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Abstract In this paper, a convective precipitation in the southwest of Hebei Province on May 22, 2017 is
simulated using the Weather Research and Forecasting (Version4.3). By applying the satellite observed
vertical profile of aerosol extinction coefficient in the model, this study quantifies the threshold values of
aerosol optical depth (AOD) on affecting the precipitation rates by the aerosol radiative effect (ARE). The
linkage of latent heating of microphysical processes and total advective heating to the radiative heating is
discussed. The influences of ARE on temperature, moisture, relative humidity, and the thermodynamical
conditions are analyzed. The results show that: (1) when AOD increases from 0.1 to 1.5, the influence of
ARE on the peak precipitation rates increases and then decreases and the influence is the largest when AOD
equals to 1.0. In contrast, the effect of ARE on the cumulative precipitation rates decreases and then
increases, and the inhibition effect is the weakest when AOD equals to 1.0; (2) The change of radiative
heating caused by ARE is accompanied by significant changes of latent heating rate of microphysical
processes and total advective heating rate. The change of total heating rate is mainly determined by the latter
two; (3) ARE enhances the vertical updraft in the mature stage of the convection, which is conducive to
stronger convection and precipitation.
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IR 25 AT BRI B 5 2 SRR 78 (RO ME 5 (Stevens and Feingold, 2009;  Tao et al., 2012; Han et al., 2022;
Fan et al., 2018) . “UAMRKR TS WA BN LRIy 2= B S5 A% BUKAZ SR 2= R /K A, 300 R 18 1o % S 2002 MR W T
RO RPRAE ST, SR RAGEE . KRG IR AR E B, TS it = FIfE 7K (Hansen et al., 1997;
Feingold et al., 2005;  Parajuli et al., 2022) .
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et al,, 2004; Fan et al., 2008; Koch and Del Ginio, 2010; Ten Hoeve et al., 2012) o KEMF UL TS5 4R 5 2%
Xz A K 52 (Koren et al.,2004;  Fan et al., 2008; Wong et al., 2005; Ma et al., 2012; Shi et al., 2014;
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fI5TMA AN A (Rosenfeld et al., 2008;  Fan et al., 2008; Fan et al., 2015) . Lee %% (2016) WfFHIER T Likssit,
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W RO A 5 R /K I B 2SR . Ten Hoeve 25 A (2012) AASZEEET AN L0, AOD Bt =0t 2 JE
Bt AOD WIS INm/L, = ZAMARR . AW RIS AOD<=0.5 I, I HH N2 W S n KR, {B7E
Bt X, 4 AOD>0.5 i, i ESEIR S KM (Sun et al,, 2022) o FRE b b E5 Y fp ™ H X 2
—, HrhpU B X E TR, SO B BRI RS RS s (Li etal., 2019) o Xiao %A (2022)
KL R A ZE X R K 5 SR IS G R RAEAT TR AL, RO 7E XS PR /K %6 5 AOD 2 [A] R IEARSG, X
S50 NI ECER N, WO, 15K AR R UL K s R sl P A 6. Choudhury 25
A (20200 =R A X =N EFEF (HFENE>95%) FIMMIEN EF AOD S HdR Ll T4 50T K
B, AIEIR B S RN R M T T K S A R

AT FEAE S T SV B RS RO 2=« KRR BRI B v, (ERF R4S HIFAR— 30, bl UG H R m L

IR A, KENFIRIT 7RIS RN 7 0 A il & . AR, RIS, AR, AR R



AV R ] 388 3 5 T 6 e o A R AR R — R B TR 3 R 2 R B K R R B AL i ANV A o RIS e 2 oxt
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F)— VAR P K FEBEAT AL, K HE CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation)
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Department of Commerce, 2000) 1EARIHIIIA ML IR A, BHIAKF RN 17 X1°, WEGHER
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Table 1 Physical parameterization scheme of WRF model adopted in this study
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Fig. 1 (a) Model domains (D1, D2). Shadings represent terrain height (unit: m);(b) terrain height in D2 (shaded, unit:
m) and the simulated 700hPa wind field (vectors, unit: m/s); (c) Aerosol types from the CALIPSO satellite VFM (LIDAR

L2 Vertical Feature Mask) product display on 21May 2017; (d) HYSPLIT model clustering results of air masses at a height



of 500m centered on (38°N, 114°E) within 7 days from May 16 to 22, 2017
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Fig. 2 (a) Default extinction coefficient vertical profile of mode radiation scheme, (b) The vertical observation data
curve of aerosol mean extinction coefficient of CALIPSO satellite in May 2017 (black curve, unit: /km) and the vertical
profile of aerosol extinction coefficient obtained after normalization of observation data (red curve, unit: /km)
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Table 2 Sensitivity experiment setup
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Fig.3 Distribution of precipitation rate at 14:00 on May 22. (a) Observed precipitation, (b)-(f) Simulated precipitation
when (b) turn off aerosol and (c)-(f) AOD(Aerosol Optical Depth) is set to 0.1,0.5,1.0 and 1.5 respectively. The red box

represents the study area (36.5 ° N-38 ° N, 112 ° E-114 ° E)
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Fig. 4 (a) Hourly precipitation time series of the whole study area (36.5°N-38° N, 112°E-116°E) on the May 22, 2017
(black line: turn off aerosol; blue line: AOD is 1.0; red line: AOD is 0.5; green line: AOD is 1.0; purple line: AOD is 1.5;
gray dotted line indicates observation value); (b) Time series of hourly precipitation in mountainous area (36.5°N-38°N,
112°E-114°E) on May 22, 2017. The vertical dashed line represents the boundary between the convective development

stage, convective maturity stage, and convective extinction stage divided in this article
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Fig. 5 The difference between the peak precipitation rates and cumulative precipitation rates in the simulations with

