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ABSTRACT

Most peripheral seas of the Arctic Ocean have seen a pronounced rise in sea surface temperatures in the past

century, and this signature of Arctic amplification in proximity to the land suggests that the observedmarine and

terrestrial changes might be connected to each other. Using in situ observations of temperature from nine coastal

meteorological stations aroundGreenland (GrSTs) and remotely sensed fields of sea ice extent (SIE), we examine

the interannual variations of surface air temperature (T2m) and sea level pressure (SLP) anomalies associated

with the GrSTs and SIEs surrounding Greenland, specifically within Baffin Bay, the Greenland Sea and Kara-

Barents Seas. During winter, the interannual variation in T2m and SLP of the west and south coasts of GrSTs

and the Baffin Bay SIE are different from that of the east coast of GrSTs and the SIEs in the Greenland Sea and

Kara-Barents Seas. The GrSTs on the west and south coasts of Greenland and the Baffin Bay SIE are associated

with the T2m anomalies over Baffin Bay and Davis Strait. The winter SLP patterns associated with these GrSTs

and SIEs show positive anomalies over the Arctic and negative anomalies over the North Atlantic with a large-

scale atmospheric circulation such as the winter NAO. On the contrary, the east coast of GrSTs and the SIEs in

the Greenland Sea and Kara-Barents Seas are correlated with the T2m anomalies over the Greenland Sea and

Barents Sea. The surface wind pattern associated with the SIEs in the Greenland Sea and Kara-Barents Seas has

a cyclonic circulation in the Greenland Sea and Barents Sea. At the local scale the cyclonic circulation could

induce negative SIE anomalies and contribute to increasing open water in the Greenland Sea and Barents Sea.

The effect of the loss of sea ice and the heat from the open ocean warming to the atmosphere may influence

the GrSTs in the east coast of Greenland. As a result, the T2m pattern associated with the GrSTs in the east coast

of Greenland is similar to the pattern of the SIEs in the Greenland Sea and Kara-Barents Seas. During summer,

the T2m anomalies associated with all GrSTs and SIEs have positive anomalies over mid-latitudes. The two

times series of all GrSTs and SIEs fluctuate quickly and display large trends towards warming temperatures

and decreasing SIE. The summer SLP associated with all GrSTs and SIEs are characterised by a seesaw pattern

between positive anomalies over the Arctic and negative anomalies over mid-latitudes. The summer SLP

anomalies are similar to the summer AO pattern, and it is noteworthy that the summer anticyclonic circulation

over the Arctic and Greenland has contributed to the variability and trends in both summer GrSTs and SIEs.

Keywords: Greenland, temperature, Arctic, sea ice extent, atmospheric circulation, surface air temperature,

interannual variation, trend, summer Arctic Oscillation

1. Introduction

Since the 1970s, the Northern Hemisphere has become

significantly warmer over the Arctic region (Serreze and

Francis, 2006; Screen and Simmonds, 2010; Walsh, 2014;

Overland et al., 2015) including Greenland (Box et al., 2012;

Hanna et al., 2012). In particular, warmer conditions in

the past decade are associated with the decrease in Arctic sea

ice (Ogi andWallace, 2007; Serreze et al., 2007, 2009; Screen

and Simmonds, 2010) and increased melt of the Greenland

ice cap (Graversen et al., 2011; Box et al., 2012; Hanna et al.,

2012, 2014; Fettweis et al., 2013; Van Angelen et al., 2014).

The retreat of Arctic sea ice is congruent with the period of
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ice sheet mass loss over Greenland, which has accelerated

since the 1990s (Mote, 2007; Serreze et al., 2007; Comiso

et al., 2008; Rignot et al., 2008; Fettweis et al., 2011; Hanna

et al., 2013b; Ogi andRigor, 2013). BothArctic sea ice extent

(SIE) and the Greenland ice cap experienced record lows

in 2007 and 2012 (Mote, 2007; Nghiem et al., 2007, 2012; Ogi

et al., 2008; Tedesco et al., 2008; Parkinson and Comiso,

2013; Hanna et al., 2014). Rapid climate change over the

Arctic and Greenland have affected marine ecosystems,

biological, biogeochemical processes and marine mammals

(Rysgaard et al., 2011; Duarte et al., 2012; Glud et al., 2012;

Parmentier et al., 2013; Barber et al., 2015; Bromaghin et al.,

2015; Laidre et al., 2015).

