
Impacts	of	sea	ice	/	SST	changes	for	the	observed	climate	change	
	

Coordinated AGCM experiments to assess the robustness 
of atmospheric response to SIC & SST changes 

Two	ensembles	
–	Hindcast	experiment	(“SSTvar”)	
•  1982-2013	
•  CMIP5	protocol		(RCP8.5)		
•  NOAA	OI	satellite	derived	data	
•  Full	daily	variaJons	in	SIC	and	SST	
•  7	different	models	
	

–	SST	climatology	experiment	(“SSTclim”)	
•  Full	daily	variaJons	in	SIC	(same	as	above)		

•  SST	is	replaced	to	daily	climatology		(adapted	from	Screen	et	al.,	2013)	
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•	The	arcJc	amplificaJon	of	the	surface	temperature	warming	in	polar	laJtudes	seems	
mostly	due	to	the	sea	Ice	changes	both	in	autumn	and	winter.	

•	In	winter,	the	Greenland	surface	warming	can	occur	without	tropical	SST	changes.	
(opposing	to	Ding	et	al.,	2014)	

•	Siberian	cooling	seems	to	be	caused	by	internal	atmospheric	variability	instead	of	SIC	
and	SST.	(supporJng	McCusker	et	al.,	2016)	

•	The	impact	of	sea	ice	changes	on	arcJc	amplificaJon	is	confined	near	the	surface;		
warming	aloh	is	mainly	due	to	SST	(supporJng	Screen	et	al.,	2012;	2013).	

Cohen et al., 2014, NGEO, 7, 627-637. 
Ding et al., 2014, Nature, 509, 209-212. 
Graversen et al., 2008, Nature, 451, 53-56. 

––	GREENICE	project	––	

1.	Sea-ice	reduc7on	and	its	possible	impacts		

Forced	with	observed	SST	and	SIC	changes,		considered	separately	and	together	

2.	Experiments	and	results	from	GREENICE	project	

3.	Summary		

•The	arcJc	region	has	warmed	more	than	twice	as	fast	as	the	global	average	(Cohen	et	al.,	2014)		
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Vertical structure of recent Arctic warming
Rune G. Graversen1, Thorsten Mauritsen1, Michael Tjernström1, Erland Källén1 & Gunilla Svensson1

Near-surface warming in the Arctic has been almost twice as large
as the global average over recent decades1–5—a phenomenon that
is known as the ‘Arctic amplification’. The underlying causes of
this temperature amplification remain uncertain. The reduction
in snow and ice cover that has occurred over recent decades6,7 may
have played a role5,8. Climate model experiments indicate that
when global temperature rises, Arctic snow and ice cover retreats,
causing excessive polar warming9–11. Reduction of the snow and ice
cover causes albedo changes, and increased refreezing of sea ice
during the cold season and decreases in sea-ice thickness both
increase heat flux from the ocean to the atmosphere. Changes in
oceanic and atmospheric circulation, as well as cloud cover, have
also been proposed to cause Arctic temperature amplification12–17.
Here we examine the vertical structure of temperature change in
the Arctic during the late twentieth century using reanalysis data.
We find evidence for temperature amplification well above the
surface. Snow and ice feedbacks cannot be the main cause of the
warming aloft during the greater part of the year, because these
feedbacks are expected to primarily affect temperatures in the
lowermost part of the atmosphere, resulting in a pattern of warm-
ing that we only observe in spring. A significant proportion of the
observed temperature amplification must therefore be explained
by mechanisms that induce warming above the lowermost part of
the atmosphere. We regress the Arctic temperature field on the
atmospheric energy transport into the Arctic and find that, in the
summer half-year, a significant proportion of the vertical struc-
ture of warming can be explained by changes in this variable. We
conclude that changes in atmospheric heat transport may be an
important cause of the recent Arctic temperature amplification.

The recent warming of the Earth’s surface is most probably due
to an increase of atmospheric greenhouse-gas concentrations8.
Although most greenhouse gases are fairly uniformly distributed
around the globe, the temperature response to greenhouse-gas
forcing is thought to be larger in polar than equatorial regions10.
The response depends on various feedbacks within the climate system.
In addition to snow and ice processes, the strength of the atmospheric
stratification constitutes such a feedback. The troposphere is more
stably stratified in the polar regions than closer to the Equator. An
increase in downwelling long-wave radiation at the surface (for
example, due to an altered atmospheric CO2 level) causes warming,
which at high latitudes is confined to the lower troposphere18. In the
tropics, in contrast, the warming is distributed vertically by deep
convection. It has also been proposed that the increase of polluting
materials (such as black carbon) on Arctic ice and snow have caused
albedo changes and added to the Arctic warming19. Common to all
these processes is that they are expected to induce the largest warming
in the lowermost part of the atmosphere.

