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The potential impact of model horizontal 
resolution on the simulation of atmospheric 
cloud radiative effect in CMIP6 models
Qiao‑Jun Lin and Jia‑Yuh Yu*   

Abstract 

The simulations of atmospheric cloud‑radiative effect (ACRE) from 54 Coupled Model Intercomparison Project phase 
6 (CMIP6) models during the historical period of 2000/03–2014/12 are compared and evaluated against the satellite‑
based Clouds and the Earth’s Radiant Energy System (CERES) products. For ease of comparison, all CMIP6 models are 
divided into high‑, medium‑, and low‑resolution groups to examine the potential impact of model horizontal resolu‑
tion change on the simulations of ACRE distribution over the tropical oceans. The results show that ACRE is positive 
inside the ITCZs but negative in the subtropics and cold tongue areas, owing to the very different radiative forcing 
between deep and shallow clouds. Simulations of ACRE are sensitive to the model horizontal resolution used and the 
finer resolution models generally produce a better performance of ACRE simulations against the CERES observations. 
The reduced ACRE biases in finer resolution models are mainly contributed by the improved longwave ACRE (i.e., 
LWACRE) simulations, especially over the Pacific and Atlantic cold tongue areas where shallow stratocumulus clouds 
prevail.

Key points 

1. Simulations of atmospheric cloud-radiative effect (ACRE) in 54 CMIP6 models are evaluated against the satel-
lite-based observational data.

2. The performance of ACRE simulations is sensitive to the model horizontal resolution used.
3. The finer resolution models generally produce a better performance of ACRE simulations, especially over the 

cold tongues where shallow stratocumulus clouds prevail.

Keywords: Atmospheric cloud‑radiative effect, Model horizontal resolution, CMIP6

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

1 Introduction
Clouds play an important role in maintaining the earth’s 
climate system as they energetically interact with atmos-
phere and ocean through latent heat release associated 
with precipitation and imposing radiative forcing from 

both shortwave and longwave components of radiation 
(Tao et al. 1996; Li et al. 2015, 2016; Ciesielski et al. 2017). 
Factors affecting cloud-radiative forcing include cloud 
optical depth, cloud-top height and area of cloud cover-
age (Ramanathan et  al. 1989). In practice, high clouds 
tend to warm the atmosphere by intercepting upward 
thermal radiation from surface while also emitting less 
outgoing longwave radiation to space due to their much 
lower cloud-top temperatures. By contrast, low clouds 
incline to cool the atmosphere through emitting strong 
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downward longwave radiation flux to the Earth’s surface 
(Slingo and Slingo 1988; Wood 2012).

It has been recognized that the interaction between 
clouds and radiation, i.e., the cloud-radiative effect (CRE), 
provides substantial impacts on initiating tropical pertur-
bations of various spatial scales. For instance, Ruppert 
et  al. (2020) noted that CRE is important to foster and 
accelerate the development of tropical cyclones as this 
effect effectively warms the low-to-middle troposphere 
to shorten the incubation period of tropical cyclones. 
Ciesielski et  al. (2017) and Zhang et  al. (2019) showed 
that the positive atmospheric cloud-radiative effect (here-
after ACRE) associated with longwave radiative heating 
from high clouds helps Madden–Julian Oscillation (MJO) 
conquer the barrier over Maritime Continent and propa-
gate farther eastward. Moreover, Ying and Huang (2016) 
and Li et al. (2018) argued that the inter-model spread of 
CRE could be the leading source of tropical sea surface 
temperature (SST) biases in most Coupled Model Inter-
comparison Project phase 5 (CMIP5) models.

Thanks to the advanced technology in satellite-based 
radiative fluxes observations, growing concern has been 
paid to explore the fidelity of cloud-radiation feedback in 
the state-of-the-art climate system models. By comparing 
43 CMIP5 models with in-situ observations, Wild et  al. 
(2015) showed that most CMIP5 models have overesti-
mated the downward solar and thermal radiation at sur-
face and underestimated the downward thermal radiation 
over land due to biases in surface albedo and temperature 
simulations. Later, Wild (2020) compared simulations of 
radiative fluxes in Coupled Model Intercomparison Pro-
ject phase 6 (CMIP6) models with those in CMIP5 and 
Clouds and the Earth’s Radiant Energy System (CERES) 
data. He found that CMIP6 models, in general, produce a 
better performance of radiative fluxes compared to those 
in CMIP5 models, although the biases of inter-model 
spread in CMIP6 models still can’t be disregarded.

Recently, Vannière et  al. (2019) conducted a multi-
model evaluation of the sensitivity of global energy bal-
ance and hydrological cycle to resolution based on 47 
atmosphere-only and coupled atmosphere–ocean model 
experiments, with a horizontal resolution ranging mostly 
between 25 and 100 km (40 out of 47 experiments). Their 
study noted a systematic increase in outgoing longwave 
radiation and decrease in outgoing shortwave radiation 
due to changes in cloud properties when the model reso-
lution is increased from 100 to 25  km. They also found 
that the magnitude of the above flux changes can be up 
to 5 watt m−2 , which is a non-negligible size for climate 
models when long-term simulations over a few decades 
or longer are often required.

