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Abstract: Cloud dynamics and their response to future climate change continue to present a significant
source of uncertainty in climate predictions. Besides the average cloud properties, the diurnal cloud
cycle (DCC) exerts a substantial influence on Earth’s energy balance by reflecting solar radiation
during the daytime and continuously absorbing and reemitting longwave radiation throughout the
whole day. Previous studies have demonstrated that climate models exhibit certain discrepancies
in simulating the DCC; however, less research attention has been paid to the patterns of these DCC
biases and their impacts on modeling the Earth’s energy balance. Here, we employ satellite data to
compare DCC patterns in Coupled Model Intercomparison Project Phase 5 (CMIP5) and their latest
versions in CMIP6 at both regional and global scales. We found that some of the latest climate models
tend to have larger DCC biases when using satellite observations as the references, and the radiative
effects due to DCC changes account for nearly 50% of the changes in total cloud radiative effects
(CREs), suggesting that the DCC biases play a significant role in modelingthe global energy budget.
We therefore call for improving cloud parameterization schemes with particular attention to their
diurnal cycle to reduce their impacts on future climate projections.
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1. Introduction

Modeling clouds and their response to global warming is still one of the largest sources
of uncertainties in projecting future climate [1–3]. Specifically, the timing of clouds can
modulate Earth’s energy balance because daytime clouds can reflect solar radiation but
nighttime clouds keep the thermal radiation, showing contrasting effects on the global
temperature [4]. The presence of clouds at different times of the day, often referred to as
the diurnal cloud cycle (DCC), has recently received much research attention [5–8]. Most
of these studies found biases in DCC simulation particularly over the land [2], where the
atmospheric convection and cloud dynamics can be strongly controlled by surface heat
flux [9–11]. This land–atmosphere interaction is particularly difficult to simulate as the
small-scale convective physics is not explicitly represented in climate models [12], possibly
contributing to the uncertainties in climate projections [4].

Moreover, the DCC also seems to shift in response to global warming, thus poten-
tially playing a significant role in controlling future climate [6,13]. In response to global
warming, hydrological process, atmospheric stability, and vegetation may experience cer-
tain changes [2,14], thus influencing the atmospheric convection and possibly shifting
the DCC [14–16]. This forms a critical feedback loop and could be one of the significant
components of the overall cloud radiative effects (CREs). It has been found that the differ-
ence between daytime and nighttime cloud fraction is strongly correlated with the Pacific
decadal oscillation (PDO) [6], an important indicator of large-scale circulation [17]. It is

Atmosphere 2024, 15, 381. https://doi.org/10.3390/atmos15030381 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15030381
https://doi.org/10.3390/atmos15030381
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos15030381
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15030381?type=check_update&version=1


Atmosphere 2024, 15, 381 2 of 13

also found that the changes in the diurnal cycle of tropical high clouds are in agreement
with the trends of the global mean temperature [13]. Given its strong impacts on Earth’s
energy balance, the DCC may play a significant role in modulating future climate.

While some studies show changes in DCC simulation in the latest climate models [7],
limited information has been offered regarding its impacts on Earth’s energy balance and its
role in adjusting climate sensitivity, a key metric measuring the global temperature increase
response to a doubling of atmospheric carbon dioxide concentration. It has been reported
that the latest CMIP6 models have the largest variations in climate sensitivity, ranging from
1.8 to 5.6 ◦C, which may be associated with the large inter-model spread of CREs [2,18–20].
While great efforts have been devoted to deciphering the key cloud features in controlling
climate projections, less attention has been paid to the DCC changes, which may offer new
insight into our understanding of the uncertainties in climate projections.

Towards this goal, here we compared the DCCs from both the CMIP5 and CMIP6
models and paid particular attention to their radiative effects. We found that the DCC tends
to shift in the same direction with the same order of magnitude over the land and ocean in
most climate models from CMIP5 to CMIP6. The radiative effects of these DCC changes
are nearly half of these impacts from the changes of all cloud properties, highlighting the
critical role of the timing of clouds in modulating the Earth’s energy balance and possibly
influencing climate projections. The paper is organized as follows: Section 2 introduces the
data and methods used in this study, including the evaluation of the DCC phase and the
quantification of its radiation effects; Section 3 compares the DCC at regional and global
scales and discusses its impacts on global energy balance, and conclusions are summarized
in Section 4.

