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Fig. 1 Drift trajectories of 15 IMB during the simulation period
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Table 1 The starting and ending data, position, and snow depth of 15 buoys during the simulation period
MR RS R EIR S
b
H b GPSHb % MW/ em H it GPSHb MW /em
2009F 200942929 H 81.18°N,159.62°W 14 20104E3 7 1H 80.77°N,141.47°W 25
2010A 20104F9H 1H 85.77°N,10.26°E 18 20104E11 A20H 79.26°N,0.58°W 37
2010E 20104E10A 7H 77.54°N,145.39°W 10 20114E7H29H 76.30°N,149.03°W 0
2010F 20104E10A8H 76.71°N,135.22°W 25 20114F6 H 16 H 74.20°N,151.02°W 19
20111 20114F9H3H 78.55°N,139.99°E 6 20124F1H20H 75.92°N,131.75°W 2
2012G  20124F10A1H 85.34°N,142.89°W 17 20134E12H 1H 80.65°N,118.61°W 70
20121 20134E9H 6 H 82.87°N,170.61°E 20 20124E12A21H 81.02°N,173.72°W 43
2012L 201248 H27H 80.89°N,138.02°W 2 20134F8 H28 H 74.04°N,145.97°W 3
2013A  20134E1724H 76.39°N,82.89°W 2 20134E6 A30H 76.39°N,82.89°W 16
2013B 20134F9H 1H 85.30°N,0.12°W 1 20134E12A17H 75.74°N,11.87°W 20
2013G 20134E9H4H 75.69°N,141.46°W 2 201445 H5H 76.76°N,162.93°W 20
2013H 20134E9H3H 80.26°N,155.90°E 5 20134E12A29H 84.20°N,164.41°E 5
20131 201349 H 24 H 74.74°N,150.43°W 6 20144F2H 12H 75.27°N,164.10°W 21
2014E 20144F9H 1H 83.51°N,6.09°E 5 20154F1H3H 71.46°N,14.41°W 45
2014F 20144F9H3 H 78.06°N,142.46°W 1 20154E6H27H 75.66°N,148.15°W 26
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R (1A 2, R A BRI i BV A e AR S,
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Anderson™ 2 3 (%) 5 ) A8 I8 e SE A AR Ak

doa _ (Ta_Tf>
4 = PaWaaCiexp(=Copexp 5= ) 4

o, AT FE WA = Aaealt = 1D+ Ma(O +h, (1) + My(t) =
oen(®) + hoes (0 TR U s Tl UK s UL EE 5 W 20 CL =
7m"h?, C; =21 g/em’,

Mixs T 5 )2 B R, bR Rl Ah, b 225 1&
LRI, 2N, RS2 B Rk Z 6,
tI 5K R ASR I A B 1S F( (T K 28 I8 i %)
TEB . WEIERESTE (AR Rn)HEBMEK
EL V)]

hoa(n) = P> 3

Bop () = hoen(t= 1)+ SF(2). (5)
T B GV N
h@@)=hm0—1y+§f%?fﬂﬂ, (6)
R, P WIS B 5 B N
(1) = haes(t=D+SF@) W)
O hs = D4 SFD) -puwalpn T~ @)
@P)
ZIRH ERAL I E S R IR IR
hs(t) = M Py (8)
Pi(®)

T B ST [E) 28 Ak G o, o (IR RE 4R A 5 (4)
Bifi B 1] A5 Ak, O 47 ff 25 E i Was = B () + M) =
Py (D)o

BARBRE NETZE A, BIEHZ S FEE 2,
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33 KWEE

T2 T EXFEE 1P 154 IMB 7R S R 24
N AT RS 1 B AN T . R T A bR i S,
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PR 00 5 7K Y A R T R B TR 2 T D R
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Table 2 Configurations of HIGHTSI numerical tests

wie s een oA BRI
T1 330 g i
T2 200 w i
T3 200 Z= &

2 3% F ERA-Interim 1573 A 0P8 32 L 19 B 15
EAE MR R T A, AT L 2.2 5 Fr ik, w0 4h
TR VR B MUK S 17 AR B 42 4L

4 REETR KT

41 MEREEMERS IMBHERELLE

2% 18 5 IMB W0 BCRE Y B i 18 B, B ATTALE S
L0 A (] B 220 F) B AU R AT LU 38, 2R G ST 15 A4
7 B 25 A SR A ADL 45 SR 5 S 7 s 2 . 6 T AR
B B 28 10 % 2 Rl AL (R PR A, AR SCIO e T3t 030 L X il
FETF GE TR R RS TR BE B, BIIE] 2 thp s =
TR AL 2 2 (Rl B N (AL B o AR 9 B B PN BT T 14 948 A4S
A RO RS R A . 5 A B, 3 S g A
SERK R A B 62.4%(T1), 85.6%(T2) LA K
67.5%(T3) A L0 AR 5 I 00 A aSOAH X S0 g 75 o
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R2EN 8 em, A RECN 0.74; Wang S5 FE5 TUA 5 O0, 25 R B MEX SEA TE fi 22 2 om, 275 HR % 22

