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Distribution of Different Cloud Types and their effects on Near-surface Air Temperature during
Summer Daytime in Central Eastern China
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Abstracts The spatial-temporal variation characteristics of the daytime cloud fraction and cloud
optical thickness of various cloud types over central and eastern China in summer are explored
based on ERAS reanalysis data and CERES satellite data during the period of 2001-2017. Then,
the effects of various cloud types on near-surface air temperature are analyzed quantitatively using
a Radiative-Convective Model. The observations show that the annual mean daytime total cloud
fraction and its optical thickness decrease gradually from south to north, while upper-middle cloud
fraction dominates the total cloud fraction over central and eastern China in summer. For annual
mean changing rates, the total cloud fraction shows a significant decrease of 0.3% y* with the
largest contribution from low cloud (-0.27% y™).The increasing trend of total cloud optical
thickness ranges from 0 to 0.1 y, with low and lower-middle cloud optical thickness show an
increasing trend of 0.06 y* and 0.03 y, respectively, while the upper-middle and high cloud
optical thickness show a decreasing trend of 0.08 a* and 0.03 a, respectively. The model results
show that the annual mean CETs of the four different cloud types are negative, with values of 2.9
°C, 2.7°C, 2.2°C, and 1.7 °C for low, lower-middle, upper-middle and high cloud, respectively,
indicating the cooling effects of various cloud types. The low cloud CET in the North China Plain
can be up to -5 °C, while the lower-middle and upper-middle cloud can both come up to -7.8 °C in
Sichuan Basin and Yunnan-Guizhou Plateau. The interannual variations of CETs of different cloud
types and near-surface air temperature have a good consistency. The near-surface air temperature
decreases (increases) before (after) 2004, while the CETs of different cloud types decrease
(increase) during this period, which indicates a good correspondence between the strengthening
(weakening) of the cloud cooling effect and the decrease (increase) of near-surface temperature. It
means, in other words, a positive correlation relationship appearing in four cloud types and
near-surface air temperature over central and eastern China during daytime in summer. In
particular, the annual mean daytime upper-middle cloud fraction plays an important role in all
types of clouds over central and eastern China in summer, and the correlation coefficient between
the CET and near-surface air temperature is as high as 0.63. In summary, the effects of different
cloud types on near-surface air temperature over central and eastern China in summer are different,
but all of them show positive correlations. The quantitative analysis of the influence of different
cloud types on near-surface air temperature can provide scientific references for the accurate
measurement of global warming, the role of cloud feedback in regional warming, and the accurate
prediction of regional warming scenarios, respectively.
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Key words Cloud types, Near-surface air temperature, Central Eastern China, Cloud Effect
Temperature
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ZIEAE A N 1B SR S A5 AR AN S A TN 7 22 D] v R B A SO SE M KA R 7
(Stephens, 2005; IPCC, 2013). 23l i SO KBHAG S - ORI 56 1 LA 1 Bl B R
B ST HR R G RE B PTrE AE B2 (Ramanathan et al., 1989), M T 2 2 52 M 3R 6 .
— 77 T =@ 0 K B BB S RO RIS, XA R GRS AIER . 55— 71,
A ARt R 5 2 KA LD AME S, It B B BRI BE ) SR SR A, A
RGBT IR S I, X R G ORI B FE FH o FEM SR GE T = XA
REARAH LA (T B RO B B R IR RN, Ja3 OO o B SR8, AR I T )
S RGEE ST T ) 5 LRI (Mace et al., 2006) . (K = BHE I 4% BIATHEE AL Bk
INEEIEI 2 -3 °C #4iR, R &8 KA IR 208 (Randall et al, 1984). (Kt 5T 2%
U HB AR A FEME , O TEAf DR A BRARIR FH AR SR AU ) T A #8 EL A AR SR R R 3