2. Data and Methods

To make a one-to-one comparison, we used the three-hourly total cloud fraction
(variable name: clt) from 12 climate models, including 6 from CMIP5 and the corresponding
upgraded versions from CMIP6. It should be noted that not all institutions provide model
outputs at high temporal resolutions in both CMIP5 and CMIP6. Table 1 summarizes the
model names as well as the institutions and spatial resolutions. To compare with satellite
products of cloud fraction in recent years, we focused on the “historical” experiments [21].
We selected the ensemble ‘r1i1p1’ from CMIP5 and the similar ensemble of ‘r1i1p1f1’
from CMIP6 but used others if these ensembles were not available. In the CMIP project,
some ensemble documentation is harvested by ES-DOC from published netCDF files,
but additional information will be available in ES-DOC. In each model output file, the ‘ripf’
identifier (‘rip’ identifier for CMIP5) is used to uniquely distinguish each member of an
ensemble, ‘r’ for realization, ‘i’ for initialization, ‘p’ for physics, and ‘f’ for forcing.

Table 1. Summary of the climate models used for comparison.

Institute Model Name CMIP Res.

CMCC CMCC-CM 5 1.33◦ × 0.75◦

CMCC-CM2-SR5 6 1.25◦ × 0.94◦

CNRM-CERFACS CNRM-CM5 5 1.41◦ × 1.41◦

CNRM-CM6-1 6 1.41◦ × 1.41◦◦

LASG-CESS FGOALS-g2 5 2.81◦ × 3.00◦

CAS FGOALS-g3 6 2.00◦ × 2.25◦

NOAA-GFDL GFDL-CM3 5 2.5◦ × 2.00◦

GFDL-CM4 6 1.25◦ × 1.00◦

MOHC HadGEM2-ES 5 1.875◦ × 1.25◦

HadGEM3-GC31-LL 6 1.875◦ × 1.25◦

IPSL IPSL-CM5A-MR 5 2.5◦ × 1.26◦

IPSL-CM6A-LR 6 2.5◦ × 1.25◦

To estimate the radiative effects of the DCC, we use the metrics of the DCCRE [6].
The radiative flux at the top of the atmosphere, R, can be split into the contribution due to
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the mean cloud fraction, R0, and due to the DCC components. Therefore, we can express
the radiative effects of DCC as

DCCRE = R − R0, (1)

where R is net radiative flux at the top of the atmosphere (TOA) and R0 is the flux if the
cloud fraction was held to its daily mean value. The net radiative flux, R, can be expressed
as two parts for cloudy and clear sky as

R = f Rcld + (1 − f )Rclr, (2)

where Rcld and Rclr are net radiative flux for cloudy and clear sky. The corresponding R0
can be expressed as

R0 = f0Rcld + (1 − f0)Rclr, (3)

To link the DCCRE to the CRE, we also need the definition of CRE, i.e.,

CRE = R − Rclr, (4)

To find the expression for the DCCRE, we need to substitute Equation (2) into (4),

CRE = f (Rcld − Rclr), (5)

Substituting Equations (2) and (3) into (1) yields

DCCRE = ( f − f0)(Rcld − Rclr), (6)

Equations (5) and (6) provide the direct relationship between the DCCRE and CRE. Substi-
tuting Equation (6) into (5) yields

DCCRE =
f − f0

f
CRE, (7)

which is the expression for the DCCRE, where f is the diurnal cycle of cloud fraction
climatology for a given local time and f0 is the mean cloud fraction. To check if every term
adds up correctly, we provide an example with the typical diurnal cycle of the CRE and f
(see Figures 1a and 2 in reference [6]). It is found that the daily averages of the DCCRE,
CRE, and ( f0/ f )CRE are −0.49, −14.05, and −13.56 Wm−2, respectively, explaining the
relationship among the DCC, DCCRE, and CRE as stated in Equation (7).