2010 2010 2011 2011 201[ 201[ 2011 2011 2012 2012 20]3 20]3 2013 2013
%%é?ﬁiﬁgﬁﬁﬁwqy ¢Q%§Wi?%§ﬁ %W%%%Wf%%%%g
2012L_
| | | | 0 ::I | |'H'.“| L Lo :
2 2 2 2 2 2 2 2 207~ 20 207-.207-.207,.207~.20
0124, ji];fﬁ]o jgjifﬁz, ﬁ(’]fflg s, 012¢2j§§§3 : Z§%313%5I3%g§]55 13453 f%% ,§§§4 gﬁgfg«’g@g,&

2013 2013 2013 201 20] 20[ 20] 201§ 2014 2014 20]5 20[5 2015
Frogy it i gy, iy, Ry, s,

2 15 R HUE AR ) HIGHTSI & IS0 B AR T IR B2 5 IMB 52 I AL S R B (R 1080 X L IR 8 8 28 SRR IR AR 52
0 A I ey ]
Fig. 2 Comparison of modelled snow depth against measured (black scattered points) along 15 IMB trajectories during the accumulation

period (the measured melt onset is represented by the gray normal line)
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6 cm, FHOCREHN 0.83, AL T1 Feit45 R 5 Z A
Ll fm 25 76 T B2 2 Va2 09 o 3R T3 RS IR 3 A
PLEE L 0T 3 25 5K T1 3, A RS T1 &
W1 om, (HARMEZETE 3 MR i/ F 4t 2 5
By i 20 53056 T1 85 5+ H 0 ; 50 T2 A1
XoF S 1 SF- 359 i 25 55 4 o 25 AR R e R (3 3). 31X
Ut W ERCAR BT R Vi B R /N R (Y Ak B S R
RS 7F G, AR AN B RS 5 1025 19 R SE 3000, —
BN RS 2 R R S vl R F R K.
AN TF A BB ARLIR 6 5 XL %) RS R I o )
AR FE AN 2 R o B AR A R N ERA-Interim R
AR R R R 3 g5, BT 2 BRI R b
B K5 3 5 R B SRR X R, AN [ R 2 O R
Wi B R R 25 S R P BT LB R B R .
T2 1 T3 fiff IR 5 55 9% B2, BRI =5 4 rh B 4DL AR
TR IR ORI TICR S T ) ok, Bk
e, BORLRE S b BRI ZE AR fa RE (HE2 R
G0 T B R s, X 5 R 3Gt A R~ 1
3AMREH, 5 T1 55 T3 B RS TR AR LA,
17 T2 A5 0L 5 JE B ) B & 5 T . 2009F ., 2012G.
2013G LA} 20131 3X 4 D IFAR ik 5 T1 F1 T3 B4
5529+ 434848 2010E., 2010F, 20111, 2012L. 2013A.
2013H DAz 2014F 3t 7 ASVEARA935 T1 H1 T3 AERLY
s A B 2 B B Al (R R TS T2 i 4
s HA 2010A 5 2014E 3% 2 4~ 7 AR B9 455 400 46 o
T2 RILBLLF, T1FI T3 AR 40L 45 5 A 38 1 52
9 H i) (i) B 10 A0 (R &) S5 W0 R 35 0 B i) PR
PR 20121 SEP R R A A AR5 T2 5 T1 &
T3 A8 A A] B S ¥ A7 8, 11 H 90 LLRT T1/T3 28 56 5
LGSR TLE, 11 ARSI S IR s K, X 2 e
T2 XA 0L 25 S 55 S0 51 S AH O 5 2013B 940 3 A~
IR 5 SIS — B, BT, . R A 11 A W)
PR G 7 F ERA-Interim 54347 6 25 5090 (181 3j) 2
BETRERES, AL RPIE L AU AR S R AN
J2 I, I 9 25 530 0 S E B 1 LA A, AT B S KUK

