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Abstract Uncertainties in cloud simulations can affect key physical processes in climate modelling. Using satellite data
from CloudSat/CALIPSO and CERES, together with ERAS5 reanalysis data, this study analyzes the distribution
characteristics of global climatological cloud fraction and cloud radiative effects (CREs) simulated by the atmospheric
component FAMIL in the climate system model FGOALS-f3 at resolutions of 100, 25, and 12.5 km. Moreover, the study
investigates the potential sources of simulation errors based on the Xu—Randall cloud diagnostic scheme. The results show
that at different resolutions, cloud fraction is underestimated in low-latitude areas and overestimated in high-latitude areas
and that the simulation performance changes nonlinearly with increasing resolution. On the global scale, the deviation in
the 25 km model increases compared with the 100 km model, and the cloud fraction deviation of the 12.5 km model is
approximately 4% higher than that of the 25 km model in regions such as the Western Pacific Warm Pool. As model
resolution increases, the simulated CRE decreases in association with a reduction in cloud fraction. In the Xu—Randall
scheme, relative humidity (RH) is the dominant factor controlling climatological cloud fraction. Resolution enhancement
further changes RH by affecting variables such as temperature and vertical velocity, thereby indirectly affecting cloud
fraction bias. The weak vertical velocity in the 100 km model indirectly leads to underestimation of middle- and high-
level cloud fractions in low-latitude areas. The higher temperature in the 25 km model compared with the 100 km model

increases the cloud fraction bias. Furthermore, the lower temperature in the 12.5 km model compared with the 25 km

model decreases the cloud fraction bias.

Keywords Global atmospheric circulation model, High resolution, Numerical simulation, Cloud fraction, Cloud

radiative effect
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SRR G P yrEAE mE A, HaEd
HATMBE R S KB, WeERARa
P E MR (Ramanathan et al., 1989; GEWEX
Cloud System, Science Team, 1993). = &. = IR
mEM K EEE SR, #RATREE
AR ZR G AR S A RE BP0, I 0 R ASOR R
AR (EZ-CARA R RE, 1994; B4 m REAIVE 2
£, 1994; 5KkH#45, 2022) . MG —4E4m S RHAAR K
Wi, HnkE. EHREEL R BN 3% i,
A DA B0 SR G 1) K FBH R R S R S 2 A
R BRI 2 AN-4.78 W m S, 2 LU KR €O,
TR A 3G Py 51 RS A AR A s aE Ol K2 4%, 2007) .
2 AR A S R M I R RS RN, AR S
RPBHRLE RS, bR RN, RN
Bt RSB T IR S, 3 9 KU N RE R
B, BRIV B (GRS, 2009; 515 4%,
2017; Berry et al., 2020) . BUF 8] SAE BT [TE
14> (Intergovernmental Panel on Climate Change,
IPCC) ZIRVFfhifhk 4R, =72 AR RS it
AT E RS IR ER AN A SRR = B
1R 22 St o AN E PR B SRS, AT ek A =X
X 2 FR AR AR SRS s, A B e U A T

Wt B EAT % (IPCC, 2007, 2014, 2023).

o LR, im0 = AL RE
— EL 2 BT RO . FERR A R AT R
(the Coupled Model Intercomparison Project, i FX
CMIP) #BBeH, = Fl 2 5 1 2808 A L UG 4447
TE AR 22, 40 CMIP3 M BEX = B HU W 22
BRIAE =B TAKE B 58 59 208 1 77 1
(Lauer and Hamilton, 2013). Jiang etal. (2012) i#
it NASA-Train TR WM PEAE 1181 = FIRILS
UL, fE Y CMIPS fE & FRVE B ABLE 28 . &K
A B IK A CMIP3 A . 5 CMIPS
FHEE, CMIP6 #E— 20 it 7 REDACR , (HE R
B S AERUR M (Zelinka et al., 20200, CAMS-
CSM f£ CMIP6 i B | B = xF it 77 %8 o = K [l
Bk i A e e, R AL R RSP AR AR R G
PR K A AP iR A 7 w22 (Rong et al., 2021).
Lauer et al. (2023) F| ] T2 £ 88 PEAL FFth e 1
CMIP6 fl CMIP5 [Jfj ML R, W T EnE. =
KB R AN ESH, CMIP6 Z A S
YEAE A M Z (mean bias). 25 [H] B A K R 2L
(pattern correlation) H1AH X ) 75 #R f 25 (relative
root-mean square deviation) J7 [ g I T CMIP5 42
EME, H5 CMIPS AHLL, CMIP6 5 = [f] 1 22 5
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R AURE 2 MY BR A A g 2 B0 A 400 [ 5 R A S
= (LASG) JFR 7 &G Ak R 45
FGOALS-f3 (TheFlexible Global Ocean-Atmosphere-
Land System model Finite Volume version 3). % Jil
TEALAT R L], AR U = B e 22 1O T 40
RIS EARHERMA (FGOALS-3-L) i,
BEABZRMGARR=EIaftimsiE, BT s
U RN A 22 VAL P E R % (Yang et al., 2025)
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WS R . AORIEEE I — S AT e, AR
Fg— LA EEER ORISR A 2007 45 1 H % 2010 4
12 X —iE B, IF ¥ = 24 3] 2.5°X2.5°,
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SEHHRIEE R 10X 1°, DAUGHD T A EdE .
22 BERXNE