HITACKH T KEIIN B BHE 7t = 5 I R SR )28 £ - Ramanathan %%(1989) 5 Duan #1
Wu(2006)F IR GBI, &k BEMLIX R R ARz 70 A s R i T g 1IE . fUR
WA . Warren 45 (2007) 1 FH il s BRI, A6 BROKREE S 2 AT R R AE 7 AR 2%
MRAESS, 1 HTEMRD Wb A7 A5 35 IEAH G . Tang F1 Leng (2012; 2013) 7 FH il i 5 kL 45
B PR TR T R 2 o R e BRI R R AT b 56 B 2= H 134 de v il 3 36 R AR AL 1)
—AEERER AL, B n BRI 10%, 22 H iRm0 T F# 0.3-0.9 °C. Groisman
24:(1994; 1996; 2000)4 H &4z (I3 %5 (Overall Cloud Effect Temperature, OCET)#E 4, F
PRI B2 R 78 R B 2 B G R R 0 58 SRR I H 5 2 )20 MR 18] AR ARARRALE , JF
B A5 A [5] 2 A7 B AR A R 1484 . Sun 55 (20000 FIAAEFEERIANHIX Cngs
Ko KE L AT HT P E R RER A B Bk sUN R, PR B SR
RS AR Z IR A 850K, X T EK, 3= OCET Nfifh, £Z= OCET A
IEAE CPEZRAERSN D X T8, OCET BINIEfH. FESEpr Rt mEMLERR
Hhox 2 B AN YL AR (BEACHIRSFAAEE) MISEM, b 3R] FE UL 5k K BIF 72 7 12580 L g
133N 2 S5IRE AR AR o 1 7E — A S AR 2] DLk 6 HoAth (Rl 3 s, sRalis i
P AR AN T I 2 SR 2R o AR SORE R P AZ A 3 E B0 M 22 2R A0S S b 3 R R B2
BT AR X3 Z A IR R G AR RS 1560, 2= b U BORA 2 2 ) XA o =)
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AT b 2 AU 14 5 Mt A7 AE B S  DXI PR AR A o AR IR DX A0 R A 52 DX IR R G 5 T
(Wang , 2006), Fi#iE R I). 871285 R L IX S5 (Wu et al., 2012). ZRITE
Hi X A 4 BRE— Bl 2 = X (Klein et al., 1993), HA [F 45 5 i K022 2 (Li et al., 2004;
Yu et al., 2004) o RIS JURE 2 2, 2R 02 JRUIXFR) 22 5 1 5 JHL Aty [X R A A X 25 7 5 (L et
al., 2017). HE AR AL T AR IR X RIE ERIX, BRIk, B 5 o ] v 2R 30 2o 00 3T 3 2 R 11
SR, R ) 2 A S AN ] S AR R KT MET, Xof BE A S A PR o ] b AR AR A
AT NBIBETE 2 9 = B I 3 R R S e, 10 AN )28 28 25 AT AR B HE AN () R U0 A%
I8 o ARz B e S I AR AR O e ) = TOUIRLBE , WP R G A il AR« i = SRR,
TR, X /S RGP IR H (Liou et al., 2002). B, A LEERE A RKA £ 1
SNSRI FE M I 3 SR AR A o A SCR AWM bt PR i okt . LR I B3 R 34 & —
YrEm AR, $RIT 2001-2017 AEH E AR (20245 N, 1022122FE)EZF (6. 7 /18 H)
IR AN ) 2 26 1 2 IR 5 1
ARSI —F RN T, A48 BT R BRI H AR S itk H 0 (European Centre for
Medium-Range Weather, ECMWF)ERAS Fi 3 i 5Kk, = 5 HiEkFE 5 At & 540 (Clouds and the
Earth’s Radiant Energy System, CERES) TR BikL, —4Efm i xHififi s (Radiative-Convective
Model, RCM) PARBUEIRITTE. 5 =8 AR, BETHEARER RN o8 oty
J5PEE RN 2R AR RRAE , R AR B2t AN IR S 28 22000 I 3 3 il R sl o 38 DU oy 25 R
i,

2 R AT
2.1 ¥
2.1.1 ERA5 For#T ik}

ARSCAF R 2001 4F 1 H-2017 4F 12 A ERAS F4Hr ek th R <R, Hasim 7 o
N 1S WFE PN 1 h, #EELUTC (0000, 0100, 0200, 0300, 0400, 0500, 0600,
0700, 0800, 0900, 1000, 2300) JyH[E ¥ FH KINTE] . ERAS Jy ECMWF g —
SrMT B kL, ERAB (17K 73 ##2 (30km) &1 T H AT & ERA-Interim(79km; Dee et al., 2011 ),
Hor 137 |7, =S5 %E 1hPa, ERAS #tE—BEIE T B R RS, oot 7 3aR, se

BT EA AR B $E T (Dragani etal., 2016).