The Arctic amplification can also be caused by other processes.
Idealized experiments with models that have no surface-albedo feed-
back also reveal a polar-temperature-amplification response to a
doubling of CO2 concentration12. It is found that the excessive
Arctic warming is due to an increase of the atmospheric northward

transport of heat and moisture. These results are supported by obser-
vational studies, which suggest that changes of the heat transport
have added to the recent Arctic surface warming20.

The linkage between Arctic warming and changes of atmospheric
circulation has been investigated by studying various Northern
Hemisphere circulation indices, such as that associated with the
Arctic Oscillation21. Generally, different phases of these indices are
associated with linear temperature responses characterized by east–
west heat redistribution between the mid-latitude ocean and land,
whereas the high latitudes are less affected. However, in the winter
season, high phases of the circulation indices are associated with a
warmer Arctic. This warming is particularly pronounced over the
northern rims of the continents13–16. From the 1970s through to the
mid-1990s, the indices were in their high phases, while since then,
they have relaxed towards neutral values. The Arctic warming, on the
other hand, has shown a persistently positive trend over the past
30 years. It is therefore difficult to associate changes in these indices,
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Figure 1 | Averaged temperature trends around latitude circles for
1979–2001 plotted versus latitude and height for the four seasons. Trends
are shown for winter (a, December–February), spring (b, March–May),
summer (c, June–August) and autumn (d, September–November). The
linear trends are estimated from monthly mean data using a least-squares fit.
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Near-surface warming in the Arctic has been almost twice as large
as the global average over recent decades1–5—a phenomenon that
is known as the ‘Arctic amplification’. The underlying causes of
this temperature amplification remain uncertain. The reduction
in snow and ice cover that has occurred over recent decades6,7 may
have played a role5,8. Climate model experiments indicate that
when global temperature rises, Arctic snow and ice cover retreats,
causing excessive polar warming9–11. Reduction of the snow and ice
cover causes albedo changes, and increased refreezing of sea ice
during the cold season and decreases in sea-ice thickness both
increase heat flux from the ocean to the atmosphere. Changes in
oceanic and atmospheric circulation, as well as cloud cover, have
also been proposed to cause Arctic temperature amplification12–17.
Here we examine the vertical structure of temperature change in
the Arctic during the late twentieth century using reanalysis data.
We find evidence for temperature amplification well above the
surface. Snow and ice feedbacks cannot be the main cause of the
warming aloft during the greater part of the year, because these
feedbacks are expected to primarily affect temperatures in the
lowermost part of the atmosphere, resulting in a pattern of warm-
ing that we only observe in spring. A significant proportion of the
observed temperature amplification must therefore be explained
by mechanisms that induce warming above the lowermost part of
the atmosphere. We regress the Arctic temperature field on the
atmospheric energy transport into the Arctic and find that, in the
summer half-year, a significant proportion of the vertical struc-
ture of warming can be explained by changes in this variable. We
conclude that changes in atmospheric heat transport may be an
important cause of the recent Arctic temperature amplification.

The recent warming of the Earth’s surface is most probably due
to an increase of atmospheric greenhouse-gas concentrations8.
Although most greenhouse gases are fairly uniformly distributed
around the globe, the temperature response to greenhouse-gas
forcing is thought to be larger in polar than equatorial regions10.
The response depends on various feedbacks within the climate system.
In addition to snow and ice processes, the strength of the atmospheric
stratification constitutes such a feedback. The troposphere is more
stably stratified in the polar regions than closer to the Equator. An
increase in downwelling long-wave radiation at the surface (for
example, due to an altered atmospheric CO2 level) causes warming,
which at high latitudes is confined to the lower troposphere18. In the
tropics, in contrast, the warming is distributed vertically by deep
convection. It has also been proposed that the increase of polluting
materials (such as black carbon) on Arctic ice and snow have caused
albedo changes and added to the Arctic warming19. Common to all
these processes is that they are expected to induce the largest warming
in the lowermost part of the atmosphere.

The Arctic amplification can also be caused by other processes.
Idealized experiments with models that have no surface-albedo feed-
back also reveal a polar-temperature-amplification response to a
doubling of CO2 concentration12. It is found that the excessive
Arctic warming is due to an increase of the atmospheric northward

transport of heat and moisture. These results are supported by obser-
vational studies, which suggest that changes of the heat transport
have added to the recent Arctic surface warming20.