We also note that while the CMIP program started 
nearly 20 years ago (in 1995) and has grown into a very 

large international scientific platform today, climate sys-
tem models participating the ScenarioMIP (Scenario 
Model Intercomparison Project) in the newest CMIP6 
still contain a wide range of spatial resolutions (e.g., 
BCC-ESM1 with a 250 km resolution and 26 vertical lev-
els; MIROC6 with a 120  km resolution and 81 vertical 
levels; CNRM-CM6-1-HR with a 50  km resolution and 
91 vertical levels). Because tropical cumulus clouds play 
an important role in the earth’s radiation balance and are 
one source of climate sensitivity, improving the represen-
tation of these clouds in climate models can significantly 
reduce the uncertainty of climate projections, especially 
over the cold tongue and subtropical oceans where shal-
low stratocumulus clouds and their associated radiative 
effect are poorly represented (Cronin et  al. 2006; Sun 
et al. 2010; Berry et al. 2020).

Previous studies using CMIP-era models mostly focus 
on the performance of CRE simulations at the atmos-
pheric boundaries (i.e., top-of-atmosphere and earth’s 
surface) rather than within the atmosphere. However, 
CRE measured at the top-of-atmosphere represents the 
radiative forcing of clouds imposing on the earth’s cli-
mate system below the top-of-atmosphere (including 
atmosphere, land and ocean) and CRE measured at the 
surface simply denotes the radiative forcing imposing 
on the earth’s surface (including land and ocean). Some 
recent studies have shown that the net cloud radiative 
effect might play a critical role in driving the convec-
tively-coupled waves and precipitation extremes in the 
tropics (Crueger and Stevens 2015; Ciesielski et al. 2017; 
Zhang et al. 2019; Medeiros et al. 2021).

Because the simulated radiation fluxes are relatively 
insensitive to changes in model vertical resolution com-
pared to changes in horizontal resolution (see Appendix 
1 for more details), the present study thus focus on the 
potential impact of model horizontal resolution on the 
simulations of net ACRE in 54 CMIP6 models by com-
paring model simulation results with the satellite-based 
observational data. The remainder of this article is struc-
tured as follows. Section  2 provides a brief description 
of the data and methods, including the means for cal-
culating ACRE and the classification of CMIP6 models. 
Section  3 compares the performance of CMIP6 models 
of various resolution groups against the satellite-based 
observational data, along with some discussions of the 
underlying implications. Major findings are summarized 
in Sect. 4.

2  Data and methods
2.1  Data sources
The model simulation outputs of radiation fluxes from 
the historical experiments of 54 CMIP6 models are 
adopted (see Table 1). The CMIP6 historical experiments 
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are forced by time-varying external and internal condi-
tions from observations over the period of 1850–2014. 
These historical simulations often serve as an important 
benchmark for assessing model performance through 
a quantitative comparison against observations (Eyring 
et  al. 2016). The radiation variables used include short-
wave (SW) and longwave (LW) components of upward 
and downward radiative fluxes at the top-of-atmosphere 
(TOA) and the earth’s surface. Although the CMIP6 his-
torical simulations cover a lengthy 165-year period, only 
13 years and 10 months data are used for analysis here to 
be consistent with the satellite product shown below.

The Clouds and the Earth’s Radiant Energy System’s 
Energy Balanced and Filled dataset (CERES-EBAF) is uti-
lized as an observational reference (Wielicki et al. 1996). 
The CERES instruments provide satellite-based observa-
tions of clouds and radiative fluxes at TOA. The radiative 
fluxes at surface are computed by the EBAF adjustment 
algorithm. Specifically, the adjustment algorithm forces 

the computed TOA irradiances to match with the EBAF-
TOA irradiances by adjusting surface, clouds, and atmos-
pheric properties. Surface irradiances are subsequently 
adjusted using radiative kernels (Kato et  al. 2018; Loeb 
et al. 2018). The CERES-EBAF product provides monthly 
radiative fluxes (including SW and LW components) at 
TOA and surface, with a horizontal resolution of 1◦ × 1◦ 
from 2000/03 to 2014/12. The cloud-top pressure is taken 
from the Synoptic TOA and Surface Fluxes and Clouds 
(CERES-SYN) which is a sub-product of CERES.