AOD of 0.1, 0.5, 1.0,1.5 and the simulation with AER_OFF (unit: mm)
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Fig. 6 (a) Time series of regional average vertical distribution of cloud water and cloud ice mixing ratio of AER_OFF
(Contour is 0°C isotherm), (b)cloud water and cloud ice mixing ratios in the AOD_0.5 simulation (Contour is 0°C isotherm),
and (c) the difference of the mixing ratios between AOD 0.5 and AER OFF simulations (unit: g/kg). The vertical dashed
line represents the boundary between the convective development stage, convective maturity stage, and convective
extinction stage divided in this article, and the horizontal dashed line represents the cloud below, in, and above the cloud

divided in this article
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Fig. 7 The difference of heating rates of (a) long wave radiation, (b) short wave radiation, (c) total radiation under
clear sky conditions, and (d) long wave radiation, (¢) short wave radiation, (f) total radiation in the cloudy conditions in the
AOD 0.5 and AER_OFF simulations over the mountain areas. Unit: K/day. The dotted lines indicate the mixing ratios of
cloud water and cloud ice. Unit: g/kg. Black dots indicate passing the 90% significance test. The vertical dashed line
represents the boundary between the convective development stage, convective maturity stage, and convective extinction
stage divided in this article, and the horizontal dashed line represents the cloud below, in, and above the cloud divided in
this article
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Fig. 8 The difference of heating rates contributed by the five processes of AOD 0.5 and AER_OFF. The five processes
are (a) radiative heating, (b) vertical mixing of the boundary layer, (c) cumulus process, (d) latent heating process of
microphysical processes, and (e) total advection. (f) the sum of the five processes. Unit: K/day. The vertical dashed line
represents the boundary between the convective development stage, convective maturity stage, and convective extinction
stage divided in this article, and the horizontal dashed line represents the cloud below, in, and above the cloud divided in

this article

3.4 SREESYAAIRE . AKMEXRENZW

RAINERE AR, BRI , ME0 7/KIEIE S50 Ao iR BEAKIRRE 1A,
J& 25 FH B 7K TV B TR E R 3%

Kl 9 /2 AOD_0.5 150 11 I 2 21 =/ IR EE T AHXTREE RH KT
L RS RN (AOD_0.5 - ARE_OFF) & BRI E « FHXIR MK E B R T L (B 8d-D .

REE Q EHEEZ (K 9a-c) LA
K rh

15



DUAN IR ) 523 b T XA A B B A A B T 3 P s T RL SO T B . AOD_0.5 ik5aHr, R EEfE
4km PLRBE AL R8N, m A (4-6km) IR RS RR/IMEASACAIT R, ZT0E (6km DA_ED i 52 E IR ) B folc
B 9a) o KRG EAE L TR R, £ hKITR A LURER B SE 5, =T Cekm BL_E) /KITBER 7]
AEEI (B 9b) o FARHBEEAEZ T BEI [ELEHHE N, £ 25 ot s BEPRE I TR & A, 3R TR
B R IER (&1 9c) o HEAT I, AR = TR AR IR W E 1, 22 AR A e /KR

AV RS ROV IR - AP IR ISR LA B 9d-f Pl XK M B, ERME S T (2km BL
T RAMREZRZFEE (B 9d) o XFEEE] 8e /AL S AN AR AR T R, 330 1 ) Bk 5 e A P30
FE . HICFEN (1997) fal, YAUIE IS 1 2k s p R A, I Sl R D, N 3 B
B il BV A R IR 22, DRl et i P30 — RO BRI e V8 SR S I RSP S A R BE AE = Th Tk, A
o BRI A BORIE TR BURE R 00 KR B AR g N, s B BEAT ) 2= v i B S AR AR . VA IS K T
XA T Bls N A TEL LR RKITE &, IR0 7= R (B 9f) o R BLRTIN, e fiedt 1%
JRBIARIIE N, AR RIS BAEZ TN, = T . BEEMNRKET, ERES TR E TR
TR .