i LASG/IAP & J& ] FGOALS-f3 H fif 5 =


https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled
https://climatedataguide.ucar.edu/climate-data/ceres-ebaf-clouds-and-earths-radiant-energy-systems-ceres-energy-balanced-and-filled

b7 N T - 50 %

1138 Chinese Journal of Atmospheric Sciences

Vol. 50

Iy HEF . FGOALS-f3-L (“L” F7r 100 km [ 1K
K43 $E% ). FGOALS-f3-H (“H” F R 25 km
[ K7 $E%R) PL K FGOALS-f3-HH fii A ( H
TR P IR B e 0 R 12.5 km)e

FGOALS-f3-L & HANH B 4. KA A
FAMIL2.2 (He et al., 2019; Bao et al., 2020; Li et al.,
2021). HFPERIZL LICOM3.0 (Li et al., 2020). [
M #E CLM4.0 (Lawrence et al., 2011). KR
CICE4.0 (Hunke and Lipscomb, 2010) L A& NCAR
TR R4 %% CPL7 (Craigetal., 2012). FGOALS-
f3-L K5 %> & FAMIL2.2 (version 2.2 of the Finite-
volume Atmospheric Model) W13 JJAEZ R T A
PR A A5 19 37 75 BK i P A% ( Bao et al., 2010, 2013;
Zhou et al., 2015), KFr#FFRL RN 1°X1°, {ETE
BT R, BRCRA T 32 2R AR, RITZ
F) 2.16 hPa. FEWHSHAN T REOIE =MW EL T
Z (Lin et al., 1983; Harris and Lin, 2014). 42
Z ¥ J7 % (Park and Bretherton, 2009). H /7
M S Bk 5% (Palmer et al., 1986). 75 X i
iH#H 7% (Bao and Li, 2020). =EZHL T %R
( Xu and Randall, 1996) . #& &f 1% % = ik 7 &
(Clough et al., 2005),

FGOALS-f3-H #1 FGOALS-f3-HH 1 =, ) 6 A%,
A R AL 5 FGOALS-f3-L AHIA, =Mk
A IE — X A2 K P R B AN Rl . FGOALS-13-
H H#) FAMIL2.2 7K #F520°8 0.25°X0.25°, i
FGOALS-f3-HH [f %4 0.125°X0.125°. FGOALS-
f3-L/H HETE 25 7 24 CMIP6 i H , A3~ f&
K12 Wr . PE45 A1 R AE (the Diagnostic, Evaluation
and Characterization of Klima, f& #X DECK) i %
(He et al., 2019, 2020b) , JJj 52 "< fi% #5540 ik 36
( Bao et al,, 20200, L. & — & CMIP6 it #E (1)
MPIs, U4k XA L8] (GMMIP; He et
al., 2020a). = HFEEA BT (HighResMIP;
Bao et al., 2020) %%,
2.3 AMIP iR+ 43

B K ACFR 5 2 LG BT &I C Atmospheric
Model Intercomparison Project, AMIP) & CMIP6
DECK X462 —, FAFIH 1979 4 LK 00 I iR
FEGUKERAE D T A, RIS, LA
DA S UAE 2 W 25 A 2O R 3R 3 (Eyring
et al,, 2016). £ AMIP i %, 4h5miady i H
T PRI IR - IR A UK UL E 3 i PCMDI

( The program for Climate Model Diagnosis & Inte-
rcomparison) #&ft; ¥ =& KH T Meinshausen
etal. (2017) HJ4ER-FEIREL: KBS K EH T
Matthes et al. (2017) WIKFHARIEEAS b, RAACK
H T CCMI ( Chemistry-Climate Model Initiative) ;
RBERAFETR R, B, Bk, AHLEM
W), KHT NCAR CAM-Chem #5{ (Community
Atmosphere Model with Chemistry; Lamarque et al.,
2012); R #2140 & (Hurtt et al.,
2011).

