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Abstract In this study, we temporally and spatially obtain the cloud types from an active sensor product (2B-
CLDCLASS-LIDAR) and the cloud properties and the associated radiation fluxes at the top of the atmosphere from a
passive sensor product (CERES-SSF) (01/2007-12/2010). Further, we statistically and globally analyze the properties
and instantaneous radiative forcings of various types of single- and two-layer clouds overlapping with high clouds located
at the top of atmosphere. Although the aforementioned two products are independent, the passive sensor results denote

reasonable contrasts between various types of single-layer clouds in terms of their optical depth, phases, and other
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parameters. The differences between the cloud properties of various types of single-layer clouds can significantly affect

the radiation budget at the top of the atmosphere. By comparing the distributions of the CERES sample numbers with the

short- and longwave radiative forcings of clouds, we denote that their high-value regions differ in terms of the shape,

location, and area; further, we indicate the particular radiative characteristics of different single-layer cloud types. The

dense area of the CERES-footprint sample number in case of the stratocumulus type cloud is shaped somewhat similar to

an ellipsoid, whereas those of the remaining single-layer cloud types tend to resemble an exponential curve. Further

consideration of the impacts of the overlapping high clouds reveals that that the overlying high clouds have more opaque

and thicker cloud bodies when compared with those contained in single-layer high clouds, that the underlying cloud types

tend to be more transparent and thinner when compared with their corresponding single-layer cloud types, and that the

two-layer cloud types overlying high clouds, excluding high clouds that overlap cumulus, exhibit weaker cooling impacts

on the Earth's atmosphere when compared with those exhibited by their underlying single-layer cloud types. The study

results provide a detailed understanding of the cloud-radiation feedback and an observational basis for improving the

cloud parameterization schemes in models.

Keywords Single-layer clouds, Two-layer clouds, Cloud characteristics, Cloud radiative forcing
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Fig. 2 The frequency distributions of the sample numbers of the cloud fraction in the CERES field (CERES-CF) for various types of (a) single-layer

clouds and (b) two-layer clouds. HC: High Cloud; As: Altostratus; Ac: Altocumulus; Sc: Stratocumulus; Cu: Cumulus; Ns: Nimbostratus; DC: Deep

convection. In the legend parentheses, the sample number and overcast fraction of the individual cloud type are presented, respectively. The overcast

fraction is defined as the ratio between overcast sample numbers with a CERES-CF greater than 90% (marked in the gray shaded area) and the total

number of samples
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Fig. 3 The sample frequency distributions of the (a) cloud optical depth, b) pressure interval, (¢) mean effective radius of the water particles, (d)
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Fig. 4 Probability density plots of shortwave and longwave cloud radiative forcing pairs at the top of the atmosphere for various types of single-
layer clouds in terms of the sample number (shaded): (a) High clouds; (b) altostratus; (c) altocumulus; (d) stratocumulus; (e) cumulus; (f)
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IBRFNA AT (2) EFR 1 2 A B 5 Hh i s FE 1
72 /N R BN 2= T R [ A0 SR
HRETHIRE IS . T A RS Chen et al. (2010)
EEL 3 JER 2 I BRI i SRR 1 A5 AR
FORATIX (. PREESKRIA MU IR
GEERETIC . KA LA AR Th Pyl A
Mt (Stephens and Greenwald, 1991).