To calculate the radiative effect introduced by clouds, 
i.e., namely the “cloud radiative effect” (CRE), across 
various CMIP6 models, radiative fluxes under clear-sky 
condition are required. It is noted that CERES-EBAF 
and CMIP6 recalculate the radiative transfer model by 
removing the effect of clouds, but still maintaining the 
basic thermodynamic structure of atmosphere (Cess and 
Potter 1987; Potter et al. 1992; Wild et al. 2019), to derive 
the clear-sky radiative fluxes at TOA and surface. All data 

Table 1 A list of 54 CMIP6 models and their respective spatial resolutions

The CMIP6 models are classified into three groups according to the size of grid cell averaged over the tropics (30° S–30° N). Notations H, M and L denote the high-
resolution ( < 14, 000 km2 grid−1 ; 19 models), the medium-resolution ( 14, 000−40, 000 km2 grid−1 ; 18 models), and the low-resolution ( > 40, 000 km2 grid−1 ; 17 
models) groups, respectively. The unit of resolution shown is 103km

2
grid−1 for brevity

No Model Name RES/GRP No Model Name RES/GRP

1 ACCESS‑CM2 27.7 M 28 FGOALS‑f3‑L 14.8 M

2 ACCESS‑ESM1‑5 27.1 M 29 FGOALS‑g3 47.2 L

3 AWI‑CM‑1‑1‑MR 10.4 H 30 GFDL‑CM4 14.8 M

4 AWI‑ESM‑1‑1‑LR 41.5 L 31 GFDL‑ESM4 14.8 M

5 BCC‑CSM2‑MR 14.8 M 32 GISS‑E2‑1‑G 59.0 L

6 BCC‑ESM1 90.6 L 33 GISS‑E2‑1‑H 59.0 L

7 CESM2 13.8 H 34 HadGEM3‑GC31‑LL 27.7 M

8 CESM2‑FV2 55.3 L 35 HadGEM3‑GC31‑MM 5.5 H

9 CESM2‑WACCM 13.8 H 36 IITM‑ESM 41.5 L

10 CESM2‑WACCM‑FV2 55.3 L 37 INM‑CM4‑8 35.4 M

11 CIESM 13.8 H 38 INM‑CM5‑0 35.4 M

12 CMCC‑CM2‑HR4 13.8 H 39 IPSL‑CM5A2‑INCA 83.0 L

13 CMCC‑CM2‑SR5 13.8 H 40 IPSL‑CM6A‑LR 37.7 M

14 CMCC‑ESM2 13.8 H 41 IPSL‑CM6A‑LR‑INCA 37.7 M

15 CNRM‑CM6‑1 23.7 M 42 KACE‑1‑0‑G 27.7 M

16 CNRM‑CM6‑1‑HR 3.0 H 43 KIOST‑ESM 41.5 L

17 CNRM‑ESM2‑1 23.7 M 44 MIROC‑ES2L 90.6 L

18 CanESM5 90.6 L 45 MIROC6 23.7 M

19 CanESM5‑CanOE 90.6 L 46 MPI‑ESM‑1‑2‑HAM 41.5 L

20 E3SM‑1‑0 11.8 H 47 MPI‑ESM1‑2‑HR 10.4 H

21 E3SM‑1‑1 11.8 H 48 MPI‑ESM1‑2‑LR 41.5 L

22 E3SM‑1‑1‑ECA 11.8 H 49 MRI‑ESM2‑0 14.8 M

23 EC‑Earth3 5.8 H 50 NESM3 41.5 L

24 EC‑Earth3‑AerChem 5.8 H 51 NorCPM1 55.3 L

25 EC‑Earth3‑CC 5.8 H 52 SAM0‑UNICON 13.8 H

26 EC‑Earth3‑Veg 5.8 H 53 TaiESM1 13.8 H

27 EC‑Earth3‑Veg‑LR 14.8 M 54 UKESM1‑0‑LL 27.7 M



Page 4 of 15Lin and Yu  Terrestrial, Atmospheric and Oceanic Sciences           (2022) 33:21 

are re-gridded to a horizontal resolution of 2.5◦ × 2.5◦ 
prior to analysis.

2.2  Atmospheric cloud radiative effect
The net radiation heating (or cooling) into the atmos-
pheric column ( Rnet ) can be obtained by subtracting the 
net SW and LW radiative fluxes at the earth’s surface 
from those at TOA, which can be explicitly expressed as 
(Bui et al. 2016; Chen et al. 2016; Bui and Yu 2021)

where the subscripts “top” and “sfc” denote the top of 
atmosphere and surface, respectively; the superscripts ↓ 
and ↑ denote the downward and upward fluxes, respec-
tively. All radiation variables in Eq.  (1) are in units of 
watt m−2.

We may further divide Rnet into SW and LW compo-
nents as

where

Following Bui and Yu (2021), the ACRE is calculated as 
the difference between all-sky and clear-sky conditions 
(former–latter), which can be expressed as

where Rnet
all−sky and Rnet

clear−sky represent the net radiation 
heating (or cooling) into the atmospheric column under 
all-sky and clear-sky conditions, respectively. Physically, 
ACRE measures the total radiative forcing (including SW 
and LW components) within the atmosphere due to the 
existence of clouds.

Likewise, the SW and LW components of ACRE can be 
expressed as

Since climate models prescribe the downward SW 
radiative flux at TOA ( SW ↓

top ) from observations, only the 
remaining six radiative fluxes on the right-hand side of 
Eq. (1) are evaluated.

