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Abstract Based on simulations from PIOMAS (Pan-Arctic Ice Ocean Modeling and Assimilation System) model
developed by University of Washington and their comparison with observational data, this study analyzes the
characteristic dynamic and thermodynamic processes of the decrease in Arctic sea ice. The sea ice volume output flux is
used to study dynamic process while thermodynamic process is obtained from dynamics indirectly in the recent 30 years,
especially since the 1990s. The correlations between the Arctic sea ice decrease and atmospheric circulation modes like
Arctic Oscillation (AO) and Arctic Dipole (AD) are also discussed. Results show that the thickness of perennial sea ice
over Fram Strait experienced a significant reduction since 1995. Thermodynamic process played a prominent role in the
Arctic sea ice decrease since the 1990s, especially in the 2000s. Furthermore, AO and AD do have influences on the flux
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of Arctic sea ice volume and their correlations with the flux are all significant at the 99% confidence level. Multiple linear

regression using AO and AD can fit the reduction of sea ice volume output flux perfectly.

Keywords Reduction of Arctic sea ice, Dynamics and thermodynamic analysis, PIOMAS (Pan-Arctic Ice Ocean

Modeling and Assimilation System) model, Possible mechanism
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Fig. 1 (a) Time series of sea ice volume (SIV, units: 10° km®) for September 1979-2013. The solid line denotes PIOMAS (Pan-Arctic Ice Ocean Modeling and

Assimilation System) simulation, the dashed line denotes 5-year Gaussian running mean, the solid line with green circles denotes satellite retrievals from

ICESat-2 (Ice, Cloud, and Land Elevation Satellite), the red circles denote observations from AIR-EM (Airborne Electromagnetic Induction). (b) Time series of

SIV (units: 10° km®) from PIOMAS simulation (black line) and CryoSat-2 (ESA’s Earth Explorer CryoSat mission) data (blue line)
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Fig. 2 Distribution of multi-year average Arctic sea ice concentration from NSIDC (National Snow and Ice Data Center) data during 1979-2014, black line

denotes three sea ice output channels
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Fig. 3 Time series of (a) Arctic SIV (units: 10° km®) and (b) annual output of Arctic SIV flux (units: km®) simulated by PIOMAS for September 1979-2013.

The dashed line denotes 5-year Gaussian running mean, the heavy line denotes the linear trend (slope in Fig. a : =307 km® a~'; slope in Fig. b: —18.65 km®> a')
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Fig. 4 Time series of Arctic sea ice thermodynamic change (solid line, units: km®) simulated by PIOMAS. The dashed line denotes 5-year Gaussian running

mean, and the heavy line denotes the linear trend (slope: —22.86 km® a™')
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Fig. 5 Time series of annual output of (a) Arctic SIV flux (units: km®), (b) Arctic sea ice area flux (units: 10° km?) through Fram Strait simulated by PIOMAS.

The dashed line denotes 5-year Gaussian running mean, and the heavy line in Fig. a denotes the linear trend (slope: —5.18 km® a™")
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Fig. 6 Time series of annual output of (a) Arctic SIV flux (units: km?), (b) Arctic sea ice area flux (units: 10° km?) through district II (East of Svalbard Island)

simulated by PIOMAS. The dashed line denotes 5-year Gaussian running mean, and the heavy line in Fig. a denotes the linear trend (slope: —12.80 km® a™")
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Fig. 7 Time series of September sea ice extent (solid line, units: 10° km?)
from NSIDC observations. The dashed line denotes linear trend for
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for 1990-2013 (slope: —108.30 km*a™")
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denotes 1979-1989 mean, and the dashed line represents 5-year Gaussian running mean
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My (Mcphee et al., 1998; Dickson et al., 2000; Tkeda et
al., 2001; Jung and Hilmer, 2001; Overland et al.,
2012), POCKEE AL ES) (AO, Arctic
Oscillation) FALHAE T2 (AD, Arctic Dipole)
XTHFOKAEAL 200 . AO & XTI UKAS AL 7= A 5 W 1)
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Table 1 September Arctic SIV, output annual volume flux, and thermodynamic variation during 1979-1989, and their
differences between 1990-2013 and 1979-1989. All variables are from PIOMAS simulation

WO AR S AR A i/ km

TEUKARRU R B Rk’ R AR A km®

1979~1989 4F
1990~2013 4FAHRT 1979~1989 4Ffy AL it (LA
1990~1999 4FAHRT 1979~1989 4Ffy AL it (LLA)
2000~2013 4EAHRS 1979~1989 4ERIA L (LEf])

13289.80
—4385.63 (—33.0%)
—1475.17 (=11.1%)
—6405.68 (—48.2%)