HIXHE R ARAL 5K A ARL (B e ) o FEXFTRIAKEHIE, "R KT = FIAHXNEE, =
IR A P o BEE AT AORCART T2, IR AE 2 IZHT AR 3km DUNARXHERE, [FINBS GO0 4km
CAEAIRR RS, AR TS = AR RIK = A R . TR, O TR S R 2 o 8 5 e e /K s e AR R
PR TR S N AT i 2 AR AL A A B R A BT TR AR

16



(a)Temperature (b)Water vapor mixing ratio (c)Relative humidity
10.0 — L 10.0 L L S L 10.0 e
———developing N T
50 - mature stagel |- L g0 A L (9)Significance test
__— anrefstagen of difference
8.0 - ) issipating - 8.0 - 10.0 \Hlu\l\ul\ul'lul\
7.0 q - - 7.0 q S R T ;'l !
i
£ 60 - ' 604 - 90 o T Q i
e s 1
= ! 1 41 " " -1 "XXN |-/ Ry /
£ 50 = 50 = 7'/ |
© V.
I 40 - - 4.0 - 8.0 P
S
3.0 4 - - 3.0 4 o ;o
' .
- / -
20 - 204 - 7.0 !
v
1.0 4 - - 1.0 o v
3 6.0 — K J -
0.0 T T T T T T 0.0 T T T = ) / I
40 -30 -20 -10 0 10 20 30 12 60% 70% 80% 9%  100% < L, /
o
T/°C Qig-kg* RH/% £ 504 ¢ (F
] o L y 2 ’
(d)Temperature difference (e)Water vapor mixing ratio difference (f)RH difference [0} N \
10.0 L ) L - 10.0 L L L 10.0 —- L L T N !
'\ 404 N R
9.0 - - 9.0 - 9.0 - 71 - AR
AN
i< N
8.0 - 8.0 - 8.0 - ~
3.0 — // // =
7.0 4 - 7.0 - 7.0 4 - / S
\. N
. - . L . L \ N\
g 60 6.0 6.0 20 4\ vF
z - I 50 L 50 - AN \
5 s0 . X - W
() AN
T 40 - 4.0 - 4.0 - 1.0 — SO
/’/”\\
3.0 - 3.0 - 3.0 - Y
20 4 L o0 de L 04 o L 0.0 —frrrprrrprrrprryT
10 L 10 4 '-.\_ 10 N 0.00.20.40.60.81.0
00 4 od : . 00 ] : . P-value
09 06 03 00 0.3 X 0.20 0.40 0.60 2.0% 0 20%  40%  6.0%
AT/°C AQ/g-kg™’ ARH/%

& 9 AOD 0.5 I 1LIX 11-23 Bf R =/M (a) HE T CRAL: °C) « (b)) KRIRE O CAAL: g/kg)
A Ced AHRHREE RH (B %) HIXIR-FIFEEFTZ: AOD_0.5 f1 AER_OFF il (d) EZE. (e) KAEE
ZEEAT (O MXREE M XA L, () =R Z RN t W VER I3 B L

Fig. 9 The regional average vertical profiles of (a) temperature, (b) relative humidity and (c) water vapor mixing ratio
in every 3 hours from 11:00 to 23:00 in the AOD 0.5 simulation over the mountain area; the regional average vertical
profiles of the differences of (d) temperature, (e) relative humidity and (f) water vapor mixing ratio between the AOD 0.5

and the AER_OFF simulations; (g) the significance t- test profile of the difference

3.5 SRR BRI X FE AR H R R RN

TATHE— B 2 B T SV I S RO X AR TRI B B 2 0 B 7R 5% 1 b PR T ARV A 0L e 5 4Bl g 2% A1)
SO . CEXTRR M BL, BRI B AR 3 A AOD_0.5 Al AER_OFF W2 {50 i 22 BE R A 2 (&
10a) , R e S BONN R 7K BT IA b RO B R AN K o A IR S 28508 T DA 280 388 D0 It s A B
TP B BTG (B 10b-o) , AR TXNREE R LR, KB E .

17



(a)developing (b)mature stage (c)dissipating
102% " 1 1 1 PRI N SRS SR N ST S RSN 1 1 1 1 1
——AOD_0.5 ——AOD_0.5 ——AOD_0.5

10%% ——AER_OFF —AER_OFF 10'% ——AER_OFF

0
10°% 10%

107%

w [ 1R
g 2 o L 9D 10 -
10%% E
24 | 102% -
10°% 107%
10*% T T T 10°Y T T T 10 T T T T T
0.0 2.0 4.0 6.0 8.0 0.0 2.0 4.0 6.0 8.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Updraft velocity/m-s™ Updraft velocity/m-s™ Updraft velocity/m-s™

B 10 (a) XMARME.  (b) SRR B (o) WHAUH TR B F oS B (0 R 26 2 5 43 AT

Fig.10 Probability density distribution (PDF) of the updraft velocities in the (a) developing stage, (b) mature stage and
(c) dissipating stage of convection
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Fig. 11 Differences of the regional averaged convective available potential energy (CAPE) and the convective

inhibition energy (CIN) between the AOD 0.5 and the AER_OFF simulations (unit: J/kg)
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Fig. 12 (a) The difference of the hourly CAPE and (b) the difference of the hourly CIN from 9:00 to 18:00 between the

AOD 0.1, 0.5, 1.0 and 1.5 simulations and the AER OFF simulation (unit: J/kg).
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