(1)
Rnet =SW

↓
top − SW

↑
top − SW

↓

sfc + SW
↑

sfc

− LW
↑
top − LW

↓

sfc + LW
↑

sfc

(2)Rnet = SWnet + LWnet

(3a)SWnet = SW
↓
top − SW

↑
top − SW

↓

sfc + SW
↑

sfc

(3b)LWnet = −LW
↑
top − LW

↓

sfc + LW
↑

sfc

(4)ACRE = Rnet
all−sky − Rnet

clear−sky

(5a)SWACRE = SWnet
all−sky − SWnet

clear−sky

(5b)LWACRE = LWnet
all−sky − LWnet

clear−sky

2.3  Classification and evaluation methods
For ease of comparison, we classify 54 CMIP6 models 
into three groups, including high-resolution, medium-
resolution and low-resolution groups, according to the 
size of grid cell. Specifically, we divide the global tropi-
cal area (30° S–30° N) by the total number of grid points 
to obtain the size of grid cell (in unit of km2 grid−1 ) 
for each model. In the present study, high-resolution 
( < 14, 000 km2 grid−1 ) group consists of 19 models, 
medium-resolution ( 14, 000−40, 000 km2 grid−1 ) group 
18 models, and low-resolution ( > 40, 000 km2 grid−1 ) 
group 17 models (see Table 1 for a summary). The out-
put resolution (longitude/latitude grids) does not exactly 
represent the model horizontal resolution in conduct-
ing numerical simulation since atmospheric models in 
CMIP6 use different discretization methods (e.g., finite 
difference, spectral method or finite volume) in solving 
the dynamic parts of model equations (Kalnay 2004). 
However, with very few exceptions, we find that the 
output resolution coincides very well with the model 
horizontal resolution, i.e., higher horizontal resolution 
models generally produce finer longitude/latitude grids 
(see Table AII.5 of IPCC AR6 WGI (2021) for compari-
son). In practice, the high-, medium-, and low-resolu-
tion groups of CMIP6 models defined above correspond 
roughly to model horizontal resolutions of ≤ 100  km, 
101–169 km, and ≥ 170 km, respectively. The reason for 
using the above ranges is to ensure a similar sample size 
between different groups.

The popular Taylor diagram, which combines statistical 
information of correlation coefficient (hereafter CC) and 
normalized standard deviation (hereafter SD) along with 
the centered root-mean-square difference into a single 
plot (Taylor 2001), is utilized to evaluate the performance 
of various CMIP6 models in reproducing the observed 
ACRE distribution over the tropical oceans against the 
satellite-based CERES products.

3  Results and discussions
To obtain an overview of the connection between model 
horizontal resolution and radiation simulations, Fig.  1 
demonstrates the scatter plots of absolute (uncentered) 
root-mean-square difference (hereafter RMSD) for the 
six radiation variables as a function of model horizontal 
resolution against the CERES-EBAF data. The six radia-
tive fluxes (all under all-sky condition) for evaluation 
include the upward SW and LW radiative fluxes at TOA 
(i.e., SW ↑

top and LW ↑
top ), the downward SW and LW radi-

ative fluxes at surface (i.e., SW ↓

sfc and LW ↓

sfc ), as well as 
the upward SW and LW radiative fluxes at surface (i.e., 
SW

↑

sfc and LW ↑

sfc ). As shown in Fig.  1, except for SW ↑

sfc , 
we note that the remaining five radiative fluxes are 
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sensitive to the model horizontal resolution changes. 
For example, RMSD values of SW ↓

sfc (Fig.  1c) range 
between 10 and 17 watt m−2 in the high-resolution 
group, notably increase to between 11 and 23 watt m−2 
in the medium-resolution group, and further increase to 
between 14 and 28 wattm−2 in the low-resolution group. 
Except for different ranges of RMSD, SW ↑

top (Fig.  1a), 
LW

↑
top (Fig.  1b), LW ↓

sfc (Fig.  1d) and LW ↑

sfc (Fig.  1f ) also 
demonstrate a similar resolution-dependent picture, 
implying the sensitivity of cloud-radiation simulation to 
model horizontal resolution. The exceptional low sensi-
tivity of SW ↑

sfc (Fig. 1e) to model horizontal resolution is 
not surprising as its spatial distribution is controlled by 
the surface conditions (e.g., land-sea distribution, 

topography, soil moisture and vegetation), which are 
relatively steady in space and time compared to clouds.

