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1.	 Introduction	 The	 summer	 extent	 of	 the	 Arctic	 sea	 ice	cover	 has	 been	 declining	 for	 the	 past	 few	decades.	 There	 are	 several	 possible	 cause	 of	the	 dramatic	 Arctic	 sea	 ice	 loss.	 Earlier	 work	has	 eatablished	 the	 general	 impact	 on	 ice	extent	 of	 warming	 trends,	 changes	 in	atmospheric	 circulation,	 increased	 export	 of	older	 ice	 out	 the	 Fram	 strait,	 low	 clouds,	advection	 of	 ocean	 heat	 from	 the	 pacific	 and	North	 Atlantic,	 and	 enhanced	 solar	 heating	 of	the	 ocean.	 recent	 	 study	 suggests	 that	absorbed	 solar	 radiation	 at	 the	 top	 of	 the	atmosphere	 in	 early	 summer	 plays	 an	precursory	 role	 in	 determining	 the	 Arctic	 sea	ice	 concentration	 in	 late	 summer.	 Since	 clouds	are	 so	 intimately	 involved	 in	 the	 Arctic	surface	 radiation	 budget,	 it	 is	 necessary	 to	more	 clearly	 understand	 how	 they	 interact	with	 radiation.	 In	 this	 study,	 we	 have	examined	 changes	 in	 the	 relationship	 between	surface	 cloud	 radiative	 forcing(CRF)	 and	 sea	ice	 concentration(SIC)/surface	 temperature	surface	 temperature	 (TS)	 in	 the	 Arctic	 Ocean	during	 summer	 (June-July	 -August-September).
2.	 Date	 and	 Methods	 The	 monthly	 observation	 data	 of	shortwave	 (SW)	 and	 longwave	 (LW)	 CRFs,	 SIC	and	 TS	 were	 obtained	 over	 the	 Arctic	 Ocean	(North	 of	 70°N)	 from	 the	 Extended	 AVHRR	Polar	 Pathfinder	 (APP-x)	 product	 for	 the	period	 of	 1982–2012.	 Because	 the	 definition	of	 cloud	 fraction	 different	 varies	 in	 different	

models	 and	 observations,	 we	 use	 the	 SW	 and　LW	 CRFs.　 Ramamathan	 et	 al.	 (1989),	 the	surface	 SCFs	 is	 defined	 as	 :
SCFs	 =	(SW↓-SW↓cs)·(1-α)+(LW↓-LW↓cs)
where	 the	 subscripts	 cs	 indicates	 clear-sky	fluxes	 and	 α is	 the	 surface	 albedo.	 The	 first	and	 second	 term	 on	 the	 right	 hand	 side	 of	the	 equation	 represent	 the	 cloud	 influence	 on	the	 solar	 and	 the	 infrared	 radiation,	respectively.	 Vavrus	 (2006)	 suggests	 that	 new	formular,	 by	 removing	 the	 surface	 albedo	effects.	 In	 this	 study,	 SW	 SCFs	 and	 LW	 SCFs	is	 defined	 as	 :
SW	 SCFs	 =	 SW↓-SW↓csLW	 SCFs	 =	 LW↓-LW↓cs
This	 formular	 makes	 the	 change	 in	 CRF	 a	more	 useful	 measure	 of	 cloud	 feedback.	 We	separate	 SCFs	 into	 SW	 SCFs	 and	 LW	 SCFs	 to	compare	 its	 effects.

