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Fig.1 Homogeneous freezing ice number density (N, ,

o[

solid line,units: L") calculated from three ice nu-
cleation parameterizations as a function of sulfate
aerosol number density(N_, ,units:L™") ( The blue
line indicates LP,red line indicates BN, and green
line indicates KL ;7=220 K,P=250 hPa,N, =10
L', W=0.1 m - s™'; Heterogeneous freezing ice

number density (N, ,dashed line,units;L™") is al-

het »

ways 10 L")

LT LLE 1,2 W<0. 14 m - s7'Bf, = EF EiH
BN, FRESE 10 L' N, 23k 05 T 5% R
b, R R K, TR, fE0.14m - s'<
W<0.19 m - s"' & F,LP )y R ¥A &4 F i #%
fb, M7 BN f1 KL 7 & kA T R A Wit
JEUL, R LP 5 2 ), 5 B Ak 3 il 17 52 4% 4k & A=
IR 0 TR 25 5 B o
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A EEIE S EIKSEAS R T R
CAMS X vk = (48l . 1 5%, T 50 i N, 41
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TEXCHB 43 FH 20 A A 400 52 56 o, VK R AL S 8 T &
H 2 AH FH PD A e s A K

K3 T =B85 br fE0 N, Bk
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100 000 L™ 522k Fm A [l A% 4K 1 92 380, Ny
=0; LARHIE T 57 B AL S R % Al i 38 4
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Fig.2 Ice number density(i.e. N,=N,,, +Ny. ,units:L™")

calculated from three ice nucleation

parameterizations as a function of updraft velocity
(W,units:m - s™') [ T=220 K,P =250 hPa,N_, =
100 000 L' ; The solid line indicates pure homoge-
neous freezing simulations (i. e. N, = 0); The

dashed line indicates the simulations considering the

competition between homogeneous and

heterogeneous freezing(i.e. Ny =10 L") ]

N, M B 2, JC R AR B 19 vk = e 181 3
LG R B — 1> 0 25 AL T2 UK A 0k 38 Bl B T v
TPk o 3 Il A A AL 1Y) 32 528 i DR ) e A A 1)
AR DL A BROUK N, B TR R T e s b
i 2/ T 205 KOF B N, B e T . —
AT RE AL T R IREL A OF R, AU O B
BHE AR RAL , 20 10 0 T LR TE 8 BE A TR B S
AR IN A S Al 1o Wit ik = 8 A
SRAL O T [ O AR AR HE % 2 (Murray et al.,
2010) o o b ad 52 i i 5 b 2 b B S, o
AR T 205 K i, 25 1k A o db At o B4 40
9 N 5 R 450 (S %5, 2010) o AN T
REWS 5 LA A B8 3R 45 SR R A7 X0 LE, A 6 T X
PR o AL BE R T 225 KB B ALY oK KR R
B AR T 0L o 73X Rl i 182 B9 0K o, UL £ DK
Kode B nT BE B B 2o 2 il YE B AE 205 ~
225 K, BREADLAR) K ol B0k B2 S 0 H . 1 3
73— R AR =TT R MBI AE R AR
B4 Tikash N R A, AL
Btk B S B — A 0K = S UL 52 % ( SPARTIC-
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Fig.3  In-cloud ice crystal number concentration ( N,

units:L™') versus temperature ( 7, units; K) ( The
CAMS5 model results were sampled every 3 h over
tropical , mid-latitude and Arctic regions,including
the observation locations reported by Kriamer et
al.(2009) ; The 50th ( solid line) ,25th and 75th
percentiles ( error bars) are shown for each 1 K
temperature bin; The gray color indicates observa-

tions between the 25th and 75th percentiles)

