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Abstract Based on the reanalysis dataset ERA40 of European Center of M ed im
RangeW eather Forcast (ECMW F), w mter climate change and characteristics of sea
ice~am osphere nteraction at high northem latiudes for recent several tens of years
are analyzed Superposed upon the background of global wam ng the anplitude of
lanperature ncrease n w nter at high northem latimdes is bigger and it exhibits dif
ferent features n different regions Fran the end of 1970 § the Greenland Sea the
Barents Sea and most part of Euro-A sian contmnent and North Am erican continent are
gettihg wamer whereas the Labrador Sea the Greenland and the area around the
Bering Strait are getting cokler M eanwhile the sea level pressure in the central part
of the northem polar region and the place where the climatic Icelandic low exist de-
creases but i places farther southwand it ncreases Since the 1970 s the sensble
heat flux and latent heat flux sent to the amosphere fran the Greenland Sea and the
Barents Sea has ncreased this ismamnly due to the reduction of sea ice concentration
and the weakening of nsulator and shield effect of the solid ice accordingly caused by
the increase of air tanperature In sea ice free area of the Nomwegian Sea the senst
ble heat flux and latent heat flux sent to the amosphere has reduced due to decrease
of tanperature and hum ity differences betw een the air and the sea surface caused by
ncrease of air tanperature and hum ity In the Labrador Sea due to decrease of air
tanperature and hum ity and ncrease of temperature and hum ity differences be-
ween the air and the sea surface accordingly the sea gives more sensble heat flux
and latent heat flux to the air Thisw ill lead to the grow th of sea ice extent there The
features of linear regression of sea level pressure sea ice concentration and sum of
sensible heat flux and latent heat flux toward tine series of the leading mode of EOF
expansion of surface air tanperature are close to those of their own EOF expansion for
the leadingmode respectively This shows that these variables share sim ilar features
of variation w ith tme linearly
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1 Introduction

Green house gases such as CO,, CH,, N,O and so on are released to the amosphere
constantly by human activities These gases insert positive radiative forcing to the clmate
M eanwhile aeroso]l which are also released by hunan activities msert negative radiative
forcing to the climate Canbining the effects of the wo kind of forcing and dynam ic proces-
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ses related w ith them, clmate systan model predicts that the variation of globalm ean sur
face air tanperature fran 1980 s to 2010 s has surpassed the amospheric natural variabilr
ties (Cubasch et al 1995). Intergovermm ental Panel on Clmate Change ( IPCC) wams
that mfluence of hunan actwities can be discemed fran global climate change basing on
testin onies of observations ( IPCC 1996).

Results fran observation show that the increase of surface air tanperature n northem
hen isphere begmning fran 1970 s ismost obvious on land at high latitudes ( Folland et al
1990 Folland et al 1992). Results fran numerical smulations show that the global war-
m ing is most distinguished n cold season at high latimdes (M anabe and Stouffer 198Q
Robock 1983 Ingram et al 1989). This is connected w ith the mechanism of ice-albedo
positive feedbacks at high latitudes ( Budyko 1969 Sellers 1969 Schlesinger and Jiang
1988). Same researchers suggest that the wam ing on land at high latitudes m cold season
is at least partly related w ith the reoccurrence of anan aly of am ospheric general circulation
in northem Pacific O cean (Gutzler et al 1988 W allace et al 1993). The circulation n-
fluences the tamperature field through advection process and adiabatic process of canpres-
sion or mflation connected w ith direct or mdirect themal circulation The wo processes
give contribution to wam ng n sane area and coolng mn sane other area It§ only when
these regional scale temperature anamalies cannot counteract with each other canpletely
that the circulation ananaly can affect globalmean temperature Thus it$ not appropriate
to evaluate clmate change w ith data over land only or over sea only (W allace et al 1996).