1975.87
—345.78 (=17.5%)
—197.59 (-10.0%)
—434.69 (—22.0%)

1772.72
—496.36 (—28.0%)
—395.32 (—22.3%)
—588.54 (-33.2%)
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Fig. 9 Relative positions of Beaufort Gyre (BG) and Transpolar Drift Stream (TDS) during (a) negative phase and (b) positive phase of AO (Arctic
Oscillation)
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Fig. 10 (a) Time series of AO index (solid line) and Arctic output sea ice flux (dashed line, units: km® a™"). (b) Time series of AD (Arctic Dipole) index (solid
line) and Arctic output sea ice flux (dashed line, units: km® a '). (c) Simple linear regression between AO index and output sea ice flux. (d) Simple linear

regression between AD index and output sea ice flux
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Fig. 11 Multiple linear regression between AO index, AD index and

output sea ice flux (units: km® a '), black line denotes regression curve

6 it5iTiE

AL PIOMAS #E 45 500) 20 40 70 4R
R LKA IF VKA AT 208, o] LA ARk
7E 20 el 90 A G2 21 tHAWIA W2
Wb, TR KR AR SRR, AT K
(39053 S ) ) SR R FI A g s PRI AN 935 KoK
MBIt A A 3l g Js BT, 30 IR e 3 ) D A
A . LRI

(1) JbAfFoK T i A 70 AR S0 H b
(PRa A, R S A 3 oy At Uiy HH 1) 22 SR UK AE T
30 4K, REAEE 1995 FLURIKIEER TR
R BRI H 20K PR Bl B2 0K 4 i
JEUCH T B S b

(2) HOKFIIMER, 75 20 tH4l 90 4FARLLG
R 21 gl DOR LI VKD 1 & T R 3,
REEDK 3 KA E A T 30 4R JE M IRE UK I 92>
& FEEAEM .

(3) M KA AT LA UK B ) ok D (1)
M, KBL AO R AD [$e %S kS ) i R
HEA R IIMCR, HH AO $850F1 AD $5%k
1) 22 TG £ 1 [ U AH RE AR L M B0 s b AR i 0k B )
()% HH

FEABRARBR N 5 T, ARk Jb Ak vk ks>
RIS ML b DB T RS,
HE A 2 1 ) 8 £ i e . A S0 H 2N
PIOMAS #52 X 1) A1 JE DGR T 20 20 90 AR L

AL MR UKD R 2 g R ) AR BTk, i
PIOMAS #AGEATE, Fn, B E&A AR
W%, XA FE LR T PIOMAS #Ea
ORI DK T R K G P PR AR Ay, BT DA 2 i %
B . Ml, T H ATk Z 5, g,
ST AE (ORI TERE, BT LORHREDKE ) R ) g )
FEOR DTk A A A s, i Al 5
B — e zE. Dk, R B UK R 5
AN BLFEAE S H 5 SR SOl vk i, 162
HAGIFOK IR I, IR SO kB U T 18
1E.

BB B 25 [ 4 Rk 2% Zhang Jinlun 18 -+ 2 it PIOMAS #2440
g,

Sk (References)

Barber D G, Galley R, Asplin M G, et al. 2009. Perennial pack ice in the
southern Beaufort Sea was not as it appeared in the summer of 2009 [J].
Geophys. Res. Lett., 36 (24): L24501, doi:10.1029/2009GL041434 .

Comiso J C. 2002. A rapidly declining perennial sea ice cover in the Arctic
[J]. Geophys. Res. Lett., 29 (20): 171—174, doi:10.1029/2002GL015650.

Comiso J C. 2012. Large decadal decline of the Arctic multiyear ice cover
[J]. J. Climate, 25 (4): 1176-1193, doi:10.1175/JCLI-D-11-00113.1.

Comiso J C, Parkinson C L, Gersten R, et al. 2008. Accelerated decline in
the Arctic sea ice cover [J]. Geophys. Res. Lett., 35 (1): L01703,
doi:10.1029/2007GL031972.

Dickson R R, Osborn T J, Hurrell J 'W, et al. 2000. The Arctic Ocean
response to the North Atlantic oscillation [J]. J. Climate, 13 (15): 2671—
2696, doi:10.1175/1520-0442(2000)0 13<2671:TAORTT>2.0.CO;2.

Bggte, TR, JRE. 2012, JbErkeh s RO R BRI 2R T
A R ACBUARRIBC R [9]. b #2224 (B AR,
42 (7-8): 19-25. Fan Tingting, Huang Fei, Su Jie. 2012. The seasonal
march of dominate mode of the mid—high latitude atmosphere circulation
in Northern Hemisphere and the associated Arctic sea ice [J]. Periodical
of Ocean University of China (in Chinese), 42 (7-8): 19-25.

