spatial pattern.

4 Conclusions and Summary
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In the present study, we conduct a comprehensive analysis of CVS at a global scale using the CCCM product from 2007

375  to 2010 that combines satellite observations from CERES, CALIPSO, CloudSat and MODIS. To capture the richness of CVS
with minimal sacrifice and simplify the complex configurations, cloud layers in a particular vertical profile occupy either one,

two, or three standard vertical layers are considered, and overall, a total of 12 distinct CVS types are categorized. The detailed
statistical morphology and spatial distribution of each CVS are investigated. To better understand cloud radiative forcing, the
global average CRE and CHR profile of each CVS type are quantified. In addition, this work uses CMIP6 outputs to assess

380 the long-term changes in cloud cover, and to explore variations in CVS during the historical and projected periods in the

context of climate change.

To date, because the CCCM RelD1 is a new product providing the vertical profile of the clouds, a concise comparison
with the 2B-GEOPROF-LIDAR is performed first to ensure the reliability of the dataset. In general, the spatial characteristics
captured by the CCCM and 2B-GEOPROF-LIDAR products are quite similar. The global average total cloud fraction bias

385 Dbetween these two products is —1.15%, with the middle clouds showing a notable bias of 5.74% compared to other layers.
These discrepancies exist mostly owing to the differences between the algorithms of the two products. By and large, CCCM

is a viable option in exploring CVS due to its high vertical resolution and reasonable accuracy.

The 4-year quantitative analysis of cloud fraction indicates that single-layer clouds such as L, H, and HxMxL, as well as

the multi-layer cloud of HL occur more frequently than the other types of CVS. Generally, H is distributed according to latitude,

390 with high values seen in the Tropics around Indonesia, the western and central Pacific Ocean warm pool, western Africa, and
central South America. Another region characterized by a high fraction of the H is the Tibetan Plateau, where high topography
dominates. In turn, L has a distinct land-ocean contrast and is mainly located throughout the low value zones of H. The
distributions of HL and HXMXL exhibit a similar pattern to H, except for their low values over the Tibetan Plateau resulting

from the lack of low-level clouds. On average, single-layer clouds are 3.74 times more frequent than multi-layer clouds. This

395 ratio demonstrates significant geographic variations associated with clearly identifiable regimes, implying that overlapping
clouds are regionally different. As the most prevalent multi-layer cloud, HL is distinguished by its complicated vertical
structure and significant spatial pattern. Aside from the global distributions, the morphology of each CVS, including the cloud

top and base locations, is concluded, which received scant attention in prior studies, especially for the overlapping clouds.

Moreover, the CCCM product also provides estimates of the radiative budget from the perspective of CVS. Distinct

400 influences of various CVSs on radiative flux for both SW and LW are evident due to the systematic opacity and thermal
emission differences caused by vertical extension and temperature-dependent cloud phase. In terms of SW, all the types of

CVS act as cooling effects at the TOA and surface, with a relatively small absorption within the atmosphere. Low-level clouds

have stronger SW CREs than high-level clouds due to the liquid-ice phase differences, and when they are overlapped or are
connected with upper-level clouds, the SW CREs further increase. LW CRE displays more intricate details when compared to

405 SW.LW CRE highly depends on the temperature difference between the surface and cloud top at the TOA and greatly depends

13
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on the cloud base thermal emission at the surface. Therefore, CVS containing high (low) level clouds have a strong LW CRE
at the TOA (surface). The LW CREs within the atmosphere imply a wide range across all CVSs owing to the large differences
between the TOA and surface. As a result, the net CRE, which is the synthetical performance of SW and LW, exhibits varying
warming or cooling effects depending on the CVS. From a perspective of the vertical profile, the LW component drives the
410 net CHR, and the CHR profiles of multi-layer clouds are more curved and complex than those of single-layer clouds. The SW
albedo effects and LW greenhouse effects, as well as the interactions across cloud layers, provide quite complex radiative

profiles that contribute to a variety of atmospheric thermal stratifications.

The response of CVS to a warming climate appears to be especially crucial in regard to the widely diverse radiative effects

of different types of CVS. Therefore, the variations in total, high-, middle- and low-level cloud fractions from 1850 to 2100

415 are analysed based on CMIP6 models, and the ‘historical’ experiment during the past period and two scenarios (ssp245 and
ssp585) during the future period are considered. Here, we find that the CMIP6 models can well capture the features of different

cloud types when validated by the CCCM data. According to the findings, the projected total cloud fraction decreases faster

over land than over the ocean. The high clouds over the ocean increase considerably, but other types of clouds over land and

ocean continue to decrease, helping to counteract the decrease in the total cloud fraction over the ocean. Overall, the changes

420 intotal cloud cover and distinct types of cloud cover are noticeable and nonlinear in the context of climate change, and respond
differently to anthropogenic forcing. Based on correlation analysis, it is believed that the spatial pattern of cloud types may

not be significantly altered by climate change, and rather the cloud fractional coverage per type is affected.