T A H At Bl g JE R v Y o

K AR s 2 R 2R, AL KR S 54y
Aii o IR T TR DL KRR 5245 . HIGHTSI H A7 K
WS A I I S50 T %8, LAAE filf i p =X A F 5 v o)
FHUS /D — 7 B i) [ A5 B 25 A i 11 O 25 B KU
TR 5 290, 2 SO RO B A 3, R A
B KU 25 BAE A% & . Snowmodel A K, 4
B RGHE KT 5 m/s BF, XUSE /2 DA XS B 5 7 A 5 i 24
FA14r N 3 N FE bR P ERA-Interim -2 XU AH T
HKF % A i — B i [ 2R 47 i — 25 23 1 (1) 20121
TEAR 10 H o AIE 11 A4, 13X B a) gy 7 34 R A
(5.8+1.9) m/s, SEP AL TR LY 0.27 m Peidt T+ 2
25 0.4 m, [8] B Bt N ERA-Interim 2 Lt 1 B E E 52 A
JE UL B3 B ) P S R S R R K, Pt
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Table 3 Comparison of statistical snow depth results of 3 tests against the measurement

IS PEBR I RIT1 X T2 XT3
T BRBE R fERE /cm 19+11 21+10 29+14 2249
2 /em - 3 11 3
48N % /em - 6+5 12£10 65
¥JiiR 2 /em - 8 10 7




82 WPE2ER 4346

10 T T T 10 T T 10 T T T T
a 2009F b 2010A ¢ 2010E
£ E £
ﬁo,s— - ﬁo.s— - ﬁo.s— -
& & &
0 20, 20, 20 0 20 20 0 207,.. 207,20 I20I
09, 09. 10, 10, 10, 10, 17 17 1]
*%’0/9,55 %2/9,5 . %1915& Flog, b iy, 5 f‘”’l@f}éﬁ@ﬁ@ﬁ%
]0 T T T T T ]0 T T T T
d 2010F e 20111
£ E
g} 05k - gﬂ 05k i
& &
0 w
2010.4.. 201042017 4.201; . 201; 20717.4.2017 4.2017.4.<01> 2075, 2013,2013,2073,2013
¢10/9 ]j;lzﬁ[ﬁség 15/94,5» 15/96,9 sy /*kloﬁlzlj 'y 1?12@}?1@ Ig *1 ?’3&2@?‘5‘@ jgé’,g, 1? Ly 7
1.0 — T T T T T T T T
g 20121 i 2013A
£
ﬁ 05 - . - .
-
1 1 gy s, A sy AL

10 T T 10 T T T T 1.0 T T T T

%% &/m
(=3
(=) W
E T
—
;—
1
[ S E/m
(=]
o W
T
1
% &/m
IS
(=) W
E T
1

2010 2013 2013 2013 2013 2013 2014 201 2013 2013 2013 2013
11y 0, 10, 2, oy Fen s, oy, i e,
10 T T T T T 10 T T 10 T T T T T
m 20131 n 2014E o 2014F
g £ g
g} 0.5 - B ﬁ 0.5 B %ﬁ 0.5 - -
w & &
2013 2013 2013 2074, 207 20; 20; 20]5 207,.20; 20]5 20]5 20]5
%[019 1/*;1 1/? jilgﬁif?gﬁ 14 g’* 2@ 7 5 4¢9/§ 7 Vi 44?511 J? Vi g 9@1)9 7 V54 4¢]0/;%§/?%§ 1?5’9 I?gﬁ s A

B3 SR 15 AN EAREE - ERA-Interim P43 BT BT 10k 35 30 H00 OO €8 158 2 3R 0% V7 s S 000 Rl A 5 22 1)
Fig.3 Snowfall as model input from ERA-Interim reanalysis data along 15 IMB trajectories during the accumulation period (the meas-

ured melt onset is represented by the gray normal line)
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Fig. 4 Evolution of snow density of A and B layer and bulk density along 15 buoys trajectories during the accumulation period (the meas-

ured melt onset is represented by the gray normal line)
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Fig. 5 Taylor diagram of T2 and T3 results relative to the observation
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No. 1-15, in turn, on behalf of the 15 buoys (numbers on the corresponding relationship between the name of buoys in Table 4). Red dots for T2, while blue

cross for T3 and the black spot ‘OBS’ for a relative observation datum, which STD = 1, RMSD = 0 and COR = 1. The values on the solid round radius for nor-

malized STD, the solid line half a circle for correlation coefficients, the dotted circle centered on the black spot ‘OBS’ for root mean square errors

x4 ERRHARERTNREREFHERTEEZ., EURTREMRREGITER

Table 4 Statistical results including mean, standard deviation, and error of 3 tests against observation during the accumulation period

S Tl T2 T3
R s AVG+ AVG* ERR RMSD COR AVG+ ERR RMSD COR AVG+ ERR RMSD COR
STD/cm STD/cm /em /em STD/cm /em /em STD/cm /em /em