Fer 1. 2009. Weak vertical diffusion allows maintenance of cold halocline in
the central Arctic [J]. Atmospheric & Oceanic Science Letters, 2 (3):
148-152, doi:10.1080/16742834.2009.11446789.

Guthrie J D, Morison J H, Ilker F. 2013. Revisiting internal waves and
mixing in the Arctic Ocean [J]. J. Geophys. Res.: Oceans, 118 (8):
39663977, doi:10.1002/jgrc.20294.

Hakkinen S, Proshutinsky A, Ashik I. 2008. Sea ice drift in the Arctic since
the 1950s [J]. Geophys. Res. Lett.,, 35 (19): L19704, doi:10.1029/
2008GL034791.

Hibler W D 1. 1979. A dynamic thermodynamic sea ice model [J]. J. Phys.
Oceanogr., 9 (4): 815-846, doi:10.1175/1520-0485(1979)009<0815:
ADTSIM>2.0.CO;2.

Ikeda M. 2009. Mechanisms of the recent sea ice decay in the Arctic Ocean

related to the Pacific-to-Atlantic pathway [M]// Nihoul J C J, Kostianoy A



13 FABRE: 20 20 90 A LKRALIRIG ORI 1) 7430 77 43 #r——5E T PIOMAS #2045 3
No. 1 ZHOU Lu et al. Dynamic and Thermodynamic Analysis of Arctic Sea Ice Decrease since the 1990s Based on . .. 69

G. Influence of Climate Change on the Changing Arctic and Sub-Arctic
Conditions. Netherlands: Springer, 161-169, doi:10.1007/978-1-4020-
9460-6_12.

Tkeda M. 2012. Sea-ice cover anomalies in the Arctic basin associated with
atmospheric variability from multi-decadal trends to intermittent quasi-
biennial oscillations [J]. Polar Research, 31 (2): 18690, doi:10.3402/
polar.v31i0.18690.

Tkeda M, Wang J, Zhao J P. 2001. Hypersensitive decadal oscillations in the
Arctic/subarctic climate [J]. Geophys. Res. Lett., 28 (7): 1275-1278,
doi:10.1029/2000GL011773.

IPCC, 2013: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Stocker, T. F., D. Qin, G.-K.
Plattner, et al. Eds. Cambridge, UK and New York, USA: Cambridge
University Press, 1535pp.

Jung T, Hilmer M. 2001. The link between the North Atlantic oscillation and
Arctic sea ice export through Fram Strait [J]. J. Climate, 14 (19): 3932—
3943, doi:10.1175/1520-0442(2001)014<3932: TLBTNA>2.0.CO;2.

Kwok R. 2009. Outflow of Arctic Ocean sea ice into the Greenland and
Barents seas: 1979-2007 [J]. J. Climate, 22 (9): 2438-2457,
doi:10.1175/2008JCLI2819.1.

Kwok R, Rothrock D A. 1999. Variability of Fram strait ice flux and North
Atlantic oscillation [J]. Geophys. Res. Lett.,, 104 (C3): 5177-5189,
do0i:10.1029/1998JC900103.

Kwok R, Rothrock D A. 2009. Decline in Arctic sea ice thickness from
submarine and ICESat records: 1958-2008 [J]. Geophys. Res. Lett., 36
(15): L15501, doi:10.1029/2009GL039035.

Kwok R, Untersteiner N. 2011. The thinning of Arctic sea ice [J]. Physics
Today, 64 (4): 36, doi:10.1063/1.3580491.

Kwok R, Cunningham G F, Wensnahan M, et al. 2009. Thinning and
volume loss of the Arctic Ocean sea ice cover: 2003-2008 [J]. Geophys.
Res. Lett., 114 (C7): C07005, doi:10.1029/2009JC005312.

Laxon S W, Giles K A, Ridout A L, et al. 2013. CryoSat-2 estimates of
Arctic sea ice thickness and volume [J]. Geophys. Res. Lett., 40 (4):
732-737, doi:10.1002/grl.50193.

Lenn Y D, Wiles P J, Torres-Valdes S, et al. 2009. Vertical mixing at
intermediate depths in the Arctic boundary current [J]. Geophys. Res.
Lett., 36 (5): L05601, doi:10.1029/2008 GL036792.

Lindsay R W, Zhang J, Schweiger A, et al. 2009. Arctic sea ice retreat in
2007 follows thinning trend [J]. J. Climate, 22 (1): 165-176,
doi:10.1175/2008JCLI2521.1.