One outstand ing feature of geophysical environoment in the A rctic is the existence of sea
ice In the centre of the Arctic the sea is covered by perennial sea ice In the margmnal
sea sea ice grows and decays seasonally Through modulating exchange of flux of heat wa-
ter vapor and manentum betw een ocean and amosphere and mfluencing stratification of o-
cean water and fomation of deep water sea ice plays an mportant role n the clmate sys-
tam. Its$ suggested that the observation data of sea ice m ight provide evidence for wam ing
by green gases in the A rctic (W alsh 1995). In the past 40 years the sea ice extent in the
A rctic has decreased greatly and an area of nearly 3 tmes as big as Japan territory has dis-
appeared ( lkedaetal 2003). The variation of sea ice in the A rctic is a result of ocean-sea
ice-am osphere mteractions n the clinate systan.

In the paper features of clmate change and sea ice-amosphere mteractions at high
northem latiudes in ERA40 dataset fran ECMW F w ill be analyzed The ERA40 is a can-
plete dataset and since it§ a product of reanalysis physical variables n it are consistent dy-
nam ically Only results forw inter w ill be presented here

2 Data and M ethods

Here monthlymean surface air tanperature sea level pressure( SLP), surface sensr
ble heat flux( SSHF), surface latent heat flux( SLHF) and sea ice concentration( SIC) ran-
ging fran 1958 to 2001 of ERA40 dataset are anployed The major techniques of analysis
used in the work are eanpirical orthogonal function ( EOF) and least square regression of
o tenporal series The basic principle of EOF analysis is to decanpose the elem ent field
which is variablew ith tine and space mnto linear canbmnation of functions of space ( named
EOFs representing feature of spatial distribution) and tenporal coefficients ( naned princr
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pal canponents representing feature of temporal variation), and then to choose one or a
few canponents which can account for major part of the total variance to study the major
feature of the element field The basic principle of least square regression of wo temporal
series is to regress one temporal series ( treated as dependent variable) onto another tempo-
ral series ( treated as ndependent variable) by use of least square method The regression
coefficients reflect relationsh ips of deviations of the wo temporal series The products of re-
gression coefficients and the total value of Imear trend of mdependent variable are the total
lnear deviations of dependent variable corresponding to that of independent variable

3 Features of clinate change and sea ice-atmosphere interaction at high northern
latitudes

Fran variations of w inter surface air tenperature anan alies averaged globally and re-
gionally over area north of 45°N (Fig 1), it can be seen that the globalwam ing is appar
ent since 1970s By contrasi the wam ng anplitude is larger at high northem latitudes
This is consistentw ith results fran studies based on other observation data The changes of
tam perature exhbit different features n different regions It§ clear fran Leading EOF of
w inter surface air tem perature anam alies over area north of 45°N (Fig 2a), that there is
an opposite variation tendency beween G reenland-Barents Seas most part of Euro-A sian
contment and Labrador Sea Bering Seaw ith large anan alies sitnated mamnly in G reenland
Sea Barents Sea and Labrador Sea Considered togetherw ith the features i principal can-
ponent tme series of the leading EOF (Fig 2b), it§ clear that since 1970 s air over
Greenland Sea Barents Sea most part of Euro-A sia continent and N orth Am erica continent
has been wam ing whereas air over Labrador Seg Greenland and Bering Strait has been
cooling This is smilar to results of Wu et al (2000) Swork mn which air tamperature on
850 hPa fran N ational Centers for Environrm ental Prediction (NCEP) reanalysis dataset has
been enployed Consistentw ith results fran Folland et al( 1990), air temperature over
most continental area north of 45°N is experiencing a grow ing trend
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Fig 1 Variations of w nter surface air tenperature anan alies averaged globally ( solid circle) and regionally o-
ver area north of 45°N ( open circle). Unit of horizontal axis is year and unit of vertical axis is °C
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Fig 2 (a) Leading EOF ofw nter surface air tanperature ananalies over area north of 45°N. (' b) Principal
canponent tine series of the leading EOF ( the slanting straight line is result of linear fitting by least

square m ethod and lmear variation value of the whole 44 years is — 93 1)