This index essentially separates the DCC radiative effects from the total effects. To cal-
culate the DCCRE, we need sub-daily radiative fluxes at the top of the atmosphere (TOA)
under all-sky and clear-sky conditions, which are not available in CMIP5 and only partially
available in CMIP6. For this reason, we used hourly TOA radiative fluxes from Clouds
and the Earth’s Radiant Energy System (CERES) SYN1deg. ‘(CERES)SYN1deg’ is part of
the CERES datasets. Synoptic TOA and surface fluxes and clouds (SYN) provide hourly
gridded observed TOA and Fu-Liou radiative transfer surface fluxes and clouds. There-
fore, the DCCRE evaluated here approximately represents the radiative effects of DCC
variations and cannot identify the contribution from diurnal variations of CREs in the
corresponding models. While this is similar in spirit to the use of standard radiative kernels
in the assessment of the cloud feedback [22], it may involve biases due to inter-model
differences in surface albedo, atmospheric temperature, humidity, and aerosols. Therefore,
the comparison of the DCCRE and its changes between CMIP5 and CMIP6 should be
interpreted with caution. To compare the DCCRE with the CRE, we also used the monthly
TOA radiative fluxes under all-sky and clear-sky conditions (variable names: rlut, rlutcs,
rsut, rsutcs, see Abbreviations).

We compared climate model outputs with satellite products of the International
Satellite Cloud Climatology Project (ISCCP) [23]. It is one of the primary observational data
sources available for DCC at global coverage, using infrared band to estimate DCC as it is
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measured throughout the whole diurnal cycle (e.g., [6,7,24]). The infrared channel of the
ISCCP records and consistently provides 3-hourly cloud fraction products over the whole
day covering the globe with 280 km equal-area grids. To make a proper comparison among
various climate models and satellite products, we resampled all climate model outputs
into 280 km equal-area grids. We focused on the DCC in 2001–2005, covering a period
commonly available for all data sources. The DCC evaluated from this relatively short
period is consistent with the results of DCC climatology [5], justifying our choice of period
for multi-source comparison.

To systematically quantify the DCC, we estimated the cloud fraction climatology at
the specific local time of the day, f (t), where 0 < t < 24 h is the local time of the day. Such
a DCC can be calculated for each month to identify its seasonal variations. Particularly, we
focused on the phase of the DCC, which can be quantified as the centroid of f (t) in terms
of the circular mean [25]

c =
τ

2π
arg

∫ τ

0
f (t) exp

(
i
2πt

τ

)
dt, (8)

where τ = 24 h is the period of the whole diurnal cycle, i is the imaginary unit, and the
operator ‘arg’ is the argument of any complex number.

With the calculated DCC, we also explored the similarity of DCCs among different
sources of data. This is attempted by decomposing the distribution of centroid using
principal component analysis (PCA), which is efficient at data compression and has been
extensively used in climate studies to identify the important spatial patterns of climate
variability [26]. We grouped all centroid data from different data sources into a matrix of
C of n × m, where n is the size of the data sources (i.e., number of climate models) and m
is the size of the interpolated grid points (i.e., 6596 for the 280 km equal-area grid). We
decompose C into

CP = T + E, (9)

where T is a n × p score matrix, P is a m × p loading matrix, p is the number of reserved
components, and E is the error term. This composition reduces the dimension from n global
grids to the first few components of p, allowing us to identify the most prominent spatial
patterns of the global DCC.

3. Results and Discussion
3.1. Regional Comparisons

We started with the DCC comparison on typical climate zones over the land [27] and
another ocean region near the eastern Pacific associated with cloud-feedback hotspots [28].
The East Pacific has large inter-model differences in cloud feedback over the ocean [29]
(see the red rectangle box in Figure 1), whereas the three climate zones cross different
latitudes over the world, including tropical rain forest (Af), temperate zone (Cwa), and cold
zone (Dfb). These regions have been extensively studied in the literature with satellite
products or ground observations to investigate their diurnal cycle of clouds or precipitation.
We focused on boreal summer (June, July, and August) for these northern and tropical
regions where the DCC is expected to have stronger amplitude [5,7]; a more comprehensive
analysis for all seasons was conducted at the global scale in Section 3.2.

As the largest rainforest on our planet, precipitation in the Amazon region is largely
controlled by changes in the Intertropical Convergence Zone (ITCZ) [30]. While being over
the land, the corresponding DCC is quite similar to these in the ITCZ over the ocean where
clouds usually peak around midnight from ISCCP [5] and from TRMM with mesoscale
convective systems rainfall [31]. For climate models, clouds peak at midnight in CMIP5
but at around 6 a.m. in the early morning in all CMIP6 models, resulting in larger DCC
biases. This is consistent with the changes in precipitation, which show increased biases
from CMIP5 to CMIP6, particularly near the west coast of the Amazon rainforest [32].