The overall performance of various CMIP6 models in 
representing the observed radiative fluxes can be better 
evaluated using the Taylor diagram (see Fig. 2). For the 
upward SW radiative flux at TOA ( SW ↑

top ) (Fig. 2a), the 
low-resolution group merely produces a qualified per-
formance skill (CC = 0.57 and SD = 0.9). The perfor-
mance skill significantly improves from low- to 
medium-resolution (CC = 0.72 and SD = 0.9) groups 
and continues to improve from medium- to high-reso-
lution (CC = 0.75 and SD = 0.91) groups, indicating the 
sensitivity of model horizontal resolution in simulating 
the cloud-albedo (cooling) effect. Moreover, most 
CMIP6 models tend to produce SD values of SW ↑

top 
smaller than one, implying an underestimate of its spa-
tial variability compared to observations. Similar reso-
lution-dependent results in spatial variability are found 
in SW ↓

sfc (Fig. 2c) and SW ↑

sfc (Fig. 2e).
The sensitivity of radiation simulation to model resolu-

tion also exists for the LW components. As shown in 
Fig. 2b, the simulated upward LW radiative flux at TOA 
( LW ↑

top ) improves from low- (CC = 0.82 and SD = 0.93) to 
medium-resolution (CC = 0.86 and SD = 0.95) groups, 
and continues to improve to from medium- to high-reso-
lution (CC = 0.89 and SD = 0.97) groups. Similar resolu-
tion-dependent results are noted in LW ↓

sfc (Fig.  2d) and 
LW

↑

sfc (Fig. 2f ) except for slight differences in CC and SD 
values. Table 2 summarizes the statistical information of 
model performance for three different resolution groups. 
In conclusion, the impact of model horizontal resolution 
on the simulations of SW and LW radiation fluxes at 
TOA and surface is evident. The finer horizontal resolu-
tion models generally produce a better simulation of the 
cloud-radiation coupling at TOA and surface.

Using Eqs. (1) and (4), Fig. 3 shows the Taylor diagram 
of various CMIP6 models in reproducing the observed 
ACRE. As shown, most CMIP6 models properly repro-
duce the observed ACRE distribution, with CC values 
ranging from 0.70 to 0.95 and SD values from 0.7 to 
1.3 against the CERES-EBAF data. The high-resolu-
tion group, on average, produces the best performance 
(CC = 0.91 and SD = 0.89), followed by the medium-
resolution group (CC = 0.89 and SD = 0.91) and, lastly, 
the low-resolution group (CC = 0.85 and SD = 0.89), 
which are generally consistent with the results shown 
in Fig. 2.

To understand where the improvement shown in Fig. 3 
exactly comes from, Fig. 4 compares the ACRE distribu-
tion derived from CERES-EBAF with those from three 
different resolution groups of CMIP6 models. As shown 
in Fig. 4a, positive ACRE occurs over the broader ITCZs, 
with a peak warming intensity over 40 watt m−2 ; while 

Fig. 1 The scatter plots of root‑mean‑square deviation (RMSD, 
in wattm−2 ) of six model radiative fluxes against the CERES‑EBAF 
data and their dependence on model horizontal resolution. The six 
radiation variables include upward shortwave and longwave fluxes 
at TOA (i.e., SW↑

top and LW↑
top ), downward shortwave and longwave 

fluxes at surface (i.e., SW↓

sfc and LW↓

sfc ), and upward shortwave and 
longwave fluxes at surface (i.e., SW↑

sfc and LW↑

sfc ). Models classified as 
high‑, medium‑ and low‑horizontal resolution groups are highlighted 
in orange, green and purple, respectively. All radiative fluxes are 
under all‑sky condition and are averaged over the global tropical 
ocean from 30° S to 30° N
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Fig. 2 The Taylor diagram of a SW↑
top , b LW↑

top , c SW↓

sfc , d LW↓

sfc , e SW↑

sfc , and f LW↑

sfc under all‑sky condition. The number represents the particular 
model listed in Table 1. The orange, green and purple circles denote the ensemble means of high‑, medium‑ and low‑resolution groups, 
respectively. The statistical information of the six radiative fluxes for three different groups of CMIP6 models is presented at the top‑right corners
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negative ACRE appears over the subtropical oceans, with 
a peak cooling intensity stronger than − 20 watt m−2 over 
the cold tongue areas, which are very consistent with 
previous studies using the same CERES-EBAF satellite 
product (e.g., see Fig. 4d of Allan (2011)). We note that 
differences of ACRE between various resolution groups 

are generally smaller within the ITCZs (where ACRE > 0) 
compared to those in the cold tongue areas (where 
ACRE < 0) (see Fig.  4a–d for comparison). In short, 
biases of ACRE are reduced mainly over the Pacific and 
Atlantic cold tongues as the model horizontal resolution 
increases.

The opposite signs of ACRE between ITCZs and cold 
tongue areas shown in Fig.  4 can be linked to the very 
different radiative forcing between deep and shallow 
clouds. In practice, the higher cloud-top height associ-
ated with deep clouds warms the atmosphere by decreas-
ing the upward emission of LW radiation; while the lower 
cloud-top height associated with shallow clouds cools the 
atmosphere through emitting strong downward longwave 
radiation flux to the Earth’s surface (Slingo and Slingo 
1988). To elaborate, Fig. 5 shows the spatial distribution 
of cloud-top pressure derived from the CERES-SYN data 
averaged over the same period of 2000/03–2014/12. As 
expected, the spatial distribution of cloud-top pressure is 
very similar to that of ACRE, with positive ACRE occur-
ring over areas of higher cloud top, with the zero con-
tours of ACRE in CERES-EBAF coinciding well with the 
contours of 700 hPa cloud-top pressure.