A ccanpanying the wam ing situation the variability of ain ospheric general circulation
at high northem latiludes has changed greatly Especially the teleconnection pattems of
PacificN orth American and North A tlantic O scillation(NAO) or A retic O scillation (AO)
( here NAO is thought as one part ofAO) have exhibited unprecedented fealres Leading
EOF ofw nter SLP ananalies ( it accounts for 57 1% of the total variance) and principal
canponent tme series of the leading EOF are shown n Fig 33 3h The pattem of spatial
distrbution (Fig 3a) is the AO naned by Thanpson andW allace( 1998). It§ clear that
since them id of 1970 s the strength of Icelandic low pressure has been strengthen ing and
SLP over the central A rctic has been decreasing ( the polar vortex is strengthening) whereas
SLP over the region farther southw ard has been mncreasing (Fig 3a 3b). In 1989 the os-

cillation pattem is the most distinguished The airwam ing over Euro-A sian continent and
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air cooling over Labrador Sea ( see F'ig 2) are comcidentw ith the change of amospheric
general circulation Thanpson et al (2000) deaned that hunan activitiesmay be one rea-
son for the recent strengthen ing of the polar vortex and associated wam ing over continents of

the Northem H em isphere
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Fig 3 (a) Leading EOF ofw inter SLP anan alies over area north of 45°N,
(b) Principal canponent tine series of the leading EOF

Involving direct interactions anong amosphere hydrosphere and cryosphere the area
at hich northem latitudes is a place where direct ocean-sea ice-aim osphere interactions take
place To inspect the features of sea ice-amosphere interactions under background of global
wam ing w inter SSHF and SIHF are analyzed Since variation tendencies are sm ilar m re-
sults of SHF and SIHF EOF analysis (Fig anitted), results of SHF-plus-SIHF alone
are presented here Leading EOF ( account for 24 3% of the total variance) of sum ofw in-
ter SHF and SIHF anam alies over area north of 45°N and principal canponent tim e series
of the leading EOF are shown i Fig 4a&h It can be seen that variation tendencies in
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Greenland Sea Barents Sea and Labrador Sea are sim ilarwhereas they are contrary to those
in Noway Sea and Okhotsk Sea Since 1970 s the sensble heat flux and latent heat flux
sent to the air fran G reenland Sea and Barents Sea have been mcreasing This is a result of
air temperature increase The wam er tamperature reduces SIC and its nsulation effect and
increases flux exchanges accordingly W hereas m Noway Sea a place with no sea ice
coved the increase of air tanperature and hum ity reduces temperature and hum idity
differences bew een seawater and air and reduces the sensible heat flux and latent heat flux
sent to the air fran the sea as a result In Labrador Sea due to decrease of air tam perature
and hun ity temperature and hum ity differences betw een seaw ater and air ncrease and
heat flux sent to the air increase in favor of sea ice mcrease there
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Fig 4 (a) Leading EOF of ananalies of sum ofw inter SSHF and SIHF( positive is for upw ard)
over area north of 45°N. ('b) Principal canponent tme series of the leading EOF

To seek relationships between air temperature ananalies and am ospheric general cir-
culation ananalies w inter SLP ananalies are lnearly regressed upon surface air tanpera-
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ture principal canponent tine series of the leading mode ( denoted by serl'). The unit of
regression coefficients is hPa per sefl' standard deviation To use it conveniently and have a
clearer physicalmeaning the regression coefficients are multiplied by — 93 1( 44 years ’
Inear variation of sefl'). Thus the results of regression reflect biases of SLP correspond ing
to the 44 years ‘lnear trend of sefl’ ( shown m Fig 5). It can be seen that there are nega-
tive biases i the centre of A rctic O cean themaxmum negative bias situates east of G reen-
land and the maxmum positive bias situates east of A tlantic O cean south of 45°N. Cam-
pared with Fig 3a it§ clear thal such pattem is the positive phase of NAO and AO. Un-
der such circumstance the tanperature biases caused by southerly ananaly across the
Greenland Sea Nomway Sea and Barents Sea and northerly anan aly across the Labrador Sea
are consistentw ith the tenperature anan alies occurred there

Fig 5 W mter SLP ananaly associated w ith the lead ng surface air tanperature EOF. The pattem was constuc-
ted by linearly regressing SLP ananaly upon surface air tanperature principal canponent tine series of
the leadingmode and multiplyng the regression coefficients by — 93 1 ( the Inear variation value of the
whole 44 years). Contour nterval is 1 hPa/( 44 yr)