US, http://acrf-campaign. arm. gov/sparticus/ ) , W
X AL T (97.5°W,36. 6°N) Fif . 3% & WL %
PaHEBR 1 ok b BB A R2 R o fl 1A AT L U N,
FAMAAE 5~500 L' LAY N, £ F A A 7E 2 ~200
Lo W ARG 00 00 B8 0 o AR o AL R UK vk
37% ~39% £ b # 20 ~ 50 N/F+ X [A] ( LP38%,
BN37% ,KL39% ) , WLIM i K dd i B2 31% 4k A AL fIR Y
10~20 A~/ FHIX ], SR UL, BELLEYS N, BHE S o A
SN B , =BT SRS R B 25
LIS R R W] LP JF A% T BN fl KL
J7 S A Ty B S A% AL B L TR B A e A A
Do PIL, A 6 B2 Wi 7y #r CAMS #3078 % Al LP
T7 S UK 2 I8 i A o ) S AL R AR AR AR T
HAbWigr %o & S a7 W, >R LP J7 0 [R] o 2%
ek B BAK T BN A KL J5 %, Jesh, e
R MRS 7 58 , 2 4F 4 1wl ~F- 1 14 [a] o A% 1k % A M 5
HB/NTF 0.1, gk &, 90% LA b i vk = A il ad 7
R BR B . X 5 RIS B e R —
W, vk =8 B S R AL i E ((Cziczo, et al.,
2013) o MNP S B AT LAt R o BRI R AL 2 A 48

.15
01 —LP —KL
0.12 1 —BN OBS
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UK AR /L
P4 vk ok S EORE (N B0 L) 48 5 43 A (
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Fig.4  Probability distribution frequency of in-cloud ice
number concentration ( N, , units; L™' ) ( The black
dashed line refers to the aircraft measurements
from the SPARTICUS campaign; The solid line in-
dicates the CAMS model results, which were sam-

pled over the field measurement site )

o Tdbkek, EHEEACERYITRE RS, D E
SIS B AR L T R A% A B A A o

6 45 1 UK i Ok B 1 I o0 A . i TRV
Xof i J2 TP A AR X A AP AR R ) A T 0 2l R X )
G0 ) A% AR & A I BES 7 AR 48 22 1) 0K ( Barahona
and Nenes,2008) . [, =% )7y AT 1A 0K 5
BOdk BE R X (R F 200 L) #2322 43 i A By
Xf it 2 TES o ASad, R AT LP Jr 28, 6] 5 Ak & A
AL R X i AER (1 S) 5 AT 5 BOAE 1 249 1) oK ok
FE/NT BN ML KL 5%, K 6 Was i 1 5 Bz AL *f
VKRR RO B TR (N /N ) o B AL BRI 2 2T
FEER AR IR Z A AUCT B B A A i)
UK RO T 2, O Hoak RE A ) W] B R AL Y R A B
DL, A2 35k 5 B A A 0] K B0k 32 1 ok I R o T
FAEER, RS TR B R R LASM X
S OAZ AR UK B0k B2 STR /N T 0.5, AR 2 BRI
WXL, H BT 0.1, XU, BARKZHIKE
H 57 A% A A B, A5 - 2 DK Ok B A EEOR A
) B AL

UK Al O TE 1 A2 A 23 B R UK = B OGS R
M = fmipmia . &7 40 724 YA
K 55 4458 38 (Long-Wave Cloud Forcing, LWCF) |
5 % 4 5 9 38 ( Short-Wave Cloud Forcing, SWCF) |
A K VK 803 BF (column ice number concentration,
fal X CDNUMI) Fll = VK #% 4% (1Ice Water Path,IWP) ,
BRI UL, CAM 458 A 400 1) 2 6 S i 38 5 U0 4y
i, =F&55% (LP BN Al KL) # #1153 i ) CDN-
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Fig.5 Annual zonal mean occurrence frequency of homogeneous freezing ( the results are sampled from model grids where the
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Fig.6 As fig.5,but for annual zonal mean in-cloud ice crystal concentration(a,c,e;N,, units; L") and heterogeneous freezing

contribution(b,d,f; N, /N,) : (a,b)LP;(c,d) BN; (e,f)KL
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Fig.7 Annual and zonal mean distributions of long-wave cloud forcing (LWCF, units; W - m™>) and short-wave cloud forcing

(SWCF, units;: W - m™*) , column cloud ice number concentration( CDNUMI, units: 10° m ™) and ice water path(IWP ,u-

nits;g - m~>) ( The black solid line refers to the observed data for cloud forcing( Wielicki et al.,1996) )
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Fig.8

Changes ( present-day minus pre-industrial times) in annual and zonal mean distributions of long-wave cloud forcing

(LWCF,units;: W - m ) and shortwave cloud forcing(SWCF  units: W - m~>) , column cloud ice number concentration