2.1.2 CERES
ASCAFH 2001 4F 1 H-2017 4F 12 ] CERES_SYN1deg Ed4A %k}, AIFEAN[EZKA <
=& M HOGS L. CERES 1F BRI % 45 (Earth Observing System ,EOS) ) # 22 2H i

{4y, HEHEAE ISCCP Kb BRAR S 7 5256 (Earth Radiation Budget Experiment, ERBE) [ %

ok

fill A 7 KE . CERES ¥Rk E TRMM. Terra £ Aqua 3 i EEEHRM = HMK
FHhER GRS R B R G ORI A, ) FH w6l 20 3 230 R v 23 () 43 90 0 SR AL B T2 2 0 T
fE, $2AET A I = FSE RS RS i {5 B (Wielicki et al., 1998; Zhang et al., 2016). AT
FUfi ] CERES_SYN1deg Ed4A 7=, HZASM3HEEN 194 BHEZHE 1h, FEikH
UTC (0030, 0130, 0230, 0330, 0430, 0530, 0630, 0730, 0830, 0930, 1030, 2330) A
W E PR ORI [E] . CERES BRHZM ZTUE¥ =X A s (>700hPa). HIK=
(500-700hPa). HifE = (300-500hPa) FlfE 2 (<300hPa). CERES = fEMfiE 700 hPa il
300 hPa Z [FIfIh =i, C4HEE TIKEEG. Kk, CERES MI=3di2nlsEn), 3 Hin
T R SR T B AERR P 25K (Yan et al., 2011).

22 J7i%
2.2.1 B4

AR — 4R R (AT K, 1992, 2007)BFFEAN [F] 2 84 206 i Hb 3R SR R 2
AR A I RS A S AT I A4 B Tl LI S K I P IRES M SR 5 520, X T 1 A U B
PRI AR SRR A o) A B AN o R AR TR IR BE . =55 R AR
IR ERAS) AR CAT K, 1992; 1754, 2001; X K245, 2007). X|LZ%% (2007) Fi
F—4E5R 0 - R AT UM S2 5, TR m . 0P R A m S BRI K
RV ST IS0 o B 1 R AT R, AL b KB AL R Lacis 25(1974) 28U T %,
AT R BRI AEHI I Os. HaO+ Op Ml NO2 25 1 BRI, 4> T Rayleigh B
DAL = B SCRI RO o AU (RO BRESTHECR AR k AT & ()7 K, 1998), &
FXH AT TORAOK S H2O+ CO2v Oav CHa Ml N2O %5 3 B i J LTI 4 IR ST L KK
TS

BRI 2B B ] DI R BOT . 2 fE RBOK PR 4R S B 6 245
P, %08 Stephens(2002) %5 i I/K = FIUK = I BEEE, - 56 M Mie BRIS TH S B UCHIUH EEAAS
XEFREEI o O BT S A0 R OK B 6 AR RS, PR RS EE AR SR A (0.33 pum) FIIE
24k (4 pm) ¥ 14 B, TR R B HE KB R TRUA 43 50 AT Tl . 76 3R S %
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B, = B BB A A5 Py B B 2R TSR A, R FH IS [R) 253t (Time-Stepping) A1 4 i
FFA (Newton-Raphson) BE A4, LN Sik i .

lasmiR e CUA SR .