AMIP i 36 0 & =N A i Crlilplfl,
r2ilplfl Al 3ilplfl), Frf Ak 4 FH P E 24
AN ER A AR R, AR R AR i 1) 22 7 AE T 4h
FAEIEh (Heetal, 2019). AHFF =A5 HRAH
I T rlilplfl fid 7 2007~2010 F ==
AW e, RN, H TR AR
=SV RN VAR Y S SR Ui AN K (i
AR SCHR B CMIP6 AMIP 3 56 (111 43 3% 22 B2 Ay
100 km L. 20 HER AN 25 km B, ST
AMIP BR58 Bt (9 5 s 70 # 0 12.5 km
3 =mEREM
3.1 RoETESH

CloudSat/CALIPSO I & MLl f) 2007~2010 4
IR m B A 1 PR, a8
oA (B 1a) SEIRE T X = B R AR 70%
PLE, el 2R, PEORIRM . Fe3EALES, =
Ik 80% LA L. FRIEHX N Hadley i ETHIX,
XALE, AM TRz, WE b RIEMT &
ZERZAE 60% L L P gD (Bl 1), X
20% fidis AR (B 1d) 52 30 2 T I K i
IRFERIFEM, ARV RS ERIL 50% Af,
R = =D T 40%. PRI 7458 A BT
XE BRI REX EEd S EoTil. 2RI
X, Hadley M B T Um0 1 = &1 B K
Je&, TEREALLE 30°Tir, ez B b T R TE X R
T Y1 30%, KES Xikh = BT 10%, K=
BRI R 50% it Bl 20% it .
AL ey o X = B EORE X )R>, Ha =
BEFERHAZEMMEETR. TEA X S
oS /N[ R 5 3 o 17N S o 1 N N 8 | = 48
KRS, o8Ik 80%, HuE RKEKXFE
FAEPAEACE
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Fig. 1 Spatial distributions of the global annual average cloud fraction observed by CloudSat/CALIPSO satellites during 2007-2010: (a) Total cloud

fraction; (b) high-level cloud fraction; (c¢) mid-level cloud fraction; (d) low-level cloud fraction.

K 2a A CloudSat/CALIPSO P /2 W 1) & =
B (AW 12), A MBERERTHME. K 2b-
d NEFRKSHARE R FAMIL th =40R [ 2 %
I BT 20072010 SFE P B =&, A LA
RMSE (Root Mean Square Error) N33 5 R 1% 2%,
HAE B /N 3R B 23 1) 0 AT AR AU Bk 4 ;. MB (Mean
Bias) #/kiZ#E A 5 CloudSat/CALIPSO T A2 M il
AR mzE, FERAMEA S BB AR, X
Lb I 2b-d, BB PRI, RMSE #{d
AR/, T G AR TR 25 R 2 ) 3 A AR B
#Ef, {H MB 4aXHMERE > PER K, Bk o EiEe:
S, ENS = EREMAERE EE N EmRZE. B
100 km S WAR ELER (B 2e) Sfil, Ak FAR
FOAEAR S P 1 X B (2L o 63 s X B0 22
T ZE 2 P IA 12% UL b, JCH ARG M w4
FE X o of B AR 20AN [8] 7 7% 28 2 TA) 1 22 e B
25 km BEZUAH EE T 100 km #2208 = B E K0 X
WA R A (B 20, JCHRAE/RE KT X,
RASFEE U1 10% A4 . AT 25 km B3,
SR HERM 12.5 km BLEC (18] 2g) FE RS Fili
IR TR E, KE2H 4% it mER
IR Rt X 3 R0, 5 3 B A R, EE R F] 10%.
AW, BEE > HEZE 100 km. 25 km F] 12.5 km ()28
1h, 2 R AL I oK S I R PR R B g AR AL
JeH &M 25 km F] 12.5 km FI$EF, XFARL R
LRI