The linkage between Arctic warming and changes of atmospheric
circulation has been investigated by studying various Northern
Hemisphere circulation indices, such as that associated with the
Arctic Oscillation21. Generally, different phases of these indices are
associated with linear temperature responses characterized by east–
west heat redistribution between the mid-latitude ocean and land,
whereas the high latitudes are less affected. However, in the winter
season, high phases of the circulation indices are associated with a
warmer Arctic. This warming is particularly pronounced over the
northern rims of the continents13–16. From the 1970s through to the
mid-1990s, the indices were in their high phases, while since then,
they have relaxed towards neutral values. The Arctic warming, on the
other hand, has shown a persistently positive trend over the past
30 years. It is therefore difficult to associate changes in these indices,
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Figure 1 | Averaged temperature trends around latitude circles for
1979–2001 plotted versus latitude and height for the four seasons. Trends
are shown for winter (a, December–February), spring (b, March–May),
summer (c, June–August) and autumn (d, September–November). The
linear trends are estimated from monthly mean data using a least-squares fit.
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VerticalstructureofrecentArcticwarming
RuneG.Graversen1,ThorstenMauritsen1,MichaelTjernström1,ErlandKällén1&GunillaSvensson1

Near-surfacewarmingintheArctichasbeenalmosttwiceaslarge
astheglobalaverageoverrecentdecades1–5—aphenomenonthat
isknownasthe‘Arcticamplification’.Theunderlyingcausesof
thistemperatureamplificationremainuncertain.Thereduction
insnowandicecoverthathasoccurredoverrecentdecades6,7may
haveplayedarole5,8.Climatemodelexperimentsindicatethat
whenglobaltemperaturerises,Arcticsnowandicecoverretreats,
causingexcessivepolarwarming9–11.Reductionofthesnowandice
covercausesalbedochanges,andincreasedrefreezingofseaice
duringthecoldseasonanddecreasesinsea-icethicknessboth
increaseheatfluxfromtheoceantotheatmosphere.Changesin
oceanicandatmosphericcirculation,aswellascloudcover,have
alsobeenproposedtocauseArctictemperatureamplification12–17.
Hereweexaminetheverticalstructureoftemperaturechangein
theArcticduringthelatetwentiethcenturyusingreanalysisdata.
Wefindevidencefortemperatureamplificationwellabovethe
surface.Snowandicefeedbackscannotbethemaincauseofthe
warmingaloftduringthegreaterpartoftheyear,becausethese
feedbacksareexpectedtoprimarilyaffecttemperaturesinthe
lowermostpartoftheatmosphere,resultinginapatternofwarm-
ingthatweonlyobserveinspring.Asignificantproportionofthe
observedtemperatureamplificationmustthereforebeexplained
bymechanismsthatinducewarmingabovethelowermostpartof
theatmosphere.WeregresstheArctictemperaturefieldonthe
atmosphericenergytransportintotheArcticandfindthat,inthe
summerhalf-year,asignificantproportionoftheverticalstruc-
tureofwarmingcanbeexplainedbychangesinthisvariable.We
concludethatchangesinatmosphericheattransportmaybean
importantcauseoftherecentArctictemperatureamplification.

TherecentwarmingoftheEarth’ssurfaceismostprobablydue
toanincreaseofatmosphericgreenhouse-gasconcentrations8.
Althoughmostgreenhousegasesarefairlyuniformlydistributed
aroundtheglobe,thetemperatureresponsetogreenhouse-gas
forcingisthoughttobelargerinpolarthanequatorialregions10.
Theresponsedependsonvariousfeedbackswithintheclimatesystem.
Inadditiontosnowandiceprocesses,thestrengthoftheatmospheric
stratificationconstitutessuchafeedback.Thetroposphereismore
stablystratifiedinthepolarregionsthanclosertotheEquator.An
increaseindownwellinglong-waveradiationatthesurface(for
example,duetoanalteredatmosphericCO2level)causeswarming,
whichathighlatitudesisconfinedtothelowertroposphere18.Inthe
tropics,incontrast,thewarmingisdistributedverticallybydeep
convection.Ithasalsobeenproposedthattheincreaseofpolluting
materials(suchasblackcarbon)onArcticiceandsnowhavecaused
albedochangesandaddedtotheArcticwarming19.Commontoall
theseprocessesisthattheyareexpectedtoinducethelargestwarming
inthelowermostpartoftheatmosphere.