The above arguments can be justified by dividing the 
tropical domain into positive and negative ACRE areas 
prior to conducting the statistical analyses. As shown in 
Fig. 6, while most CMIP6 models produce a better per-
formance over the positive ACRE areas compared to that 
over the negative ACRE areas, the improvement from 
low- to medium-resolution groups, or from medium- 
to high-resolution groups, is small over the positive 
ACRE areas. In contrast, the improvement is larger over 
the negative ACRE areas, with significantly higher CC 
and lower SD values as the model horizontal resolu-
tion becomes finer. The reason for such a contrast can 
be attributed to the distinct spatial sizes between deep 
and shallow clouds. For instance, based on satellite and 
aircraft observations, Wood and Field (2011) found that 
larger cloud sizes (> 300  km) associated with deep con-
vection often occur over the Indo-Pacific warm pool; 
while smaller cloud sizes (< 100 km) appear over the east-
ern Pacific cold tongue where shallow convection pre-
vails. Since shallow clouds in nature have a smaller spatial 
scale, the areas dominated by shallow clouds (ACRE < 0) 
is thus more sensitive to the model resolution change. 
This finding is consistent with Bui et al. (2019) who con-
ducted a series of CMA5 (Community Atmospheric 
Model, version 5) simulations with four different hori-
zontal resolutions (4°, 2°, 1° and 0.5°) and showed that 
a higher horizontal resolution run inclines to produce 
more shallow convection compared to the coarser ones.

According to Eqs. (5a) and (5b), we divide ACRE 
into shortwave (SWACRE) and longwave (LWACRE) 

Table 2 A summary of correlation coefficient (CC) and 
normalized standard deviation (SD) for three different groups 
of CMIP6 models, with high‑resolution, medium‑resolution and 
low‑resolution groups, respectively

All-sky Indices High-Res Medium-Res Low-Res

SW
↑
top

CC 0.75 ± 0.07 0.72 ± 0.08 0.57 ± 0.14

SD 0.91 ± 0.15 0.90 ± 0.10 0.90 ± 0.16

SW
↓

sfc
CC 0.78 ± 0.06 0.75 ± 0.08 0.62 ± 0.11

SD 0.88 ± 0.10 0.89 ± 0.09 0.88 ± 0.10

SW
↑

sfc
CC 0.92 ± 0.02 0.85 ± 0.07 0.81 ± 0.09

SD 1.17 ± 0.11 1.25 ± 0.22 1.35 ± 0.31

LW
↑
top

CC 0.89 ± 0.04 0.86 ± 0.04 0.82 ± 0.07

SD 0.97 ± 0.07 0.95 ± 0.10 0.93 ± 0.15

LW
↓

sfc
CC 0.96 ± 0.01 0.96 ± 0.01 0.94 ± 0.02

SD 1.16 ± 0.10 1.17 ± 0.09 1.18 ± 0.13

LW
↑

sfc
CC 0.95 ± 0.01 0.93 ± 0.02 0.90 ± 0.03

SD 1.01 ± 0.08 1.01 ± 0.07 1.00 ± 0.08

Fig. 3 The Taylor diagram summarizing the performance skills 
of ACRE simulations in 54 CMIP6 models against the CERES‑EBAF 
observations. The purple, green and orange circles denote the 
ensemble means of low‑, medium‑, and high‑resolution groups, 
respectively. The statistical information of ACRE for three different 
groups of CMIP6 models is presented at the top‑right corners
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components to see which component of radiation domi-
nates the spatial pattern of ACRE. Figure 7 compares the 
spatial distribution of SWACRE and LWACRE between 
different resolution groups with the CERES-EBAF data. 
From CERES-EBAF (Fig.  7a), we note that SWACRE is 
mostly positive in the tropics, except over the northern 
Indian Ocean and South China Sea, with values between 
-5 and 10 watt m−2 . Simulations of SWACRE are all posi-
tive (mostly < 5 watt m−2 ) over the tropics, with relatively 
little dependence on the model horizontal resolution (see 

Fig. 7b–d for comparison). The magnitude of LWACRE is 
much larger than SWACRE, with values ranging between 
− 20 to 40 watt m−2 . Also, the spatial distribution of 
LWACRE in CERES-EBAF and various resolution groups 
are very similar to total ACRE (i.e., SWACRE + LWA-
CRE) (see Figs.  4 and 7 for comparison), indicating the 
dominance of LW cloud-radiation coupling in determin-
ing the spatial distribution of ACRE in CMIP6 models 
and observations.