PN e)
| mﬁﬁ%&ﬁﬁ |
Q| xmgﬁﬁﬁ |
| ﬁﬁgﬁﬁﬁ |
AR R
— Q#H: |
l =3 |
[ 3R | N v
WS

- WH AR ||
F bl 48 (FRHD
Kl 1 RCM #AMAER (AT &K, 1992)
Fig.1 Flowchart for RCM

2.2.2 =R ERN E X
Groisman 5% (1996; 2000) & H & =% (Overall Cloud Effect, OCE) FE X, W5
BB 5inRAE.. N EES L ERN LR LR IRER N (OCET)E X H

B EHE 40 PR SR EE
OCET=E(T)-E(T|i% %) 1)
Hrh E(MIEA =& FREHh R S06, E(TIS )8 2 244 T i £ <05 . 28l

AL 5E X CET (Cloud Effect Temperature) SRAF 78 A [ 257 2= (R3S 2508 «
CET=E(T)-E(T|#5 %) )
FESERR RAFAT, BT s S AT R =R 2 52 21 H At ) B I 78 CRa 7RI R SRS
HIREI , 1258 XA REARREIER K AR o 10— R S R AU A A FE AN [RI 2R 2 = A Ak x il
AR AIFE, A s T s I R EE I, U CET RAENA R R = 1Y
BRSNS RSO R RIR IR o BRI A SO & B 22 BRI AR SR AL H AR 7T, T A2 )
PRI Hetf 25 5 A XA AU SR AR T 22 0 I 3 2 IR R 2

2.2.3 I ¥
B, NTIHRAAFRY SRR, £ 1 A%, Hd, 5 1
¥ RCM BRI e N ZE = KA CERES 5, 70 5% b [ vb R BB AN S0 N 1 55
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FEARNARE AP 8 L HOEF B RN B SR )5 8 SO 545 51 4
FOANIF A 0 REF I R SR . 9 —J7 1, IR TR =X R SR IR 808, RCM
BREENLEEEN: KA RZHEE, ZEMEIEEEE R AR, @
BEAAT B RH L 0 3 3 AU, A TR A5 8L 2o 2 2l A Rl o B TR 21 70 km 224
= A RSN [ B 43 Dy 50 2 (56 50 2 NHLIED, A T HEIN = Zm S CERES &
Mz JZ AR B, AR oR K 2 [ 8 725 49 /2 (850.9-1013.0 hPa), HHK=7ES 47 JZ

(590.1 hPa -710.0 hPa), " E = 7E 4 45 |2 (398.2-487.0 hPa), =i =7E4s 41 )2 (165.6-209.0

hPa).
® 1 X RS ¥t
Table 1 Experiments on the influence of cloud on near-surface air temperature
s WHNE B E =i
i1 AFRSRRE IR SER  BE S fikz (850.9-1013.0hPa)
RISz Hfikz (590.1hPa -710.0hPa)
Wi 2 BRI 2R S Hiz (398.2-487.0hPa)
#iz (165.6-209.0hPa)
3 AR

3.1 i Zob R FE (I 2 AR ARFALE
3.1.1 A [HAARFAE
REDERBEEN—ANEESY, RN LEEE WS REEIC, R
Mo B4 BR Y IR A AR B e MEVE A CRlAR 4R, 2010) T [ Pp AR R MU AU, H 2
Rz 40 A0 AT ML R XIS AE . M 2001- 2017 4F 525 19 K o [ p 4R 3 X 25 8 ) 4 ) ) A
(B 2) AT, S B XA PO ) B A = St X, RO AR A 92.2%:; ARAE X A7 75
JeHhIX, BB T 55%, X 5ZERYESE (2003) FIXIHER|SE (2003) MR —8. +E
HH 7R S X = R B L RIUR R (K . AT F R S s BRI, i e
P KITA R bR AR IR HIX . PR RS RS E X AT B X, o
i EIAE] 40%Lh o IS H A T gl SR, R e R B G A P R AR
B Z AR S A 12X 25 5 T2 b = (Yu, et al., 2004; Li et al., 2004) . {HH T )11E5 &

