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Table 1 Black carbon deposition data from the CMIP6 coupled
model results and MERRA2 reanalysis data used in this study

K WL PP km S5k
MERRA2 NASA 50 ShenZ 1!
CESM2-FV2 NCAR 250 Danabasoglu%i!'®

CESM2-WACCM-FV2  NCAR 250 Danabasoglu%i!'®
CESM2-WACCM NCAR 100 Danabasoglu%i!'®
CESM2 NCAR 100 Danabasoglu%f!'®
CanESMS5 CCCma 500 Swart(!7!
CanESMS5-1 CCCma 500 Swart(!7!
MIROC MIROC6 250 Kataoka%""!
MRI-ESM2-0 MRI 100 Yukimoto%F('”
INM-CM4-8 INM 100 Volodin®"
INM-CM5-0 INM 100 Volodin®"
IPSL-CM5A2-INCA IPSL 500 Boucher"!
IPSL-CM6A-LR-INCA  IPSL 250 Boucher"!
NorESM2-LM NCC 250 Seland%*!
EC-Earth3-AerChem  EC-Earth 100 Déscher%™
GFDL-ESM4  NOAA-GFDL 100 DunneZ¥
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Table 2 Simulation setup for the impact of black carbon on the

Arctic sea ice and snow
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CICE &b 1y 2% /i 7K Pk o Flanner %501 ¥E H 58
6 0 SRR PE B ph R TR B ARL T IR A e R Al ) 52
M IR AL . PR, AR SORE T TR R A S
K PR Btk , T K 2 T e R Bl VR S K R BRI B A, H
WA N CICE {f oA 2 i) B sk i 30 5040

4 HRIHr

4.1 deikiFE BT MR = T AFE

PR i R Bk 2k A RARDIRE 2, A G
Xof A AU P ) P Al 19T A 5 36 5000 1) 3 A A AR RRAE 1F
1381 DUREEE 3 2k 3 MERRA2 J CMIP6 15
PAEEIR . W& 1a fF 7R, 1980-2014 4F[1], CMIP6 454~
P AR AL 1% J B T e 5 A LR S ) D AR R R 2
S, B K A DT R 45 S (EC-Earth3) fig i £l /M
145 F (CESM2-WACCM-FV2) i) 2-3 1%, Tif MERRA2
SR TIP3 A Bl S 48 e b AL /T EC-Earth3




92

(GRERE T LE

B, B H R RUTREBUE 2% T CMIP6 1Y 45
IKF T 2.78 x 107" kg/(m?s), BA T 5 & MY 4EBRAE 1k
RHAE

Z45 254k F (1] 1b), CMIP6 5 2R 0 4 SR B 1T
W BLAT XU R AE, T MERRA2 S 4 o 1535 B0 R 4F

B 25 B S TR L & T AR H 4y, B T CMIP
iR, YO A F VTR 345 . AR PR AL T
(E 1c), CMIP6 %4 4 5 MERRA2 % ¥ % Bl ) #% 4% A1
FL By #aF, J5 3 TE 1980—2014 4F [] () 19 i 44 3 i 3%,

a TR A
MERRA2 e —
NorESM2-LM e
MRI-ESM2 I H——
MIROC6 B+
IPSL-CM6A I+
IPSL-CM5A2 HHIH+H
INM-CM5-0 — {1
INM-CM4-8 HIH
GFDL-ESM4 —HH
EC-Earth3 w—_F+
CESM2-WACCM-FV2 HHIH
CESM2-WACCM HHE
CESM2-FV2 HHI H
CESM2 HIH{IH
CanESM5-1 |+ b+ J— _‘E_ﬁ%@
CanESM5 T Ttk
0 5 10 15 20 25
YiFERA/(10 kgm s ™)
dl E 180° W &0
1209 120°
60° 60°
E0°W
CMIP6-MEM MERRA?2

&1
Fig. 1

YU Z/(107* kg'm™2s7")