A mospheric general circulation ananaly can produce air tan perature anan aly through
abnom al advection of surface air tamperature and then produce SIC ananaly through ther
modynan ic processes A mospheric general circulation ananaly can also produce sea ice
drifting anan aly through dynam ic processes forced by abnomalw ind driving directly The
w inter SIC ananaly associated w ith the leading surface air tamperature EOF is shown m
Fig G It can be seen that there are mverse variation tendency beween sea ice in G reen-
land Sea Barents Sea and those n Davies Strait and Labrador Sea Corresponding to the
linear variation of air tanperature sea ice in Greenland-Barents Seas is decreasing and that
in Davies Straits and Labrador Sea is increasing This is consistentw ith the result of sea ice
observation data ( Deser et al 200Q Lm et al 2003). But it is still uncertam if such
kinds of variation of sea ice aremanly due to them odynan ic processes or dynam ic processes
mentioned before A global ocean-sea ice-amosphere coupled model with them odynam ic
sea ice mclided only cannot reproduce the reversed phase of variations beween sea ice
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Greenland Sea Barents Sea and that in Davies Strait and Labrador Sea (L et al 2004).
But it has been said thal sea ice ananaly pattem s ilar to that of observation has been re-
produced by sea icemodelw ith dynam ic sea ice processes considered aswell and geostroph-
icwind fran observed SLP used as forcing (Deser et al 2000). This seems to mean that
the effect of direct w ind forcing associated w ith am ospheric circulation ananaly plays an
mportant role n fom ing of sea ice anamaly pattem W u et al (2000) supposed that the
decreasing of sea ice n Barents Sea is due to mtensified transportation to high latitudes of
wam ocean current nduced by amospheric general circulation ananaly But an interesting
question is that which one of the wo contributors amospheric natural variability or hum an
activities to the amospheric general circulation ananaly plays amore mportant rol¢ That
§ still an open topic deserving further studies

G~

Fig 6 W inter SIC ananaly associated w ith the lead ing surface air tanperature EOE. The pattem w as constuc-
ted by linearly regressing SIC ananaly upon surface air tenperature principal canponent tine series of
the lead ngmode and multiply ng the regression coefficients by — 93 1 ( the Imear variation value of the

whole 44 years). Contour nterval is Q@ 05/(44 yr)

The amospheric general circulation ananalies can induce variation of SIC, whereas
the changed SIC can nfluence the amospheric general circulation n retum through modif-
ying surface albedo and flux exchanges of heal water vapor and manentum betveen ocean
and amosphere Inwinter since solar radiation is small at high latitndes the nfluence of
sea ice albedo is small Since SHF and SSLF are proportional to differences of tan perature
and hum idity beween ocean( sea ice) and amosphere respectively they are under nflu-
ences of both underlying surface and surface air tamperature or hum dity W inter surface
sensible-plus-latent heat flux anamaly associated with the leading surface air temperature
EOF is given m Fig 7 It§ apparent that there are mverse phase of upw ard heat flux anan-
aly bew een G reenland-Barents Seas and Nomw ay Seas There exists positive anan aly of up-
ward heat flux in Greenland-Barents Seas and Labrador Sea and negative ananaly of upw ard
heat flux mn Okhotsk Sea Camparing Fig 7 with Fig 4a it can be seen that the wo pat

tems are sm ilar This fact reflects features of ocean( sea ice) -am osphere interactions asso-
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ciated w ith the lmnear trend of air tanperature variation In Greenland-Barents Seas caused
by increase of air tanperaturg the SIC reduces and the effect of msulator and shield of sol
id ice weakens which leading to ncrease of sensible heat flux and latent heat flux sent to
the amosphere fran the ocean In sea ice free area of N owegian Sea caused by increase of
air tenperature and hum idity and decrease of tan perature and hum ity differences bet een
the air and the sea surface sensible heat flux and latent heat flux sent to the amosphere
decrease In Labrador Sea due to decrease of air tanperature and hum dity and mncrease of
tam perature and hun dity differences beween the air and the sea surface accordingly the
sea givesmore sensible heat flux and latent heat flux to the air Thisw ill lead to the expan-
sion of sea ice extent there Through assamble smulationsw ith am ospheric general circu la-
tion mode] the mfluence of sea ice extent m Labrador Sea on NAO had been conducted
(Kvansto 2004), and itwas shown that the sea ice has negative feedback on long tem var

1ation of NAO.