JE 7530 IX 38 X Hh R v B 23 850-700hPa, 1] CERES %kl = 28 3B T BRI 4, BRIt



ZH X CERES BEEH¥H1 &= (300-500hPa) A gt iZ X & s Tl kK=, X ARE
¥ FEOZH X M BRI P s B E A (Li et al., 20060, magEE X EE
IIATLEVE P SRR X, FEDU I Z i IR KBy 36.9% . T 5 FIHLX B KR+ =,
XA, &S RAERIE RS s MR S KA E, o B R RO 7 i X = ==
HRFP i E TN, XEESEERTERG K. PEFPRTLTEEERNX, FX
B, HIZE R R AR I e 8 ARk ) Bk e, AFaE REERRIN, RGN, TERCKE
sz (I ATT —I, 2007).
SHEFARPEPRBARRY KD EERL (B 3), #t—B0 i a4t
BEIGFIEE S B B, #E e a riRAES . B a0 R R X AT
VU1 Gk Je = 5 X, AR AL TR S HIX, X 5B (2011) I =% (2016) 1)
SR — B MWANFRIEM B DG R T LUE Y, B 238 B R v I AR v 2 0627 5 R e A i K
AL 118 HEal P EREIR ., EEEN 82 TR, KA EER D, F
Yy 5.7, RRMEZFHRPEBRBHT S D GaBORE, s B E. X
T b R AL X 52 KGR, MRS SR, KRS, AR TR E S K E(Guo
etal., 2015). FKAEFE (2015) W 583K B B 2 b [H 1) 0koK & 23 B AE 8km-15km N KfEX, H
AR, XtRMEEFETE RS, ma KRR, JGEEER.
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Fig.2 Spatial distribution of annual mean daytime cloud fraction in summer over central Eastern
China during 2001-2017(unit: %): (a)total cloud, (b) high cloud, (c) upper-middle cloud, (d)

lower-middle cloud, (e) low cloud
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Fig.3 Spatial distribution of annual mean daytime cloud optical thickness in summer over central
Eastern China during 2001-2017 :(a) high cloud, (b) upper-middle cloud, (c) lower-middle cloud,

(d) low cloud

3.1.2 Kb

K 4 WEFARPEPRBEA S EUARS BRI =B LA F S S
Bk RS, Hrh e RAR AL X b AN, 8-1.0% yt. Norris 25 (2016)
FIH TREZE K CMIPS #0E B R I 1980s 45 2000s H1 4% B H [X A = &b, FF i
FEARIIEIAN K LR 51 AR P G v A0 3 B2 X R 2 B 1 3 TR B ) AR [F]6
MR BRNEHTH, KRai, PMEs R SR s BIEARR S FEAHEM. eIt
KA, (&= B TR a R R ES, 738-0.84 % y* F1-0.22 % y*, 1EH[H4E
RIAEFET, K@ N-0.25% vyt PR, iR EEZKE G InEA. heabk
FEAR I X R I TR0 a4, FEHADIIIX y 0~0.2 % yt s niEass. maERIbHhX
R 0~0.2 % yt IS, FE i E R AR AR X R AR R L AR AR
fI4EpRAE L (P Ga-e) tHATE H, 2001-2017 4Erh [H A R i = B A (-0.32% y!) F %
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B TIRZ BN (-0.27% yh) 5, X5 Chen 5§ (2018) 4R —H.

MEZE H R B AR OG5 B AR 2R B = O 22 B 2 AR A 34 1 2 T 73 A7 1
(P 5) T, BRI Rl P IR 81, o PR M 2006 K A 0-01
BTSSR RO 510 006y, 003 y* HIMINES . it £ 6227
FERARON TR s, Hrp e DD B 0,22 vt B3 PR . mmot R R b X
£ 0.24 yt BERIGES, £ E AR A K2 H-0.1-0 yT IS N REES . BES S
FIA R 2 (65 R B bR A (& 6f-g) mI AL, S fl 4 FhARIZEAY 2= a5 I8 BEAE
2001-2004 4E2A- A7 A B R nEass, 1 2004-2017 4F, BRI 2062 R B o i AR Ak a4 41,
HRz. TEa. Ao st E~R /737 £-0.06 yi -0.11y?*, -0.15y* fl -0.04 y* (1)
TR