VIFEEAR/(10"* kg'm™s™)

CESM2-WACCM-FV2

117 CMIP6 %5408 ) G4 52 B /> e # . BAKR, CMIP6
25 BUIEFE 1980-1995 4F 2 BT [FF#a #, 7E 1996-2014
AR BB A, 1 MERRA2 F43 M7 5040 76 20 1H:
22 90 AEAC I A AE — A LAY T B, T S SR R T
FEE SN NI N IR R T 2 €1 d B e
A 1 ERAEAE— T BRI BRI

Z3 (434 b (E] 1d), JLERURE ¥ 2 3 AR S
SR UT 7 2 A BR O 0 = (A IX, PR AR IO B A |
2B MR H 1] 75 26080 B RFE, 55 Goldenson %512 [y

40b RS TR ()
30
" M
| |
0 1
1 2 3 4 5 6 7 8 9 10 11 12
At
40° PRBR S DIREEEE (SR BR)
kepsvp=—0.688 dec™!
30 F kt C-Earth3 — —1.935 dec™!
20
10

O 1 1 1 1 1 1 1 L 1 L
1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 2020

CMIP6-MEM =—— CESM2-WACCM-FV2
MERRA2 —— EC-Earth3

d4

MPTREHEAR/(107 kg'm2-s7")

EC-Earth3

CMIP6 2 MERRA2 MR i W B4 /A . 2279 28 A0 L R AR PR 4k (70°N BLAL, JLvkit)
Distribution, seasonal and interannual variation of black carbon deposition data from CMIP6 and MERRA?2 (north of 70°N, Arctic Ocean)

a. 19802014 4 (1) FRBR TP 34 ; b. 1980-2014 47 [A] B FRIT R (19 MRS T4 2815 ¢ BARULFR M AEPRAR ML, B R 65548 0 CMIP6 45455 11 2%
., CMIP6-MEM A CMIP6 245 35 4 45 S | 93 € 01 il £ S 26 40 31 S CMITP6 A5 28 b S 5k UT o 5 125 A1 e IR AR A 9B 45 512 5 d1—dd. 19802014 4F: Ji] it
7 B A A SRR A T R 2 ] 43 A

a. Black carbon deposition distribution from 1980 to 2014; b. seasonal variation of black carbon deposition from 1980 to 2014; c. interannual variation of black

carbon deposition, where the gray solid lines represent the results of each CMIP6 model, CMIP6-MEM represents the multi-model mean result of CMIP6, and

the pink and blue solid lines represent the highest and lowest black carbon deposition simulation results among the CMIP6 models; d1—d4. spatial distribution

of total Arctic black carbon deposition data from 1980 to 2014
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Fig.2 Comparison of observed black carbon deposition data at various Arctic sites with the black carbon