Atmosphere 2024, 15, 381 5 of 13

Figure 1. Locations for regional comparison of DCC. Three typical climate zones over the land and
one region over the ocean were chosen, including the Amazon rainforest (Af, blue dots), southern
China (Cwa, green dots), and northern United States (Dfb, cyan dots) across different latitudes
over the world and region over the land–atmosphere interaction hotspots in the eastern Pacific
(red rectangle).

For the temperate zone near southeastern China, rainfall is associated with the South
China Sea monsoon and local circulations, which shows a strong diurnal cycle with peak
rainfall occurring at night [33]. However, the summer DCC in this region shows afternoon
peaks from satellite products (see Figure 2). This is consistent with observations from
rain gauges, which show afternoon rainfall peaks for southeastern China and double
rainfall peaks for the southwestern part [34]. Such patterns can be found in climate models
with morning cloud peaks for CMCC, FGOALS, and GFDL; afternoon peaks for CNRM;
and double peaks for HadGEM and IPSL. Particularly, the afternoon cloud peaks are more
visible from CMIP6 for HadGEM models. These inter-model differences may be linked to
the difficulties in identifying the contrast patterns of rainfall and clouds across the borders
of southeastern and southwestern China.

For cold zones near the border of the United States and Canada, the summer rainfall
is often associated with the mesoscale convective systems and is occasionally influenced by
tropical cyclones from the south. Similar to the temperate zone near China, midnight rainfall
peaks are more frequent in the central and northern United States, whereas afternoon
rainfall peaks are often identified in the northeastern United States [35]. From these rainfall
patterns, we may also expect two cloud peaks in this cold zone as identified by satellite
products with midnight peaks from the ISCCP (see Figure 2). The morning peaks are
not evident in the CMCC, CNRM, HadGEM, and IPSL models. Additionally , there are
afternoon peaks present in all the climate models. Limited changes were found in cloud
peaks from CMIP5 to CMIP6 except for GFDL, which tends to shift the cloud peaks from
morning to midday.

Cloud patterns in the eastern Pacific are typically associated with variations in sea
surface temperature and surface wind anomalies [36]. It has been discovered that rainfall
in this region often peaks at midnight or in the early morning [37]. This is, in general,
consistent with cloud patterns from satellite products and all climate model outputs.
The former shows that clouds peak around 3 a.m. with larger amplitude, whereas the latter
has cloud peaks around 3–6 a.m. Compared with CMIP5, the latest CMIP6 models tend to
have smaller DCC amplitudes.

From these regional analyses, we identified typical DCC patterns with midnight cloud
peaks over the ocean or regions strongly influenced by large-scale circulation (e.g., ITCZ)
and morning and/or afternoon cloud peaks over the land. The DCC over land may have
contrasting patterns over some specific borders, thus complicating the DCC simulations
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and possibly resulting in large inter-model differences of DCC in climate models. The
DCC patterns are often consistent with the patterns of the diurnal cycle of precipitation
(DCP), although the exact timing of cloud or precipitation peaking is not necessarily the
same. For climate models, we found that there are indeed certain changes in the DCC from
CMIP5 to CMIP6, which are consistent with the corresponding changes in the DCP.

Figure 2. Diurnal cloud cycle climatology in boreal summer (June, July, August) during 2001–2005
over the eastern Pacific and three typical climate zones over the land from CMIP5 (▲), CMIP6 (•),
and ISCCP (■).

3.2. Global Distribution of DCC

The regional comparison in Section 3.1 offers us a detailed description of the DCC for
specific areas and shows contrast differences between land and ocean. To explore these
patterns at the global scale, we used PCA to decompose the DCC centroid from all climate
model outputs (see Section 2). Nearly half of the spatial variability can be explained by the
first three components. Particularly, the first component shows clear land/ocean differences
(Figure 3). It is, therefore, necessary to separately conduct statistical analyses of the DCC
for land and ocean as shown in Figures 4 and 5.

Over the land (see Figure 4), satellite products show that afternoon cloud peaking
is the dominant form of the DCC patterns. This feature is not captured in either CMIP5
and CMIP6, which show dominant patterns of morning cloud peaks. Overall, cloud peaks
tend to shift earlier in the CMCC, CNRM, FGOALS, and HadGEM models from CMIP5
to CMIP6. Specifically, for CNRM-CM5, cloud peaks are near noon but shift back to early
morning in the latest version of CNRM-CM6. These systematical biases of early cloud
peaks over the land are consistent with the infrequent occurrences of afternoon convective
rainfall events, which exist for both CMIP5 in CMIP6 [38].
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Figure 3. First Component extracted from PCA of centroids of all GCM outputs.