Fig. 4 The spatial pattern of ACRE derived from a CERES‑EBAF, b high‑resolution, c medium‑resolution, and d low‑resolution groups of CMIP6 
models. The color (or contour) interval is 5 wattm−2
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4  Concluding remarks
In the present study, simulations of ACRE from 54 
CMIP6 models are compared and evaluated against the 
satellite-based CERES products to examine the potential 
impact of model horizontal resolution on ACRE simula-
tions. For ease of comparison, we divide all CMIP6 mod-
els into three groups according to their grid size averaged 
over the tropics (in km2 grid−1 ). Among the 54 CMIP6 
models, the high-resolution group ( < 14, 000 km2 grid−1 ) 
consists of 19 members, the medium-resolution group 
( 14, 000−40, 000 km2 grid−1 ) 18 members, and the low-
resolution group ( > 40, 000 km2 grid−1 ) 17 members. 
Major findings of this study are below:

(1) Climatologically, ACRE is positive in the ITCZs but 
negative in the subtropics and cold tongues, owing 
to the very different cloud-radiation feedback asso-
ciated with deep and shallow clouds.

(2) The biases of ACRE simulations are mainly contrib-
uted by the LW component of cloud-radiative effect 
(i.e., LWACRE), indicating the dominance of LW 
cloud-radiation coupling in determining the ACRE 
distribution over the tropical oceans.

(3) From an ensemble mean point of view, the impact 
of model horizontal resolution on ACRE simula-
tions is evident. The finer horizontal resolution 
models generally produce a better simulation of the 
cloud-radiation coupling, especially over the Pacific 
and Atlantic cold tongues where shallow clouds 
prevail.

Finally, we would like to use a schematic diagram, 
with a simple radiation budget analysis respectively 
over the warm pool (5° S–5° N, 155° E–165° E) and cold 
tongue (25° S–15° S, 85° W–95° W), to highlight the 
very different cloud-radiation feedback associated with 
deep and shallow clouds (Fig. 8). Over the warm pool, 

Fig. 5 The spatial pattern of cloud‑top pressure derived from CERES‑SYN averaged over the period 2000/03–2014/12. The color (or contour) 
interval is 50 hPa

Fig. 6 As in Fig. 3, but for areas of a ACRE > 0 and b ACRE < 0 in Fig. 4a
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high SST facilitates the development of deep convective 
clusters (e.g., cumulonimbus and congestus clouds), 
which are often accompanied by anvil clouds near the 

tropopause. Since the atmosphere is nearly transpar-
ent to SW radiation but opaque to LW radiation, the 
LW component of radiation will dominate the radia-
tive forcing introduced by clouds. As a result, the much 
lower cloud-top temperature of deep clouds tends to 
warm the atmosphere (ACRE > 0) by keeping more 
thermal radiation within the earth’s climate system 
(e.g., SWACRE = 0.7, LWACRE = 39.2 and ACRE = 39.9 
watt m−2 ). On the contrary, over the cold tongue, deep 
convection is suppressed by the compensating subsid-
ence and the inversion layer in the lower troposphere, 
favoring the formation of shallow clouds (e.g., strato-
cumulus clouds and trade wind cumuli). As shown in 
Fig. 8 for the longwave component of CRE at the Erath’s 
surface and TOA, shallow clouds emit much stronger 
downward longwave radiation at surface compared 
with that at TOA, thereby leading to the negative value 
of ACRE over the cold tongue (e.g., SWACRE = 7.2, 
LWACRE = − 27.8 and ACRE = − 20.6 watt m−2).

While we’ve provided the potential impact of model 
horizontal resolution on ACRE simulations from an 
ensemble mean point of view, however, the different 
biases of ACRE simulations in the state-of-art CMIP6 
models may not be solely caused by the model resolu-
tion change but may be also influenced by other physi-
cal processes, such as different treatments of cumulus 

Fig. 7 As in Fig. 4, but dividing ACRE into SWACRE (left panels) and LWACRE (right panels), with a and e from CERES‑EBAF, b and f from 
high‑resolution, c and g from medium‑resolution, and d and h from low‑resolution groups of CMIP6 models. The color (or contour) interval is 5 
wattm−2

Fig. 8 A schematic depiction of two major cloud types and the 
estimated CRE from CERES‑EBAF averaged over the Pacific warm 
pool (5° S–5° N, 155° E–165° E; left) and cold tongue (25° S–15° S, 85° 
W–95° W; right), respectively. The CRE budgets are divided into SW 
(orange numbers) and LW (green numbers) components at both TOA 
and surface. The SWACRE (orange numbers with frame) and LWACRE 
(green numbers with frame) budgets, taken as the differences 
between TOA and surface (former–later), are also displayed. Positive 
and negative CRE represent heating and cooling effects, respectively. 
The unit of radiation budget is wattm−2
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parameterization (Wu et al. 2009; Li et al. 2020; Li et al. 
2021) and boundary layer air-sea heat exchange scheme 
(He et  al. 2018; Takahashi and Hayasaka 2020), or dif-
ferent designs of model dynamic cores (Jun et al. 2018). 
Further studies are needed to elucidate the complex 
cloud-radiation coupling in the CMIP6 models based on 
more observational and modeling evidences.