BRIZM = DA, HE =288 CERES ML FE A
B DX S B i 2 L L IR = o i iR BB U 2 e
SRIE I LEHE I N . BN, = RN S X S Ak
AT RO 42, AL 248 S 9B AR A < FR
SRIE M0 W m™ /b 3 41-300 W m ™I {125 W m™
REMMNZAE 150 Wm?. 5z CERES M7 FE A % 5
DXAE 2 8 0 AR AR FL R 5 K = A S i 2 AR
TOWm?, RIS RGIFIRERN . X
AR R NA O EEHER, sz RN
FXTHL R R G = AN, (Haladay and Stephens
2009; Su et al., 2009; Sun etal., 2011). Zhang
etal. (20100 fithim/2 = HHBUEE S RAREE
BAH IR BT R B B T 2 B K
K, TR s EE SR KB . T
EXF e R AR = R, BT R
RN A EREZE R . B 4b M cn] LUE 3,
&1 )2 = AE A 2 1 CERES 137 IO FE A S 42 X Ao B
I3 AL T B AR A ) X . X AT R S TR R
LR o ME R s =AU R AR A AR b
FAERIZE AR . W E SREAC S AR X I T AR B K
THAM IR, XA RES 2R AR TE UK
BRMOC. filtn, oz 550 H R AR AR 5
W 7Y o3 A, HLPRUEAE X S ) 2= = S0 T8 B& 43 0
120 hPa #1300 hPa. {EAF U, B ARBHALSS
S B BN BR 7] A HS SN 5 AN e AR AE TR TN AR
A, BT DAAETH B 22 0 S i S G 72 1) &7t S5 S
W E SCHFET PR ERESE—EiR%E. |
TR B AR KSR TOAL ) A1 H SR i e
I 25 R 22 S P Re /N TR R 22, A LA BIAFAE /MR
73 P25 CERES FEA 1K 2= 4 3 38 Dy 774 1Y) 57
WG

4 BEREENNEZ

CAHEM RN, ERKEENTEAES S
K=EZMZZE2= (Yuan and Oreopoulos, 2013;
Christensen et al., 2013). AT, A BB IR
FEEMESZS TR B SRR e E
AT B R BRSO IR . B, Y
En BB, ST T EER T SRR
FLRARGTRER, S T7 = B KK
SN RE 08 IS5 IR T = 2 T A B4R S A
(Chen and Cotton, 1987; Christensen et al., 2013).
FEAME, IR = R I S R B4R S RE R i 1 b
J T o 0 R R A A R B R, I L S TIAR K
SHKERS AN ERE s R E. BT,
KT X CE S E BRI B W
VBRI 5 G R B RS I 2 5, DUINRBE R =
JEIAAHEAE IR = Z 2 OO P R S

B5 ol sa 1T B2 = NUE = & B R A
AFE % WO g, Bl Ss
(BED) RERREEEE: Mas (Ga/E
Er) REmamEE=N EERESNEE, &2
= (FomzEz) REGamEENTERER
. A EHRFZNARBRBZEZN = ZH
i, WEARFNZZN LT o 2800 8y
b Sa 2160 5 0 AR Sk Anid O 20 B, FRATTR
WA RE = B RS R AN R R s
K= EE . Bk, BmR1TERI: &a/
B E . ma/MeMEs/fzZs ) EEE s
AR R M ZOE R K402, 17.0 1 14.1,
EHE R, A XEE1 EE R
B R E = RN = E AR R AKOK g, H
BUNIUKRLFAMBER . B, &R
m MR =W JE = Bz 53 0 B E 5 =
RJEAURNIRG (BUK/KEEAE) K 115.6 hPa (7432
gm?. 61.9hPa (164.5gm?) #H188.0 hPa (1422
om?). MEEERE. & ERE NS E
) b vz U S HE B v = FROKORE 1~ S EAR D
37.2. 2951242 pm. H¥EnEEE, FTEaH
MR ERERIAET KB EZ RS, &
w: SmnENRE. ma/MEafEs/EE s
TERERENZERE FICH R EZRE /N 494,
10.6 f15.6. [FFEHL, i FEZRKUK=)ZAE
[ RE AL LB R RS AN Relie, &R
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Fig. 5 Box plots of the (a) cloud optical depth, (b) pressure interval, (c) mean effective radius of the water particles, (d) mean effective diameter of
the ice particles, (e) liquid water path, and (f) ice water path for individual cloud layers for both single- and two-layer clouds. The tops and bottoms of
the boxes are the first and third quartiles, respectively. The black line through the middle of each box indicates the median, and the red circle in each
box denotes the mean. The whiskers extend to the 5th and 95th percentiles, respectively. The number above each bar denotes the sample number and
is indicated by the width of the box
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MHEEWEE S ZRM, mREET . B
I EFRAAERR . SEKE, EEWEmE
RO LR R = = EROCAE B =ik, FF A
VKK AR (RGN AN UIORE A7 R ELAR IR R s 17