This work provides a detailed survey of the global scale distribution, morphology, and CRE of 12 different CVSs using
joint satellite observations, but the 4-year result is insufficient to accurately describe the climatological characteristics.
425  Although the long-term variations in CVS are depicted by the CMIP6 models, it is still a challenge to understand the long-

term trend of the intricate cloud structure using the relatively crude and simple classification in the models.

Data availability. The CCCM RelD1 data are obtained from https://opendap.larc.nasa.gov/opendap/CERES/CCCM/Aqua-

FM3-MODIS-CAL-CS_RelD1/contents.html (last access: 24 May 2022). The 2B-GEOPROF-LIDAR data are available from

https://www.cloudsat.cira.colostate.edu/data-products/2b-geoprof-lidar (last access: 10 July 2022). The CMIP6 data are taken
430 from https://esgf-data.dkrz.de/search/cmip6-dkrz/ (last access: 15 October 2022).
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705

710

Table 1: List of CMIP6 models used in this study. The data include monthly total cloud fraction (32 models), and monthly total,
high, middle and low cloud fraction produced by the CALIPSO simulator (eight models). All the model outputs during the historical
period (1850-2014) and projected period (2015-2100) are used, excluding two CALIPSO simulator models that only contain the
historical period. The labels ‘H&P’, ‘H’ and ‘N’ in the table indicate the data include both the historical and projected periods,
historical period only, and no data, respectively. Two types of scenarios (ssp245 and ssp585) are used in the projected period. All of

the simulations have the variant label ‘rlilp1f1°.

No. Model name Total cloud fraction CALIPSO simulator Grid Reference
1 ACCESS-CM2 H&P N 192x144 Bi et al. (2020)
2 ACCESS-ESM1-5 H&P N 192x144 Ziehn et al. (2020)
3 AWI-CM-1-1-MR H&P N 384x192 Semmler et al. (2020)
4 BCC-CSM2-MR H&P N 320x160 Wu et al. (2021)
5 CanESMS5 H&P N 128%64 Swart et al. (2019)
6 CAS-ESM2-0 H&P N 256x128 Zhang et al. (2020)
7 CESM2-WACCM H&P N 288x192 Danabasoglu et al. (2020)
8 CIESM H&P N 288x192 Lin et al. (2020)
9 CMCC-CM2-SR5 H&P N 288x192 Cherchi et al. (2019)
10 CMCC-ESM2 H&P N 288x192 Lovato et al. (2022)
11 E3SM-1-0 N H 360%180 Golaz et al. (2019)
12 E3SM-1-1 N H 360x180 Golaz et al. (2019)
13 E3SM-1-1-ECA N H 360x180 Golaz et al. (2019)
14 EC-Earth3 H&P N 512x256 Daoscher et al. (2022)
15 EC-Earth3-CC H&P N 512%256 Déscher et al. (2022)
16 EC-Earth3-Veg H&P N 512x256 Déscher et al. (2022)
17 EC-Earth3-Veg-LR H&P N 320x160 Ddéscher et al. (2022)
18 FGOALS-f3-L H&P N 288x180 He et al. (2019)
19 FGOALS-g3 H&P N 18080 Li et al. (2020)
20 FIO-ESM-2-0 H&P N 288x192 Bao et al. (2020)
21 GFDL-CM4 H&P H&P 288x180 Held et al. (2019)
22 GFDL-ESM4 H&P N 288x180 Dunne et al. (2020)
23 INM-CM4-8 H&P N 180x120 Volodin et al. (2018)
24 INM-CM35-0 H&P N 180x120 Volodin et al. (2017)
25 IPSL-CM6A-LR H&P H&P 144x143 Boucher et al. (2020)
26 IPSL-CM6A-LR-INCA N H 144x143 Boucher et al. (2020)
27 KACE-1-0-G H&P N 192x144 Lee et al. (2020)
28 KIOST-ESM H&P N 192x96 Pak et al. (2021)
29 MIROC6 H&P H 256x128 Tatebe et al. (2019)
30 MPI-ESM1-2-HR H&P N 384x192 Miiller et al. (2018)
31 MPI-ESM1-2-LR H&P N 192%96 Mauritsen et al. (2019)
32 MRI-ESM2-0 H&P H 320x160 Yukimoto et al. (2019)
33 NESM3 H&P N 192x96 Cao et al. (2018)
34 NorESM2-LM H&P N 144x96 Seland et al. (2020)
35 NorESM2-MM H&P N 288x192 Seland et al. (2020)
36 TaiESM1 H&P N 288x192 Wang et al. (2021)
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Figure 1: Illustrative schematic of the 12 CVS categories defined in this study. Isobaric surfaces at 680 hPa and 440 hPa are the two
pressure boundaries for separating the cloud layers. The 4-year global area-weighted average cloud fraction of each CVS during
715  the daytime (1330 LST), nighttime (0130 LST) and daytime + nighttime (overall) from 2007 to 2010 is presented. The values marked