TheArcticamplificationcanalsobecausedbyotherprocesses.
Idealizedexperimentswithmodelsthathavenosurface-albedofeed-
backalsorevealapolar-temperature-amplificationresponsetoa
doublingofCO2concentration12.Itisfoundthattheexcessive
Arcticwarmingisduetoanincreaseoftheatmosphericnorthward

transportofheatandmoisture.Theseresultsaresupportedbyobser-
vationalstudies,whichsuggestthatchangesoftheheattransport
haveaddedtotherecentArcticsurfacewarming20.

ThelinkagebetweenArcticwarmingandchangesofatmospheric
circulationhasbeeninvestigatedbystudyingvariousNorthern
Hemispherecirculationindices,suchasthatassociatedwiththe
ArcticOscillation21.Generally,differentphasesoftheseindicesare
associatedwithlineartemperatureresponsescharacterizedbyeast–
westheatredistributionbetweenthemid-latitudeoceanandland,
whereasthehighlatitudesarelessaffected.However,inthewinter
season,highphasesofthecirculationindicesareassociatedwitha
warmerArctic.Thiswarmingisparticularlypronouncedoverthe
northernrimsofthecontinents13–16.Fromthe1970sthroughtothe
mid-1990s,theindiceswereintheirhighphases,whilesincethen,
theyhaverelaxedtowardsneutralvalues.TheArcticwarming,onthe
otherhand,hasshownapersistentlypositivetrendoverthepast
30years.Itisthereforedifficulttoassociatechangesintheseindices,
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Figure1|Averagedtemperaturetrendsaroundlatitudecirclesfor
1979–2001plottedversuslatitudeandheightforthefourseasons.Trends
areshownforwinter(a,December–February),spring(b,March–May),
summer(c,June–August)andautumn(d,September–November).The
lineartrendsareestimatedfrommonthlymeandatausingaleast-squaresfit.
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...	need	to	be	addressed	for	sustainable-growth	of	society	(=	“green-growth”).	

Graversen	et	al.	(2008)	

Upward	extended	warming	

References 

Model	 Resolu7on	 SSTvar	 SSTclim	

CAM4	 1°	x1	°,	L26		 20	
members	

20	

WACCM	 1°	x1	°	L66		 20	 20	

IFS	 T255	L91		 20	 20	

LMDZOR	 2.5°x1.25°L39	 20	 20	

IAP	 T85L19	 9	 -	

AFES	 T79	L56	 30	 -	

Polar	Sea	Ice	Extent	(65-90°N)	
in	September		1982-2013				

Sea	Ice	reducKon		

Cohen	et	al.	(2014)	

NOAA-OISST	

Winter-Jme	(DJF)	surface	temperature	trends		1990-2013	

ArcKc	amplificaKon	of	global	warming	

-	Sea-ice	reducJon	may	have	influenced				(Mori	et	al.,	2014)		

-	Greenland	warming	response	to	tropical	SST	change	(Ding	et	al.,	2014)	

	•Mid-laJtude	winter	is	geong	severer	(Cohen	et	al.,	2014),	especially	in	Siberia.	

-	Poleward	energy	flux	by	atmospheric	internal	dynamics	(Graversen	et	al.,	2008)	

-	Impact	of	sea-ice	reducJon		(Screen	et	al.	2012;	2013)	

-	No	evidence	of	sea-ice	impact					(McCusker	et	al.,	2016)		

Trend of 2-m temperature  [1982–2013] 

•	Greenland	warming	can	be	reproduced	without	SST	change.		

•	Both	of	the	experiments	simulate	warming	trends	in	Siberia.	

SSTclim ensemble mean 

Disagrees among reanalysis (Lindsay et al., 2014) 

•	Significant	polar	surface	warming	papern	is	similar	to	reanalysis	in	both	experiments.	
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Trend of SLP  [1982–2013] 
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•No	posiJve	SLP	trend		→	No	Siberian	cooling	(McCusker	et	al.,	2016)	

*** Observation is one realization  Similarity of t2m trend with ERAI (over 30°- 90°N Land)
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The	extenJon	reduced	without	SST	changes.	
(Screen	et	al.,	2012)	

Observed	arcJc	amplificaJon	
extends	upward.		

The	upward	extenJon	was	
reproduced	with	SST	changes.	

Trend of zonal mean air temperature [1982–2013] 
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→　The	siberian	cooling	is	not	likely	to	be	driven	by	sea	ice	changes.	

→	Tropical	SST	change	(Ding	et	al.,	2014)	seems	not	required.	

Warming	

Cooling	

→	dominance	of	the	sea	ice	impact.	