Fig 7 W inter surface sensible-p lus-latent heat flux anan aly associated w ith the lead ing surface air tan perature
EOF. The pattem was constructed by linearly regressing surface sensible-plus-latent heat flux ananaly
upon surface air tan perature principal canponent tme series of the leadngmode and multip lying the re-
gression coefficients by — 93 1 ( the Inear variation valie of thewhole 44 years). Contour nterval is 10

w/(m* * 2) /(44 yr)
4 Brief ssmmary and discussion

Based on the dataset ERA40 of ECMW F, w inter clinate change and characteristics of
sea ice~amosphere mteraction at high northem latitudes for recent several tens of years are
analyzed Under the background of globalwam ng the anplitude of tanperature increase
in w inter at northem high latitudes is bigger and it has different features i different re-
gions Fran the end of 1970 s the Greenland Sea the Barents Sea and m ost part of Euro-
A sian contmnents and N orth American contmnents are getting wamer whereas the Labrador
Sea the Greenland and the area around the Bering Strait are getting colder M eanwhile
the SLP n the central part of the northem polar region and the place where the clin atic Ice-
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landic low sitates decreases but the SLP i places farther southw ard ncreases Since the
1970 s the sensible heat flux and latent heat flux sent to the amosphere fran the G reen-
land Sea and the Barents Sea has increased this ismamly due to the reduction of SIC and
the weakening effect of nsulator and shield of the solid ice accordingly caused by the n-
crease of air tanperature In sea ice free area of the Nowegian Sea the sensble heat flux
and latent heat flux sent to the amosphere has reduced due to decrease of temperature and
hum d ity differences betveen the air and the sea surface caused by increase of air tean pera-
ture and hun dity In the Labrador Sea due to decrease of air tamperature and hum ity
and increase of tanperature and hum ity differences bew een the air and the sea surface ac-
cordingly the sea gives more sensible heat flux and latent heat flux to the air This will
lead to the expansion of sea ice extent there The features of lmear regression of sea level
pressure sea ice concentration and sun of sensble heat flux and latent heat flux toward
tme series of the leading mode of EOF expansion of surface air tanperature are close to
those of their own EOF expansion for the leading mode respectively This shows that these
variables share sm ilar features of variation w ith tme linearly The foregoing results agree
with Deseret al (2000) § conclusion i e, the amospheric forcing play a dan mant role
in variation of sea ice n aim osphere-ocean-sea ice systan and feedbacks ofw nter ice anan -
alies upon the amosphere have been more difficult to detect ButV inje( 2001) supposed
that of all the processes affecting variation of sea ice extent sea water tamperature p lay
bigger role than air tenperature W ith eanphasis focusing on amospheric boundary layer
processes Wu etal (2004) analyzed the mfluences of sea ice anan alies in G reenland-Ba-
rents Seas on the amosphere and supposed possible feedback mechanians of sea ice

The topic of thiswork ismamly on analysis of features of clmate change at high north-
em latitudes w ith modu lation of sea ice W hereas clmate change is still a topic deserving
deepened study and towhat extent can anthropogenic forcing mfluence the clmate change is
still an open question A smentioned n the article a global ocean-sea ice-aim osphere cou-
pled modelw ith them odynam ic sea ice mcluded only cannot reproduce the reversed phase
of variations bew een sea ice n Greenland Sea Barents Sea and that m Davies Strait and
Labrador Sea But sea ice ananaly pattem sm ilar to that of observation has been repro-
duced by sea ice model with dynam ic sea ice processes considered and geostrophic w ind
fran observed SLP used as forcing This sean s tomean that the effect of directw ind forcing
associated w ith amospheric circulation ananaly plays an mportant role n fom ing of sea ice
anan aly pattem

The results of this article are got fran one dataset m which all physical variables have
good mner consistency. Part of the results agreeswellw ith analyses based on other dataset
e g, NCEP reanalysis dataset and sea ice data fran American N ational Snow and Ice data

centre(NSIDC). Butwork of further canparing w ith other dataset is still needed
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