Figure 4. Global distribution of DCC centroid over the land. The probability density function (PDF)
of c (centroid of DCC) are estimated for all seasons during 2001–2005 from CMIP5 (▲), CMIP6 (•),
and ISCCP (■).

Over the ocean (see Figure 5), there are significant changes in DCC with clouds peaking
after midnight from all climate models and the ISCCP satellite data. For climate model
outputs, all results show that clouds peak after midnight, consistent with the results from
ISCCP. Moreover, the CMCC, CNRM, FGOALS, and HadGEM models, which tend to have
earlier cloud peaks over the land (see Figure 4), also have more frequent earlier clouds over
the ocean. Similar shifting patterns are also identified in GFDL and IPSL, which tend to
have slightly less frequent earlier clouds in CMIP6. Overall, the cloud phase shifts over
the land and ocean from CMIP5 to CMIP6 are generally in the same direction and the
same order of magnitude. These synchronized shifting patterns may be associated with the
unified cloud schemes used in climate models, as briefly discussed in Section 3.3.
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Figure 5. As in Figure 4 but for centroids over the ocean.

It should be noted that CMIP6 models aim to improve upon the representations of
various components of the Earth system, including clouds, compared to previous model
generations. However, the accuracy of cloud simulations in CMIP6 models can vary
depending on the specific model and the region or type of clouds being simulated (see
Figures 4 and 5) . Some CMIP6 models may show improvements in simulating certain as-
pects of clouds compared to earlier models, while there may still be challenges in accurately
representing other aspects such as the DCC explored in this study.

Aside from a direct comparison of cloud simulation, it is also straightforward to
use precipitation as a reference variable. Satellite products of global precipitation can be
calibrated by rain gauge data [39] and may be alternative references for clouds. It has
been shown that rainfall peaks in the latest version of FGOALS move towards midnight
over most of the tropics [40], consistent with the results in Figures 4 and 5. However, not
all models show similar changes in cloud and precipitation cycles. It is evaluated that
the biases of the DCP over land are reduced from CMIP5 to CMIP6 [32], whereas most
models show earlier cloud peaks and consequently increase DCC biases. This suggests that
precipitation can only be used for diagnosing cloud cycle patterns (e.g., identification of
morning or afternoon peaks) but cannot be used to accurately quantify the slight variations
associated with model structures (e.g., comparisons between CMIP5 and CMIP6).

3.3. Radiative Effects of DCC Variations

With identified differences in the DCC between CMIP5 and CMIP6, one may wonder
how these changes could modify the radiation balance modeling and influence climate
projections. To address this point, we used Equation (7) and compared the changes in the
CRE and DCCRE from CMIP5 to CMIP6 (i.e., noted as ∆CRE and ∆DCCRE). As shown
in Figure 6, the inter-model spreads of ∆DCCRE, in terms of standard deviation of the
DCCRE changing from CMIP5 to CMIP6, are 0.93, 1.25, and 1.11 Wm−2 over the land,
ocean, and globe, respectively, which are nearly half of the spreads of ∆CRE, namely 2.90,
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2.29, and 2.33 Wm−2. As a reference, the radiative forcing of doubling carbon dioxide is
estimated to be around 3.9 Wm−2. The large spread of ∆DCCRE, when compared with
∆CRE, reveals that a significant portion of the uncertainties in cloud simulations may be
associated with the modeling of the DCC.

Figure 6. Changes in CRE (∆CRE) and DCCRE (∆DCCRE) from CMIP5 to CMIP6 models.

Moreover, the ensemble mean ∆DCCRE is relatively small, being only 0.07 Wm−2,
whereas the ensemble mean change in the CRE approaches 2.15 Wm−2, which is consistent
with other independent studies using a more comprehensive list of models [41]. While
the increases in CRE suggest that clouds tend to have relatively warmer effects in the
latest climate models than in its earlier versions, no consensus has been reached across
different modeling institutes on how to adjust the DCC given its near zero but large spread
of ∆DCCRE. With proper calibration from satellite products and in situ observations, this
could be a pivotal aspect for improvement in next-generation climate modeling.