Liu J P, Curry J A, Wang H J, et al. 2012. Impact of declining Arctic sea ice
on winter snowfall [J]. Proc. Natl. Acad. Sci., 109 (11): 4074-4079,
doi:10.1073/pnas.1114910109.

Liu J P, Song M R, Horton R M, et al. 2013. Reducing spread in climate
model projections of a September ice-free Arctic [J]. Proc. Natl. Acad.
Sci., 110 (31): 12571-12576, doi:10.1073/pnas.1219716110.

Maslanik J A, Fowler C, Stroeve J, et al. 2007. A younger, thinner Arctic ice
cover: Increased potential for rapid, extensive sea-ice loss [J]. Geophys.
Res. Lett., 34 (24): L24501, doi:10.1029/2007GL032043.

Maslanik J, Stroeve J, Fowler C, et al. 2011. Distribution and trends in

Arctic sea ice age through spring 2011 [J]. Geophys. Res. Lett., 38 (13):

L13502, doi:10.1029/2011GL047735.

Mcphee M G, Stanton T P, Morison J H, et al. 1998. Freshening of the upper
ocean in the Arctic: Is perennial sea ice disappearing? [J] Geophys. Res.
Lett., 25 (10): 1729-1732, doi:10.1029/98GL00933.

Overland J E, Wang M Y. 2010. Large-scale atmospheric circulation
changes are associated with the recent loss of Arctic sea ice [J]. Tellus A,
62 (1): 1-9, doi:10.1111/j.1600-0870.2009.00421 x.

Overland J E, Francis J A, Hanna E, et al. 2012. The recent shift in early
summer Arctic atmospheric circulation [J]. Geophys. Res. Lett., 39 (19):
L19804, doi:10.1029/2012GL053268.

Padman L, Dillon T M. 1987. Vertical heat fluxes through the Beaufort Sea
thermohaline staircase [J]. Geophys. Res. Lett., 92 (C10): 10799-10806,
doi:10.1029/JC092iC10p10799.

Perovich D K, Richter-Menge J A. 2009. Loss of sea ice in the Arctic [J].
Annual Review of Marine Science, 1 (1): 417-441, doi:10.1146/annurev.
marine.010908.163805.

Pfirman S, Haxby W F, Colony R, et al. 2004. Variability in Arctic sea ice
drift [J]. Geophys. Res. Lett, 31 (16): L16402, doi:10.1029/
2004GL020063.

Polyakov I V, Walsh J E, Kwok R. 2012. Recent changes of Arctic multiyear
sea ice coverage and the likely causes [J]. Bull. Amer. Meteor. Soc., 93
(2): 145-151, doi:10.1175/BAMS-D-11-00070.1.

Polyakov I V, Timokhov L A, Alexeev V A, et al. 2010. Arctic Ocean
warming contributes to reduced polar ice cap [J]. J. Phys. Oceanogr., 40
(12): 2743-2756, doi:10.1175/2010JPO4339.1.

Rampal P, Weiss J, Marsan D. 2009. Positive trend in the mean speed and
deformation rate of Arctic sea ice, 1979-2007 [J]. J. Geophys. Res., 114
(C5): C05013, doi:10.1029/2008JC005066 .

Rigor I G, Heiberg A. 1995. International Arctic buoy program data report, 1
January 1994-31 December 1994 [R]. Defense Technical Information
Center.

Rigor I G, Wallance J M. 2004. Variations in the age of Arctic sea-ice and
summer sea-ice extent [J]. Geophys. Res. Lett., 31 (9): L09401,
doi:10.1029/2004GL019492.

Rippeth T P, Lincoln B J, Lenn Y D, et al. 2015. Tide-mediated warming of
Arctic halocline by Atlantic heat fluxes over rough topography [J].
Nature Geoscience, 8 (3): 191-194, doi:10.1038/nge02350.

Rothrock D A, Yu Y, Maykut G A. 1999. Thinning of the Arctic sea-ice
cover [J]. Geophys. Res. Lett, 26 (23): 3469-3472, doi:10.1029/
1999GL010863.

Rothrock D A, Percival D B, Wensnahan M. 2008. The decline in Arctic
sea-ice thickness: Separating the spatial, annual, and interannual
variability in a quarter century of submarine data [J]. J. Geophys. Res.:
Oceans, 113 (C5): C05003, doi:10.1029/2007JC004252.

Schweiger A, Lindsay R, Zhang J L, et al. 2011. Uncertainty in modeled
Arctic sea ice volume [J]. J. Geophys. Res., 116 (C8): C00DO06,
doi:10.1029/2011JC007084.