on the histogram indicate the overall time area-weighted average cloud fraction.
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Figure 2: Spatial distributions of the 4-year (2007-2010) average cloud fraction of (a) H, (b) M, (c) L, (d) HxM, (e) MxL, (f) HxMxL,
720  (g) HM, (h) HL, (i) ML, (j) HML, (k) HMxL and (I) HXxML. The value above each subfigure denotes the area-weighted average.
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Figure 3: Spatial distributions of the 4-year (2007-2010) average (a) single-layer cloud fraction, (b) multi-layer cloud fraction, and
(c) the ratio of time-average single-layer cloud fraction to the multi-layer cloud fraction. The value above each subfigure denotes the

725  area-weighted global, four-year average.
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Figure 4: The 4-year (2007-2010) global average cloud vertical locations (cloud top and base heights) of the 12 CVSs. The upper
(lower) values within the boxes indicate the cloud top (base) heights. Standard errors are depicted by the arrows. The height here
730  refers to the altitude above sea level. The horizontal yellow and red lines represent heights at 3 km and 6 km, respectively, equivalent

to the global average height of the isobaric surface of about 680 hPa and 440 hPa.
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Figure 5: Spatial distributions of the 4-year (2007-2010) average SW, LW and net CREs (a—c) at TOA, (d—f) within the atmosphere

735  and (g—i) at the surface. The value above each subfigure denotes the area-weighted average.
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Figure 6: The 4-year (2007-2010) global average SW, LW and net CREs of the 12 CVSs (a) at TOA, (b) within the atmosphere and

(c) at the surface. The blue and red backgrounds in each sub-box indicate cooling and warming effects, respectively.
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Figure 7: The 4-year (2007-2010) global average profiles of SW, LW and net CRHs for (a) H, (b) M, (¢) L, (d) HxM, (e) MXL, (f)
HxMXxL, (g) HM, (h) HL, (i) ML, (j) HML, (k) HMXL and (I) HxML. The red, blue and black lines denote SW, LW and net CRHs,
respectively. The mesh darker blue rectangles represent the average cloud locations, while the lighter blue rectangles above (below)
745  the average cloud locations represent the standard errors of the cloud top (base) heights. The height here refers to the altitude above

sea level.
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Figure 8: Normalized density plots of the 4-year (2007-2010) monthly average (a and e) total, (b and f) high, (c and g) middle and (d

750  and h) low cloud fractions estimated from the eight CMIP6 CALIPSO simulators MME versus the CCCM measurements over land

and ocean, respectively. The regressions are represented by the red lines. The regression function, correlation coefficient (R) and p

value are given in each subplot.
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755  Figure 9: Time series of annual area-weighted average (a—b) total, (c—d) high, (e-f) middle and (g-h) low cloud fractions from two

CMIP6 CALIPSO simulators MME during 1850-2100 over land and ocean, respectively. The future projections from 2015 to 2100

are based on two scenarios of ssp245 and ssp585. The shadows indicate the standard errors.
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760  Figure 10: Spatial variations in annual average (a—c) total, (d—f) high, (g-i) middle and (j-1) low cloud fractions in the near-term

(2021-2040), mid-term (2051-2070) and long-term (2081-2100) periods compared to baseline (1994-2014) period under ssp585.
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Figure 11: Spatial distributions of the clouds with a positive correlation coefficient >0.66 (p value <0.05) with the total cloud fraction
765  during (a) the historical period (1850-2014) as well as the projected period (2015-2100) under (b) ssp245 and (c) ssp585. The labels
‘L’, ‘M’ and ‘H’ indicate that only one certain cloud type is correlated to the total cloud fraction, while the labels connected by ‘&’
imply that two or three cloud types are simultaneously correlated to the total cloud fraction, and the label ‘None’ means no cloud is

correlated to the total cloud fraction.
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