To further explore the inter-model differences of the DCC, we group all models based
on the first few components of the PCA analysis (see Section 2 and Figure 7), and there are
indeed certain changes in the DCC from different generations of climate models except
the GFDL and HadGEM models. The term “distances of scores” refers to the distances
calculated using the cluster analysis algorithm. These distances serve as indicators of the
similarity between different models. Shorter distances between scores indicate higher simi-
larity, while longer distances signify lower similarity. However, CMIP5 and CMIP6 models
are not always in the same group, suggesting that there are larger inter-model differences
than inter-phase (i.e., in phase 5 or 6) differences. Therefore, it would be interesting to focus
on a specific model to explore its changes in the DCC and model structures.

Significant efforts have been made to improve cloud simulation and most models tend
to use unified cloud parameterization schemes over both land and ocean. For example, a
new shallow convection scheme with revised cloud macrophysics was introduced in CMCC-
CM2 [42–45]; continuous and predictive treatment of dry–shallow–deep convection was
provided in CNRM-CM6 [46–48]; improved boundary-layer and stratocumulus schemes
were used in the second version of MACv2-SP in FGOALS-g3 [49–54]; a double-plume
convective closure for shallow and deep convection was developed in GFDL-CM4 [55,56];
a major revision was made to the atmosphere dynamical core and cloud scheme [57]; a
statistical triggering for deep convection was introduced in ISPL-CM6A, which integrates
the whole process of cloud formation from the first cloud appearance to the deep convection
triggering [58–60].
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Figure 7. Hierarchical clustering of the PCA scores of the first two components, which accounts for
37.7% variability of the centroid data.

The latest climate models tend to have unified cloud schemes, which simulate various
cloud types and capture the key factors controlling the transition among dry–moist–deep
convection. Such a unified set of parameterizations may be responsible for the synchronized
DCC shifting patterns with cloud phase shifting in the same direction and in the same
order of magnitude over the land and ocean. Since much larger DCC biases were observed
over the land than over the ocean, adjusting the DCC in such unified cloud schemes can
only properly reduce the biases either over the ocean or land. If this unified cloud scheme
is still used in future climate models, we may expect that it is unlikely to reduce the DCC
biases completely.

In this regard, we may need to carefully use the unified cloud schemes and probably
integrate different parameterization approaches for land and ocean. Given their contrasting
patterns, the DCC should be adjusted separately to slightly shift phase over the ocean but
significantly move the cloud peaking time toward the early afternoon over the land. In this
way, it is possible to correct the DCC biases at the global scale and reduce their impacts on
the modeling of global energy balance.

4. Conclusions

In this study, we conducted comprehensive analyses of sub-daily cloud fraction at both
regional and global scales to identify how the diurnal cloud cycle has been changed in the
latest updates of climate models. We found that the DCC patterns over land in the Amazon
rainforest closely resemble those observed over the ITCZ over the ocean. In the temperate
zone of southeastern China and near the cold zone near the border of the United States
and Canada, cloud dynamics is associated with large-scale circulation and local convection,
and therefore, the clouds peak around afternoon and/or around morning depending on
the specific locations. Both cloud peaks were identified from satellite data, while climate
models only capture one of these peaks. Over the eastern Pacific region, clouds tend to
peak near midnight or early morning from both satellite data and climate model outputs.

At the global scale, we find frequent afternoon cloud peaks from satellite data but
morning cloud peaks from climate models over the land; clouds tend to peak at midnight
or in the early morning over the ocean from the ISCCP and climate models. The mid-day
cloud peaks from CERES may be associated with the artifacts from its geostationary satellite
near the Indian Ocean and the northern Pacific. While precipitation can be used as an
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alternative variable for identifying the overall DCC patterns, it cannot be used to quantify
the small DCC shift associated with the model structure.

From CMIP5 to CMIP6, DCC changes over the land and ocean seem to be synchronized,
showing the same shifting direction within the same order of magnitude. Given that much
larger DCC biases were observed over the land than over the ocean, such synchronized
changes may be inefficient for correcting DCC biases. The inter-model variations of DCC
radiative effects are nearly half of these overall cloud changes, hence revealing one of the
key cloud features in climate projections.

In conclusion, our study provides valuable insights into the diurnal cloud cycle both
within specific climate zones and at the global scale. While advances have been made
in understanding and modeling cloud behaviors, our findings underscore the ongoing
challenges and the potential for further improvements in capturing the intricacies of the
diurnal cloud cycle and its radiative effects in controlling global energy balance.
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DCC Diurnal cloud cycle
CRE Cloud radiative effects
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