The surface air temperature in Greenland, especially the

temperature in west Greenland, is known to be influenced

by the North Atlantic Oscillation (NAO) (Box, 2002;

Hanna and Cappelen, 2003; Noël et al., 2014). During

summer, the negative phase of a persistent NAO between

positive pressure anomalies over Greenland and negative

pressure anomalies over the North Atlantic Ocean is

correlated with warm temperature anomalies. In particular,

anomalous atmospheric circulation since 2007 attributed to

the persistent negative summer NAO has favoured warmer

summer temperatures over the ice sheet and enhanced

surface ice melt (Fettweis et al., 2013; Hanna et al., 2015).

On the contrary, Rajewicz and Marshall (2014) identified

that summer anticyclonic circulation anomalies over the

entire Greenland ice sheet were the strongest on record in

2012 and mass loss from the Greenland ice sheet had

increased dramatically. They also pointed out that the recent

increase in theGreenland ice sheetmelt is strongly associated

with increased anticyclonic circulation over the entire

Greenland since 2001, and the summer NAO may not be a

causal mechanism for the anticyclonic circulation anomalies

over Greenland and the Greenland ice sheet melt. Hanna

et al. (2016) recently found a significant clustering of summer

high-pressure blocking over Greenland since 2007.

Greenland is surrounded by seas (Fig. 1).A large portion of

these seas are either continuously or seasonally covered

by sea ice, though under a changing climate sea ice con-

centrations (SICs) surrounding Greenland are decreasing

(Barber et al., 2015) and the already high degree of seasonal

variability in SIC is increasing. The SICs surrounding Green-

land are greatly affected by surface air temperatures and

large-scale atmospheric circulation. The dominant pattern

associated with winter sea ice variability resembles the winter

NAO(Wang et al., 1994;Mysak et al., 1996;Deser et al., 2000;

Strong, 2012). The recent decreases in sea icemay be related to

the increase in Greenland ice sheet melt and warming surface

air temperatures. Rennermalm et al. (2009) showed that

summer ice sheetmelt on thewest coast ofGreenland displays

significant correlations with open water in the Davis Strait

andwarmair temperatures along thewest coast ofGreenland.

They suggested that the open water enhances the Greenland

ice sheet melt, because ocean temperatures are warmer and

sea-ice melt, and the westerly winds allow advection of ocean

heat onto the ice sheet enhancing ice sheet melt and warm

surface temperatures. The variability of sea ice surrounding

Greenland canbe expected to influence the large thermalmass

of theGreenland ice sheet and concomitantlywewould expect

sea ice to affect local surface temperatures as a function of

open water and increased heat fluxes from the ocean to

atmosphere and the effect that these fluxes can have at the

local and regional scales.
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Fig. 1. Location map of Greenland climate stations from the DMI and sea ice extent (SIE) from NSIDC. Orange and purple lines are

50 % sea ice concentration (SIC) based on the HadISST in winter and summer, respectively.
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Using Greenland station temperatures (GrSTs) from

coastal Greenland and SIE in the marginal seas surrounding

Greenland (Baffin Bay, Greenland Sea and Kara-Barents

Sea) we look at the relationship between these variables and

the atmospheric circulation patterns that foster these

relationships. Specifically, we ask the following questions:

(1) What are the patterns of the atmospheric anomalies

associated with the variability in GrSTs and SIEs during

winter and summer? (2) Are the interannual variability and

trends in GrSTs and SIEs correlated with each other? (3)

How do atmospheric anomalies influence the GrSTs and

surrounding SIEs?

This paper is organised as follows: The observational

datasets of GrSTs, SIEs and atmospheric reanalysis datasets

are described in Section 2. The relationship between winter

GrSTs and SIEs through winter atmospheric anomalies

are examined in Section 3. In Section 4, these relation-

ships during summer are presented. Section 5 summarises

our work and discusses the relationship between GrSTs

and SIEs through atmospheric patterns during both winter

and summer.

2. Datasets

Monthly surface air temperatures from coastal Greenland

stations (GrSTs) were retrieved from the Danish Meteor-

ological Institute (DMI) historical climate data-collection

(Cappelen, 2011). The nine coastal stations used in this study

are shown in Fig. 1: Pituffik from 1948 to 2013, Upernavik

from 1948 to 2013, Ilulissat from 1948 to 2013, Nuuk

from1948 to 2013,Narsarsuaq from1961 to 2013, Qaqortoq

from 1948 to 2013, Danmarkshavn from 1949 to 2013,

Ittoqqortoormiit from 1949 to 2013 and Tasiilaq from

1948 to 2013.