deposition forcing data used in simulations
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Table 3 Comparison of observed and simulated snow black carbon content in the Arctic Ocean
(values in parentheses represent the mean of observations and simulations)
Fe E2HiS 7 s} [i] WHE/(ng-g ") B/ (ng g ") SRk
Jed b X (6.28, 9.32~28.32)
1 84.182°N 47.507°E 2008.5 6.7 13.1~353 Doherty 45231
2 84.7°N 63.48°W 2008.4-2008.5 6 5.8~123 Doherty%;:5)
3 86.142°N 45.342°E 2008.4 7.1 13.2~34.5 Doherty 45231
4 88.133°N 90.717°W 2007 % 46 6.6~26.5 DohertyZ5]
5 82.88°N 154.45°W 2006.4-2006.5 7 7.9~33 NPEO (Field campaign)
B (8.445, 12.3~28.3)
6 73°N 145°W 2007.4 8.89+0.08 15~32.3 Doherty 45231
7 75.34°N 135.657°W 2007.4 8 9.6~24.3 APLIS/SEDNA campaign
Jings K Jehk (7.56, 8.73~26.9)
8 67.878°N 76.47°W 200972 523033 16.4~40.9 Doherty %]
9 69.28°N 77.046°W 2009F % 5.82+0.22 7.63~22.63 Doherty 45231
10 70.067°N 124.973°W 2009772 11.57 £0.34 8.1~28.3 DohertyZ0]
11 70.067°N 124.973°W 2009% % 6.65+0.43 8.1~28.3 DohertyZ:5]
12 75.497°N 96.145°W 2009% % 9.51+0.04 5.9~19.5 DohertyZ:5]
13 76.555°N 104.732°W 2009772 8.78 +£0.04 8.1~23.9 DohertyZ0]
14 76.633°N 96.212°W 200972 53705 6.9~24.5 Doherty %]
TR (9, 11.2~23.6)
15 71.325°N 156.433°W 2009%:2 9 11.2~23.6 Doherty 45231
ZRPGAFI (15.012, 10.22~37.8)
16 74.065°N 128.872°F 2008% % 23.42+0.83 16.7~43.4 DohertyZ0]
17 69.33°N 170.856°E 2008772 14.55 £ 0.24 8.6~36.4 DohertyZ0]
18 69.119°N 170.858°E 2008% % 11.59+0.19 8.6~36.4 DohertyZ0]
19 69.022°N 170.918°E 2008%:% 1326 +0.79 8.6~36.4 Doherty %]
20 69.195°N 170.946°E 2008%:% 12.24 £0.08 8.6~36.4 Doherty %]
Hr FURELBER) (6.5, 2.85~15.95)
21 78.91°N 11.72°E 2007.3-2007.4 32 3.1~18.1 ForsstromZ¢5¢!
22 77.897°N 18.302°E 2007.3 9.8 2.6~13.8 Forsstrom 25>
25 o0 DL S B 2= S, ARSCRIH CICE B, CICE Bl B Jb il vk &5 i B % 5 APP-X J HE R 3%
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Interannual variation of Arctic sea ice extent simulated by CICE
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Simulation of the impact of black carbon on snow and sea ice
in the Arctic Ocean

Wang Yu', Su Jie"***

(1. College of Oceanography and Atmosphere, Ocean University of China, Qingdao 266100, China; 2. Frontier Science Center for Deep
Ocean Multispheres and Earth System (FDOMES) and Physical Oceanography Laboratory, MOE. Ocean University of China, Qingdao
266100, China; 3. Joint Center for Polar Research of Chinese Universities, Beijing 100875, China; 4. Laboratory for Ocean Dynamics and
Climate, Qingdao Marine Science and Technology Center, Qingdao 266100, China)

Abstract: When black carbon deposits on snow/ice surface, it can reduce the albedo and increase the absorption of
shortwave radiation. The changes in black carbon and their impact on the sea ice melting process are worth investig-
ating. Study of the influence of black carbon in the Arctic Ocean was conducted using the CICE sea ice model. The
results indicates that under the impact of black carbon deposition from different sources, from 1980 to 2014, the
simulated summer albedo of the Arctic Ocean decreased by 0.82% to 1.71%, ultimately causing a decrease in sea
ice extent by 0.97%—1.93%. In the Barents Sea, Kara Sea, and Laptev Sea, the summer sea ice area reduction
caused by black carbon is approximately 2—3 times greater than the overall reduction in the Arctic Ocean. The simu-
lation results under different black carbon deposition all show that from 1980 to 1995, the impact of black carbon
on albedo in the Arctic exhibited a decreasing trend. However, from 1996 to 2014, the black carbon effect shifted to
an increasing trend. In low-latitude regions, due to the retreat of sea ice, the effect of black carbon showed a de-
creasing trend, while in high-latitude regions, due to the cumulative effect of black carbon in multi-year ice, the ra-

diative impact of black carbon showed an enhancing effect.

Key words: black carbon; Arctic Ocean; CICE model; albedo; sea ice area
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