32 GEFHEEEELEN

B 1R IIAS R & ) = s R = = 1 BT kAN
M. N7 HEEMH T = B TR A R,
K 3a 25t CloudSat/CALIPSO & M 1) = & 4
]S 3 I IR E A5 R, o TE RO B X AL T
Hadlay 3t EF-32, fFPEBH RERM4f, H
mERNEXFEES T &EZE 100~300 hPa 7 17 ;
Rl HGE X RAT F UL, 'L, MEaEN
X M E LS E X Ferrel 3477 5t b 3R R AH S,
WMk, MMREmEREEE. ZENHEES
5K 1b-d mEZ M AAILAL. SR1, —Fhor g
B A RE T IR R 450 (B 3b-d), FEHBEE
SRR, SEsEXMETOMEMIK. W
i, BB R PG LIX = B — 8k, &
FEHL X U A @A, S 2 A 45 BRI . K
3e 100 km A5 TEMM P £ B, =284
M 925 hPa ZEfH 5] 400 hPa, JiH:S& 925~700 hPa,
il 2% 8% LA Iy X E T RN = R AKAN,
THBERAGE L. s&&m M6 EES AT XRE
200~400 hPa [ft i, 14k 2 7E 2%~5% it LA
K E EEHLIX 700 hPa LLR, 1EfW ZE H 21X 16%
DAL b BB, 100 km 733 T, KAEHX =&
573 8] 43 A ORGPl 32 Bk T3 2 B 5 1)
EARE (925~400 hPa) =EAEM AL, =@
JEH X G e m A PR E A ErT
Bl M PRI w3 25 km I, A LT 100 km
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Fig. 2 Spatial distributions of the global annual average total cloud fraction and (e—g) biases during 2007-2010 by (a) CloudSat/CALIPSO satellite

observations and (b—g) AMIP (Atmospheric Model Intercomparison Project) simulations with different resolutions: (b) 100 km model; (c) 25 km
model; (d) 12.5 km model; (e) 100 km model minus observations; (f) 25 km model minus 100 km model; (g) 12.5 km model minus 25 km model. In

figures, M represents the global spatial mean of the observations, RMSE denotes the root mean square error between the model and observations, MB

represents the mean bias between the model and observations, MB’ indicates the mean bias between different model configurations, the same below.
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Fig. 3 Zonal mean vertical structure of the global annual average cloud fraction and (e—g) biases during 2007-2010 by (a) CloudSat/CALIPSO
satellite observations and (b-d) AMIP simulations with different resolution: (b) 100 km model; (c) 25 km model; (d) 12.5 km model; (¢) 100 km model

minus observations; (f) 25 km model minus 100 km model; (g) 12.5 km model minus 25 km model.
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Fig. 4 Global annual mean spatial distributions of all-sky upward shortwave radiation (top line), clear-sky upward shortwave radiation (second line),
and shortwave cloud radiative effect (SWCRE, third line) during 2007-2010 as observed by CERES satellite (first column), and as simulated by AMIP
100 km model (second column), AMIP 25 km model (third column), and AMIP 12.5 km model (fourth column) resolutions. Panels (n-0) show the
SWCRE differences for: AMIP 100 km model minus observations, AMIP 25 km model minus 100 km model results, and AMIP 12.5 km model minus

25 km model results, respectively.
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Fig. 5 Global annual mean spatial distributions of all-sky outgoing longwave radiation (top line), clear-sky outgoing longwave radiation (second
line), and longwave cloud radiative effect (LWCRE, third line) during 2007-2010 as observed by CERES satellite (first column), and as simulated by
AMIP 100 km (second column), AMIP 25 km (third column), and AMIP 12.5 km (fourth column) models. Panels (n—o) show the LWCRE differences
for: AMIP 100 km model minus observations, AMIP 25 km minus 100 km models, and AMIP 12.5 km minus 25 km models, respectively.
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Fig. 6 Same as Fig. 3, butfor the zonal mean vertical structure of relative humidity and their biases.
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Fig. 7 Scatter relationships between annual mean relative humidity and cloud fraction at 200 hPa (top line), 500 hPa (second line), and 925 hPa (third

line) over the Western Pacific region during 2007-2010 from CloudSat/CALIPSO satellite observations (first column) and AMIP simulations with

resolutions of 100 km (second column), 25 km (third column), and 12.5 km (fourth column). In figures, the red lines represent linear fitting curves.
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Fig. 8 Same as Fig. 3, but for the zonal mean vertical structure of temperature and their biases (units: K).
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Fig. 9 Same as Fig. 3, but for the zonal mean vertical structure of the vertical circulation and their biase (units: 10°m sfl).
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