Monthly SIE data were obtained from the National Snow

and Ice Data Center (NSIDC) (www.nsidc.org/data/smmr_

ssmi_ancillary/area_extent.html#smmr_ssmi) archive and

subsequently extracted for the three seas surrounding

Greenland: Baffin Bay, Greenland Sea and Kara-Barents

Seas (Fig. 1) for the period from 1979 to 2013. Note that

within this dataset SIE is defined as the boundary of 15 %

SIC. The monthly contour of 50 % SIC in Fig. 1 was

retrieved from the Hadley Centre Sea Ice and Sea Surface

Temperature data set (HadISST) (Rayner et al., 2003).

Atmospheric surface air temperature at 2m (T2m), sea

level pressure (SLP) and surface winds at 10m came from the

NCEP/NCAR reanalysis dataset from 1948 to 2013 (Kalnay

et al., 1996). Here, ‘winter’ and ‘summer’ are defined as

January�February�March (JFM) and June�July�August

(JJA), respectively.

3. Winter

3.1. Winter surface air temperature

Figure 2 shows the patterns in winter T2m regressed on

the time series of the winter nine station GrSTs datasets: (a)

Pituffik, (b) Upernavik, (c) Danmarkshavn, (d) Ilulissat, (e)

Tasiilaq, (f) Ittoqqortoormiit, (g) Nuuk, (h) Narsarsuaq

and (i) Qaqortoq. The patterns of T2m regressed on

temperatures from six coastal stations in west and south

Greenland (blue stations and frames in Figs. 1 and 2) show

strong positive anomalies over Baffin Bay and Davis

Strait. The T2m regression patterns in relation to two

coastal stations in the east coast of Greenland (pink

stations and frames in Figs. 1 and 2) show strong positive

anomalies over the Greenland Sea and Barents Sea. The

T2m regression patterns in relation to the Tasiilaq station

(green station and frame in Figs. 1 and 2) show positive

anomalies in west, south and east Greenland.

Table 1 shows the correlation coefficients for air tem-

peratures at the nine GrSTs across the entire time series.

The six stations along the western and southern coast of

Greenland (blue) are highly correlated with each other.

Likewise, the Danmarkshavn and Ittoqqortoormiit on the

east coast of Greenland (pink colour) are also correlated.

However, the correlation coefficients between the six

coastal stations in west and south Greenland and the two

coastal stations in east Greenland are very low (black

colours) and even negative. The correlation coefficients

between the temperature in the Tasiilaq station (southeast �
green) and the other stations are positive and statistically

significant at the 99.9 % level. The results of this cross-

correlation analysis are consistent with the T2m regression

patterns shown in Fig. 2.

Figure 3 shows winter time series of (a) the GrSTs from

six coastal stations in west and south Greenland together

with the T2m temperatures over Baffin Bay and Davis

Strait (green box area in Fig. 2a), and (b) the GrSTs from

two coastal stations in the east coast of Greenland with the

T2m over the Greenland Sea and Barents Sea (purple and

blue box areas in Fig. 2c). On the west side of Greenland,

the interannual variations of the west and south coasts of

GrSTs are correlated with the variability of the T2m over

Baffin Bay and the Davis Strait. On the east side of

Greenland, the interannual variations of GrSTs show

good correlation with the T2m over the Greenland Sea

and Kara-Barents Seas. In addition, the GrSTs and

T2m indices shown in Fig. 3b have a positive trend since

the mid-1960s.

Figure 4 shows the winter T2m anomalies regressed upon

inverted winter SIE time series over the (a) Baffin Bay, (b)

Greenland Sea and (c) Kara-Barents Seas for the period of
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record 1979�2013. The T2m regressed onto the inverted

Baffin Bay SIE (Fig. 4a) show strong positive anomalies

over Baffin Bay and Davis Strait. The T2m regression

anomalies associated with the SIEs in the Greenland Sea

and Kara-Barents Seas show strong positive anomalies

over the Greenland Sea and Barents Sea (Fig. 4b and c).

Table 1. Correlation coefficients matrix winter surface temperature on the station datasets based on the DMI

Pitu Uper Ilul Nuuk Qaqo Nars Tasi Itto Danm

Pitu 0.86* 0.86* 0.78* 0.71* 0.72* 0.40* �0.05 0.09

Uper 0.92* 0.82* 0.76* 0.79* 0.54* 0.04 0.14

Ilul 0.91* 0.85* 0.87* 0.51* 0.02 0.09

Nuuk 0.95* 0.94* 0.40* �0.14 �0.05

Qaqo 0.99* 0.44* �0.11 �0.07

Nars 0.51* �0.07 �0.05

Tasi 0.55* 0.41*

Itto 0.78*

Danm

*Indicates correlation coefficients that exceed the 99.9 % confidence level.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Pitu Uper Danm

Ilul Tasi Itto

Nuuk

–2.5 –2.0 –1.5 –1.0 –0.5 0.5 1.0 1.5 2.0 2.5

Nars Qaqo

Fig. 2. Horizontal maps of winter surface air temperature at the 2m level (T2m, 8C) regressed on standardised yearly indices of winter

Greenland station temperatures (GrSTs): (a) Pituffik, (b) Upernavik, (c) Danmarkshavn, (d) Ilulissat, (e) Tasiilaq, (f) Ittoqqortoormiit, (g)

Nuuk, (h) Narsarsuaq and (i) Qaqortoq. These Greenland stations show dotted colours that are the same colours in the stations in Fig. 1.