2009F 1 2245 24+4 2 3 0.82 3047 8 4 0.82 2544 3 3 0.84
2010A 2 3147 2544 -7 4 0.94 29+7 -2 3 0.93 24+4 -7 4 0.95
2010E 3 1542 21+7 6 6 0.29 28+11 13 11 0.28 2246 7 6 0.37
2010F 4 26+2 35+6 9 7 -0.42 42+10 16 11 —-0.43 33+£5 7 6 -0.35
20111 5 9+2 14+5 5 5 —-0.05 19+8 10 8 —-0.05 1645 7 6 —-0.01
2012G 6 3246 3146 -1 4 0.80 41£10 9 7 0.79 3045 -2 3 0.86
20121 7 3449 32+6 -2 3 0.94 40+11 6 4 0.94 3146 -3 4 0.93
2012L 8 843 21+8 12 7 0.46 33+14 24 13 0.46 2148 13 7 0.45
2013A 9 5+2 8+4 3 4 0.41 12+7 7 6 0.45 1045 5 5 0.39
2013B 10 14+7 139 -2 11 0.15 21+15 6 15 0.15 1610 1 11 0.20
2013G 11 1846 16+7 -2 4 0.84 26+12 7 8 0.84 18+7 -1 3 0.89
2013H 12 842 14+5 5 6 -0.35 20£9 10 9 —-0.35 16+6 7 6 -0.31
20131 13 1444 17+5 1 2 0.93 2449 7 5 0.93 1945 3 2 0.93
2014E 14 32415 24+10 -9 6 0.97 36+17 4 5 0.97 2549 -8 7 0.96
2014F 15 1345 16+7 4 4 0.88 26+12 14 8 0.88 18+7 5 3 0.91
E3E

154 - 19+11 21+10 3 8 0.74 29+14 11 10 0.66 2249 3 7 0.73

¥ AVGESTD: B TR T HEFREZS; ERR: AHXSSLISE-3422; RMSD: AT S35 77 MR 15225 ; COR: ARSI AH C 224K
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Table S Months when modelled peak occurs, snow depth from 3 numerical tests, and observation results during the peak period

against W99 climatology snow depth results

AR BURARSRETEN G IMBIBS R em  TURSRIEem T2 em  TIBGRE em  WO9SU A BT R i fem

2009F 31 25
2010A 1A 37
2010E 5H 14
2010F 5H 24
20111 1H 2
2012G 5H 33
20121 12H 43
2012L 5H 24
2013A 5H 6
2013B 124 20
2013G 5H 20
2013H 124 5
20131 2H 21
2014E 1H 51
2014F 4H 15
LA - 23£13

29 39 30 33
29 37 28 27
32 47 30 33
45 58 39 29
20 29 22 30
40 56 36 39
40 53 37 26
36 58 34 30
16 24 18 53
31 50 33 28
27 43 26 32
22 33 23 26
24 36 25 29
43 67 43 44
27 44 24 34
3148 45£12 3047 3347
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The effect of snow density evolution on modelled snow depth in the Arctic
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for Polar Research of Chinese Universities, Beijing 100875, China; 3. Finnish Meteorological Institute, Helsinki F1-00101, Finland)

Abstract: Due to its high surface albedo, snow plays an important role in the air-ice-ocean interaction in high-Iatit-
ude regions. Accurate snow mass balance calculations are needed to understand the evolution of sea ice and interac-
tion between snow-ice and atmosphere better. One of the factors affecting snow mass balance is snow density. Con-
stant mean snow bulk density is used to convert snow water equivalent to snow depth in the present 1-D high-resolu-
tion thermodynamic snow-ice model (such as HIGHTSI). Simplified to 2 snow layers, being fresh and old, al-
gorithm reference to Lagrangian snow-evolution model (SnowModel-LG) used to treat layered snow compaction is
introduced into HIGHTSI to reproduce the physical process of compacting in both the fresh and old layer and affect-
ing the snow depth following the principle of mass conservation. Forced by ERA-Interim reanalysis data, modified
HIGHTSI was applied to investigate the impact of snow density on snow depth along drift trajectories of 15 sea ice
mass balance buoys (IMB) during snow accumulation period and assess the model results against observation. In
contrast to the previous bulk snow density setting, with a constant density of 330 kg/m® (T1) or 200 kg/m* (T2), our
new algorithm calculates snow depth by considering both the fresh and old snow densifying over time (T3). The
simulations indicate that the improved algorithm is more reasonable to deal with the density evolution, and can re-
produced the snow depth well. The overaccumulation caused by heaping continuously at the lower density of new
snowfall can be avoided by considering the response of both the fresh and old snow depth to compaction. The abso-
lute error calculated by layered snow compaction is reduced by 5 cm by setting the observation as a reference of
both the fresh and old snow depth to compaction. The absolute error calculated by layered snow compaction in T2 is

reduced by 5 cm by setting the observation as a reference.

Key words: Arctic; snow depth; snow density; 1-D high-resolution thermodynamic snow-ice model