BN 6 R 2 RS 1A o

BT R LT DEE WO B A2
MRt — 2 5o KR TR R AT B B, A0
BN T REAR KU LS ZEERNUZ 1

RZZER (BRTHZ) MHEEREZRESAFHE  ZEMe (BeMk2). EMAUMHIKNE, A3

R1 2007200 FREERMVNEZENTZENZHELKETNE, BENERTINEZNLEE (KTE) zXB5HS
EaREHNzHEERE
Table 1

from 2007 to 2010. The values in parentheses are the differences between cloud properties in case of two-layer upper

The global annual averaged cloud properties of the individual cloud layers in single- to two-layer cloud types

cloud types (or lower cloud types) and associated single-layer cloud types

BRFEARRESE
ZEAURNE KKFAER KRFAR WEKERE UOKERIR/
TR R [ /hPa 42 /um HA%/um gm? gm?
LN mz 3.7 95.6 18.8 63.3 35.9 71.4
EH=P 13.4 191.0 18.6 68.5 108 284.7
Rz 16.2 109.7 10.7 243 116.2 79.9
Bz 12.8 85.7 12.2 30.2 103.1 50.2
Mz 22.4 1112 14.8 40.2 209.4 305.5
WEz 36.1 268.3 15.3 64.5 280.2 711.4
X = 79.0 268.4 16.4 72.4 304.1 1791.6
BIEZ BnEEE LRSS 5.5(1.8) 119.5(23.9) 20.3(1.5) 49.4(-13.9) 1532(117.3)  73.4(2.0)
ma/mR s LEE s 8.1(4.4) 111.1(15.5) 129(-5.9)  26.1(=37.2)  97.4(61.5)  61.8(-9.6)
Mo/ ERER L EEs 5.9(2.2) 95.5(-0.1) 11.9(-6.9)  33.8(-29.5)  57.9(22.0) 51.2(-20.2)
maMal EEEas 20.7(17.00  157.5(61.9) 18.0(-0.8)  39.1(-24.2) 271.8(235.9) 235.9(164.5)
mn/MEEN LESS 17.8(14.1)  183.6(88) 187(-0.1)  46.9(-16.4) 244.0(208.1) 213.6(142.2)
/R R s 43.9(40.2)  211.2(115.6)  29.0€10.2)  54.7(-8.6)  146.1(110.2) 814.6(743.2)
mnlEE R TR 7.8(-5.6) 63.1(-127.9)  16.0(-2.6)  49.9(-18.6)  73.1(-34.9) 102.2(-182.5)
Hn/ER S TR s 11.8(-4.4) 60.9(-48.8)  12.5(1.8) 29.3(5.0) 91.2(-25.00  86.7(6.8)
LA T EMER S 12.4(-0.4) 74.7(-11.0) 14.8(2.6) 30.0(-0.2)  113.3(10.2) 79.4(29.2)
FmaMal FERE 26.9(4.5) 90.9(-20.3)  16.5(1.7) 39.1(-1.1)  266.0(56.6)  300.6(-4.9)
Hn/MERN T ENES 255(-10.6) 116.0(-152.3)  16.1(0.8) 42.1(-22.4) 235.1(-45.1) 253.6(-457.8)
AR TR RE 29.6(-49.4)  94.6(-173.8)  16.3(-0.1)  41.5(-30.9) 304.5(0.4)  413.9(-1377.7)

R2 20072010 FRRE R X BNELIRE THPRSERLE R, KEMSZEHRE (Bfi: Wm?)
Table 2 The global annual averaged shortwave, longwave, and net cloud radiative forcings at the top of the atmosphere
for all the cloud types from 2007 to 2010 (units: W m)

R SRS RIE/W m 2 B2 ST SR IE /W m 2
=/ Hiz/ sl mnl o/ izl
mn mEzsn EBs BB Ml WEzs Bz @Es Gt Bfa Ble WEz BRWURs
P -146.4  -3055 -268.6 —233.0 -270.5 -427.1 -535.7 -254.5 -279.5 2404 -378.6 -405.4 -459.5
KK 89.7 111.5 51.1 15.4 28.1 104.9 129.5 97.3 84.8 31.2 90.3 95.9 98.8

# -56.8 -194.0 -217.5 -217.6 2424 3222 —406.2 -157.2  -1947 -209.2 2883 -309.5 -360.7
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Fig. 6 The global annual averages of (a) shortwave, (b) longwave,
and (c¢) net cloud radiative forcings (units: W m™) at the top of

atmosphere for all the cloud types from 2007 to 2010
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