100E 110E 120E 130E 140E 100E 110E

06 05 04 03 02 01 0 01 02 03 04 05 06
K4 2001-2017 SFH E T ARFE FEE R B BFERESA CRAL: %y FRULE): (@)=,
byE=. ) Es. (RS Ks CRAXEFRREY 95% B LK, TFED
Fig.4 Spatial distribution of the linear trends of annual mean daytime cloud fraction in summer
over central Eastern China during 2001-2017(unit: % y™):(a)total cloud,(b) high cloud, (c)
upper-middle cloud, (d) lower-middle cloud, (€) low cloud(The dot areas in the figures represent

confidences greater than 95%, the same as below)
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Fig.5 Spatial distribution of the linear trends of annual mean daytime cloud optical thickness in

summer over central Eastern China during 2001-2017(unit: at): (a)total cloud, (b) high cloud, (c)

upper-middle cloud, (d) lower-middle cloud, (e) low cloud
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K6 2001-2017 Erp [E b R 2 = H R AFEM R M a BN 02 E EREREL: (a)
B, EmziE. ©fEasE. ()TRsE. @RaE. HRHEEE. (9Fs
B (H R B, (VTRECEEE. (MREEEEE
Fig.6. Time series of cloud fraction and cloud optical thickness in summer daytime over central
Eastern China during 2001-2017:(a)total cloud fraction,(b) high cloud fraction, (c) upper-middle
cloud fraction, (d) lower-middle cloud fraction, (€) low cloud optical thickness, (f)total cloud
optical thickness,(g) high cloud optical thickness, (h) upper-middle cloud optical thickness, (i)

lower-middle cloud optical thickness, (j) low cloud optical thickness

3.2 B2 R o s AT 3R AR A e

7a N 2001- 2017 4EE 2= K E Fp AR X s 2 5 (CERES_SYN1deg_Ed4A #K})
iR (ERAS R0 M B0R A S AT 1 . E RIS o B S R IR R
ORI, EE XA T 7E L B IX, B K{H1A-0.87. & 8 & CERES_SYN1deg Ed4A ik}
331 2001- 2017 4 H ZE AR MR 22 R S sRaa K 25 (B o3 AT 5 o4 S A 10 2 ) 7
S, R ERAELL, Bl R Abpg S, TR R X R S
SR AR X, X5 e B SR AR A SO R R B XA R o S AR S 3R BT M 3%
RS = BRI RS AAAE R P A G L R (Yu et al., 2004). 55 9 KL, HETRLE S
BEREL (GO SRR A QB AR N KRR, FEREZFE R E
R ER S o8 B R R AR 2 U 58, 1X 5 Sun £5(2000) A1 Warren 55(2007) (IR 7o 45 16
—H. =] DB U SR GRS SRR B I M 2 U . SEPR R, IR 2 F
HAbBRIZR CRAIPRAMIPEKEE) BRI . 9 1 HERRXLE R R, A SR b [ TP AR R 2=
HRETF RN = R B, i AE] RCM 0, 1531 H =24k 51 I i 3 A .
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Fig.7 Correlations of daytime total cloud fraction with the near-surface air temperature (derived

from (a): ERADS reanalysis data, (b): RCM model results) in summer over central Eastern China

during 2001-2017
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Fig.8 Spatial distribution of annual mean daytime cloud radiative forcing at the surface in summer

over central Eastern China during 2001-2017(unit: W m?)
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Fig.9 Time series of daytime total cloud fraction anomalies and at the near surface air temperature

anomalies derived from ERAb5reanalysis data
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Fig.10 Time series of daytime shortwave cloud radiative forcing(SWCRF) anomalies and net
cloud radiative forcing(NCRF) anomalies at the surface derived from ERA5
reanalysis data(**and* respectively represent confidences greater than 95%,90%,
the same as below)
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Fig.11. Spatial distribution of annual mean CET in summer daytime over central Eastern China
during 2001-2017(unit: °C): (a) total cloud, (b) high cloud, (c) upper-middle cloud, (d)

lower-middle cloud, (e) low cloud
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