(CDNUMI, units; 10° m ™) , cloud forcing( CF = LWCF+SWCEF, units: W -

m™?),ice water path (IWP, units:g - m )

and liquid water path( LWP units:g - m™) for the LP,BN and KL experiments( The vertical bars indicate the ranges of

two standard deviations calculated from the differences of each year for 10 years at different latitudes)
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Sensitivity study on three ice nucleation parameterizations

SHI Xiangjun'**,ZHU Shoupeng' ,ZHI Xiefei' ,DU Kangyun’,Liu Qingai’, WangLingwei'

'Key Laboratory of Meteorological Disasters, Ministry of Education( KLME) /Joint International Research Laboratory of Climate and Environment
Change( ILCEC) / Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters( CIC-FEMD) /Science and Technology In-
novation Team for East Asian Monsoon and Regional Climate Change ,Nanjing University of Information Science & Technology ,Nanjing 210044 | Chi-
na;

2State Key Laboratory of Atmospheric Sciences and Geophysical Fluid Dynamics ,Institute of Atmospheric Physics,Chinese Academy of Sciences, Bei-
Jjing ,10029, China;

*Hebei Climate Center ,Hebei Meteorological Bureau , Shijiazhuang ,050021, China;

4 Public Meteorological Service Center,Shanghai Meteorological Bureau ,Shanghai 200030, China

The ultimate purpose of this study is to investigate the contribution of ice nucleation parameterizations to the
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difference in estimating anthropogenic aerosol indirect forcing.Three physically-based ice nucleation parameteriza-
tions , respectively developed by Liu and Penner( 2005, hereafter LP) ,Barahona and Nenes (2009, hereafter BN)
and Kircher et al. (2006, hereafter KL ) are analyzed in this paper.

The LP parameterization is derived from fitting the simulation results of a cloud parcel with constant updraft
velocities. The number of nucleated ice crystals is a function of relative humidity, temperature, aerosol number
concentration and updraft velocity. The BN parameterization is derived from an approximation to the analytical so-
lution of air parcel equations.One advantage of BN parameterization is that the heterogeneous nucleation may be
described by different nucleation spectra,derived either from the classical nucleation theory,or from observations.
In KL parameterization,the competition between different freezing mechanisms is treated by explicitly calculating
the evolution of the water vapor saturation ratio within one host-model’ s time step.It is worth noting that,in this
parameterization , the ice crystal number concentration produced via homogeneous freezing is not sensitive to the
sulfate aerosol number concentration in most cases,except for the highest(4 m - s™') updraft velocities.

The offline experiments show that the ice crystal number concentration calculated from KL parameterization
was not sensitive to sulfate aerosols number concentration in most cases, whereas the ice crystal number concen-
tration calculated from the LP and BN parameterizations increased with the increasing sulfate aerosols number
concentration.Compared to the BN and KL parameterizations, it is relatively easy for heterogeneous ice nucleation
to inhibit homogeneous ice nucleation with LP parameterization. However, the ice crystal number concentration
calculated from LP parameterization is usually higher than BN and KL parameterizations.

Aside from the default LP parameterization in the CAMS5 model,the BN and KL parameterizations were im-
plemented in CAMS for comparison.The occurrence frequency of homogeneous freezing from simulation with LP
parameterization is less than BN and KL parameterizations. However, all of the simulations show that the occur-
rence frequency of homogeneous freezing is less than 0. 1, which is in consistent with the observations. Further-
more, there is no remarkable difference among these three parameterizations in the ice crystal number concentra-
tion or cloud radiative forcing,and all of the simulation results show generally high agreements with cirrus cloud
observations.This suggests that the model’ s capability to simulate cirrus clouds is not sensitive to physically-based
ice nucleation parameterizations.

The CAMS5 experiment using the KL parameterization predicts a much smaller anthropogenic aerosol long
wave indirect forcing(LWCF,0.05 W - m™>) than that using the LP(0.36 W - m™>) and BN(0.33 W - m™*)
parameterizations. This indicates that ice nucleation parameterization plays an important role in estimating anthro-
pogenic aerosol indirect forcing.Previous studies showed that the annual global mean change in LWCF from pre-
industrial times to present-day estimated from the ECHAMS model with KL parameterization was 0. 05—0. 20 W

- m >, which was much less than the estimate (0.40—0.52 W - m™>) given by the CAMS5 model with LP pa-

rameterization.It appears that this difference can be mostly explained by ice nucleation parameterizations.
icenucleation ; parameterization ; climate model ; aerosol indirect effect;sensitivity
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