Screen J A, Simmonds 1. 2010. The central role of diminishing sea ice in
recent Arctic temperature amplification [J]. Nature, 464 (7293): 1334—
1337.

Spreen G, Kwok R, Menemenlis D. 2011. Trends in Arctic sea ice drift and
role of wind forcing: 1992-2009 [J]. Geophys. Res. Lett., 38 (19):



X A B % 41 3%

70 Chinese Journal of Atmospheric Sciences

Vol. 41

L19501, doi:10.1029/2011GL048970.

Stammerjohn S, Massom R, Rind D, et al. 2012. Regions of rapid sea ice
change: An inter-hemispheric seasonal comparison [J]. Geophys. Res.
Lett., 39 (6): L06501, doi:10.1029/2012GL050874.

Stroeve J, Serreze M, Drobot S, et al. 2008. Arctic Sea ice extent plummets
in 2007 [J]. Eos, Trans. Amer. Geophys. Union, 89 (2): 13-14,
doi:10.1029/2008EO0020001.

Tang Q H, Zhang X J, Yang X H, et al. 2013. Cold winter extremes in
northern continents linked to Arctic sea ice loss [J]. Environmental
Research Letters, 8 (1): 014036, doi:10.1088/1748-9326/8/1/014036.

Thompson D W J, Wallace J M. 1998. The Arctic oscillation signature in the
wintertime geopotential height and temperature fields [J]. Geophys. Res.
Lett., 25 (9): 1297-1300, doi:10.1029/98GL00950.

HSF. 2012, JERIEKIS SR ALRFAE S BT [D). [ 5K PR 358 TR AT
GEH 4 244718 . Tian Zhongxiang. 2012. Analysis on the
variation of the characteristics of Arctic sea ice motion [D]. M. S. thesis
(in Chinese), National Marine Environment Forecasting Center.

Timmermans M L, Toole J, Krishfield R, et al. 2008. Ice-tethered profiler
observations of the double-diffusive staircase in the Canada Basin
thermocline [J]. J. Geophys. Res.: Oceans, 113 (Cl): CO00A02,
doi:10.1029/2008JC004829.

Tsukernik M, Deser C, Alexander M, et al. 2010. Atmospheric forcing of
Fram Strait sea ice export: A closer look [J]. Climate Dyn., 35 (7-8):
1349-1360, doi:10.1007/s00382-009-0647-z.

Vinnikov K Y, Robock A, Stouffer R J, et al. 1999. Global warming and
Northern Hemisphere sea ice extent [J]. Science, 286 (5446): 1934-1937,

doi:10.1126/science.286.5446.1934.

Watanabe E, Wang J, Sumi A, et al. 2006. Arctic dipole anomaly and its
contribution to sea ice export from the Arctic Ocean in the 20th century
[J]. Geophys. Res. Lett., 33 (23): L23703, doi:10.1029/2006GL028112.

BUALHT, SRHERS. 2005, JEARIEUKIRD TR OSRIT ST (9] VR TRER,
22 (S1): 56-61. Wei Lixin, Zhang Haiying. 2005. The climate effect
due to the decrease of Arctic sea ice [J]. Marine Forecasts, 22 (S1):
56-61.

Wu B Y, Johnson M A. 2007. A seesaw structure in SLP anomalies between
the Beaufort Sea and the Barents Sea [J]. Geophys. Res. Lett., 34 (5):
L05811, doi:10.1029/2006GL028333.

Wu B Y, Wang J, Walsh J E. 2006. Dipole anomaly in the winter Arctic
atmosphere and its association with sea ice motion [J]. J. Climate, 19 (2):
210-225, doi:10.1175/JCLI3619.1.

Wu BY, Overland J E, D'Arrigo R. 2012. Anomalous Arctic surface wind
patterns and their impacts on September sea ice minima and trend [J].
Tellus, 64 (11): 18590, doi:10.3402/tellusa.v64i0.18590.

R, 60, ABF]. 2014, JHR UK I Bl S HXT BRI 421G i 52
FOWFFEHEE [J]. HuBRRI=HERE, 29 (8): 913-921. Wu Fengmin, He
Jinhai, Qi Li. 2014. Arctic Sea ice declining and its impact on the cold
Eurasian winters: A review [J]. Advances in Earth Science (in Chinese),
29 (8): 913-921.

Zhang J L, Rothrock D A. 2003. Modeling global sea ice with a thickness
and enthalpy distribution model in generalized curvilinear coordinates [J].
Mon. Wea. Rev., 131 (5): 845-861, doi:10.1175/1520-0493(2003)131<
0845:MGSIWA>2.0.CO;2.