3.	 ResultsWe	 found	 that	 the	 relationship	 between	CRF	 and	 SIC/TS	 changed	 over	 time.	 The	negative	 (positive)	 correlation	 between	 SW	CRF	 (LW	 CRF)	 and	 SIC	 has	 become	 stronger	over	 the	 Pacific	 sector	 of	 the	 central	 Arctic	since	 the	 late	 20th	 century.	 This	 indicates	that	 the	 cloud	 radiative	 effect	 by	 LW	radiation	 has	 been	 reduced,	 whereas	 that	 by	
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SW	 radiation	 has	 increased	 over	 the	 Pacific	sector	 of	 the	 Arctic	 Ocean.	 In	 addition,	 the	impact	 of	 LW	 CRF	 to	 SIC	 has	 increased	 over	the	 marginal	 sea	 areas.	 Similar	 relationship	 is	also	 found	 in	 the	 TS	 data.	 This	 recent	 change	in	 the	 relationship	 based	 on	 the	 satellite	observation	 is	 not	 reproduced	 in	 current	climate	 models.	 Rather,	 most	 models	 tend	 to	overemphasize	 the	 cloud	 radiative	 effect	 by	LW	 radiation	 on	 SIC/TS	 during	 summer.
4.	 ReferenceChoi.	Y.-S.,	Kim.	B.-M.,	Hur.	S.-k.,	Kim.	S.-J.,	Kim.	 J.-H.	and	Ho.	C.-H.,	 2014:	 Connecting	 early	 summer	cloud-controlled	sunlight	and	late	summer	sea	ice	in	the	Arctic.Francis,	 J.	 A.,	 and	 E.	 Hunter,	 2006:	 New	 insight	 into	 the	disappearing	Arctic	sea	ice	cover,	Eos	Trans.	AGU,	67,	509	– 511.Johannessen,	 O.	 M.,	 et	 al.	 2004:	 Arctic	 climate	 change:	Observed	 and	 modeled	 temperature	 and	 sea	 ice	variability,	Tellus,	Ser.	A,	56,	328	– 341.Karlsson.	 J.,	 Svensson.	 G,	 2011:	 The	 sumulation	 of	 Arctic	clouds	 and	 their	 influence	 on	 the	 winter	 surface	temperature	 in	 present-day	 climate	 in	 the	 CMIP3	muti-model	dataset.	Clim	Dyn.,	36,	623-635Perovich,	 D.	 K.,	 S.	 V.	 Nghiem,	 T.	 Markus,	 and	 A.	 Schweiger,	2007:	Seasonal	evolution	and	interannual	variability	of	 the	 local	solar	energy	absorbed	by	the	Arctic	sea	ice-ocean	system,	J.	Geophys.	Res.,	112.Perovich,	D.	K.	T.	C.,	Richter-Menge,	J.	A.,	Jones.	K.	F.,	and	Light.	B.	2008:	Sunlight,	water,	and	ice:	Extreme	Arctic	sea	ice	melt	 durint	 the	 summer	 of	 2007.	 Geophys.	 Res.	Lett.,	35,	L11501.Polyakov,	I.,	et	al.	(2007),	Observational	program	tracks	Arctic	Ocean	transition	to	a	warmer	state,	Eos	Trans.	AGU,	88,	398	– 399.Ramanathan,V.,	 F.	 D.	 Cess,	 E.	 F,	 Harrison,	 P.	 Minnis,	 B.	 R.	Bark-strom,	 E.	 Ahmad,	 and	 D.	 Hartman,	 1989	 :	Cloud-radiative	 forcing	 and	 climate:	 Results	 for	 the	Earth	 Radiation	 Budget	 Experiment.	 Science,	 243,	57-63.Rigor,	 I.	G.,	 and	 J.	M.	Wallace,	2004:	Variations	 in	 the	age	of	Arctic	 sea	 ice	 and	 summer	 sea-ice	 extent,	 Geophys.	Res.	Lett.,	31,	L09401Vavrus,	 S.	 2006:	 An	 alternative	 method	 to	 calculate	 cloud	radiative	 forcing:	 Implications	 for	 quantifying	 cloud	feedback.	Geophys	Res	Lett	33:L01805.Woodgate,	 R.	 A.,	 K.	 Aagaard,	 and	 T.	 J.	 Weingartner,	 2006:	Interannual	 changes	 in	 the	 Bering	 Strait	 fluxes	 of	volume,	 heat	 and	 freshwater	 between	 1991	 and	

2004,	Geophys.	Res.	Lett.,	33,	L15609.


	Non-stationary Relationship between Cloud Radiative Forcing and Sea Ice Concentration in the Arctic Ocean during Summer