Appendix 1: Sensitivity to model vertical 
resolution
We note that horizontal and vertical resolutions are 
important in the simulation of cloud-radiation interac-
tion and it is beneficial to improve the performance of 
climate models through a more balanced selection of 
horizontal and vertical resolutions, which is better than 
improving only one side (Roeckner et al. 2006). However, 
a recent study by Ingram and Bushell (2021) argued that 
most state-of-the-art climate models already have a fine-
enough vertical resolution (> 30 vertical levels) such that 
there is only a weak correlation between increases in ver-
tical resolution and changes in climate sensitivity.

To test the sensitivity of simulated radiation biases to 
model vertical resolution, we show the root-mean-square 
deviation for the six simulated radiative fluxes against the 
CERES data as a function of model vertical resolution 
(Fig. 9). Unlike the apparent dependence on model hor-
izontal resolutions shown in Fig.  1, the radiation biases 
are quite insensitive to the vertical resolution change as 
some lower vertical resolution models even outperform 
the higher ones. For instance, CESM2 with 100 km hori-
zontal resolution and 32 vertical levels (labeled “7”) pro-
duces a better performance than CESM2-WACCM with 
the same horizontal resolution but using 70 vertical lev-
els (label “9”). A similar situation also occurs for a pair of 
ACCESS models (labeled “1” and “2”). The above results 
motivate us to focus on the impacts of horizontal resolu-
tion on ACRE simulations in CMIP6 models.

Appendix 2: Impacts on tropical circulation 
and precipitation
This appendix section investigates how tropical circula-
tion and precipitation features differ in different resolu-
tion groups and their association with the ACRE biases. 
To highlight the contrast, we only compare the differ-
ence between high- and low-resolution groups because 
the medium-resolution group exhibits a pattern more 
or less in between the high- and low-resolution ones.

To explore the connection between simulated 
ACRE and precipitation of various intensities, we first 
sort the daily rainfall output into 100 percentile bins 

according to the rainfall rate. A rainfall event (or day) 
is defined when the rainfall rate is greater or equal to 
0.1mmday−1 . Accordingly, the first few tenths of per-
centile bins represent light rain events associated with 
shallow convection while the last few tenths of percen-
tile bins denote heavy-rain events associated with deep 
convection (Bui et al. 2019; Bui and Yu 2021). Figure 10 
shows the spatial distributions of ACRE averaged 
respectively over total rainfall events ( > 0.1mmday−1 ), 
light rain events ( < 5mmday−1 ) and heavy rain events 
( > 10mmday−1 ) for both high- and low-resolution 
groups. As shown, light rain events well explain the 
ACRE cooling features (including spatial pattern 
and intensity) over the cold tongue and subtropi-
cal oceans, and the high-resolution group generates a 
cooling intensity closer to the total ACRE compared 
to the low-resolution one (see Fig. 10a–d for compari-
son). In contrast, heavy-rain events dictate the ACRE 

Fig. 9 Same as Fig. 1, but showing the dependence of RMSE on 
model vertical resolution. Models classified as high‑, medium‑ and 
low‑vertical resolution groups are highlighted in orange ( ≥ 80 
levels; 19 models), green (41–79 levels; 19 models) and purple ( ≤ 40 
levels; 16 models), respectively. All radiative fluxes are under all‑sky 
condition and are averaged over the global tropical ocean from 30° 
S to 30° N
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Fig. 10 The spatial distribution of ACRE averaged over all rainfall events ( > 0.1mmday−1 ) for a high‑resolution b low‑resolution groups of CMIP6 
models. Likewise, c and d show ACRE distribution averaged only over light rain events ( < 5mmday−1 ) while e, f show ACRE distribution averaged 
only over heavy rain events ( > 10mmday−1 ), respectively, for the high and low‑resolution groups. The color interval is 7 wattm−2
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warming features over the warm pool regions, account-
ing for approximately 50% of the total ACRE warming 
(see Fig. 10a, b, e and f for comparison). We also note 
that the ACRE warming pattern derived from heavy 
rain events shows little dependence on model resolu-
tion change. The above results readily confirm that the 
simulated ACRE is more sensitive to model resolution 
change in areas dominated by shallow convection (e.g., 
cold tongue and subtropical oceans).

To see how tropical circulation responds to ACRE 
biases in different horizontal resolution groups, Fig.  11 
shows the spatial patterns of ACRE and 850-hPa wind 
anomalies, calculated as the differences between model 
simulations and observations, composited over the 
high- and low-resolution groups. As shown, the low-
resolution group produces a greater magnitude of ACRE 
biases across most of the tropical domain compared to 
the high-resolution one. Particularly, the low-resolution 
group generates greater warm ACRE anomalies (or, alter-
natively, underestimates the magnitude of ACRE cool-
ing shown in Fig.  4a) over the southeastern Pacific and 
Atlantic (i.e., cold tongue) and the subtropical northeast-
ern Pacific. In response to these warm ACRE anomalies, 
the low-resolution group produces a stronger response of 
wind anomalies in opposite direction to the mean trade 

winds, leading to weaker easterly trade winds over the 
above areas compared to the high-resolution group.
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