T2m area over the west of Greenland (green box in Fig. 2a), east of Greenland (Purple box in Fig. 2c) and Barents Sea (blue box in Fig. 2c)

are calculated by 55�758N, 290�3108W, 70�808N, 340�3608W, and 70�858N, 0�708E, respectively. Colour intervals are indicated on the

scale bar (8C).
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The regression pattern related to the Baffin Bay SIE is

similar to the regression patterns of GrSTs at the six coastal

stations in west and south Greenland (Fig. 2, blue frames).

In contrast, the regression patterns in relation to the SIEs

in the Greenland Sea and Kara-Barents Seas are similar to

regression patterns associated with the two coastal stations

on the east coast of Greenland (Fig. 2, pink frames).

Figure 5a shows the time series of area-averaged T2m

over Baffin Bay and Davis Strait (green box in Fig. 4a)

together with the time series of normalised and inverted

SIEs during winter over Baffin Bay from 1979 to 2013. The

year-to-year variation in the Baffin Bay SIE is well

correlated with the variation in the area-averaged T2m

over Baffin Bay and Davis Strait. Likewise, the variations

of SIEs in the Greenland Sea and Kara-Barents Seas (Fig. 5b)

are correlated with the interannual variations of T2m over

the east side of the Greenland Sea and Barents Sea.

In addition, both the T2m and the SIEs display trends

towards increasing temperatures and decreasing SIE.

3.2. Winter SLP and surface wind fields

This section investigates winter atmospheric circulation

patterns associated with the winter GrSTs and SIEs.

Figure 6 shows winter SLP anomalies regressed on the

winter GrSTs from the nine coastal stations. The winter

SLP associated with the winter GrSTs from the six coastal

stations in west and south Greenland shows significant

positive anomalies over Greenland and the Arctic Ocean,

and negative anomalies over the North Atlantic Ocean. In

contrast, the winter SLP associated with the winter GrSTs

from the two coastal stations (c) Danmarkshavn and (f)

Ittoqqortoormiit in east Greenland shows negative anoma-

lies over Greenland. The regression pattern associated

with GrSTs in Tasiilaq (Fig. 6e) shows a combination of

anomalies from west, south and east Greenland.

Figure 7 shows the winter SLP patterns regressed on

the winter SIEs in Baffin Bay, the Greenland Sea and

Kara-Barents Seas. The regression pattern associated with

the Baffin Bay SIE (Fig. 7a) shows positive anomalies over
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1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

T2m W. Grnland Pitu Uper Ilul Nuuk Qaqo Nars
(a)
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–1

0

1
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3
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T2m E. Grnland T2m Barents Itto Danm(b)

Fig. 3. (a) Standardised time series of winter T2m over Baffin Bay and Davis Strait (green box in Fig. 2a) and winter GrSTs from six

stations on the west and south of Greenland (Pituffik, Upernavik, Ilulissat, Nuuk, Qaqortoq and Narsarsuaq). (b) Time series of winter

T2m over the Greenland Sea and Barents Sea (purple and blue boxes in Fig. 2c) and winter GrSTs from two stations over the east of

Greenland (Ittoqqortoormiit and Danmarkshavn).
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Greenland and the Arctic, and negative anomalies over the

North Atlantic Ocean. The SLP anomalies regressed on the

SIEs in the Greenland Sea and Kara-Barents Seas (Fig. 7b

and c) are weak compared with the anomalies associated

with the Baffin Bay SIE. It is known that the winter SIC

anomalies represent a seesaw between the western (the

Labrador sea) and eastern (the Nordic sea) parts of

Greenland, and that the SIC variations are associated

with atmospheric circulation over the North Atlantic that

resemble the winter NAO (Deser et al., 2000; Yamamoto

et al., 2006; Ukita et al., 2007). However, Deser et al. (2000)

noted that a local response of the atmospheric circulation

(a) Baf (b) Grn (c) KaBa

2.52.0–2.5 –2.0 1.5–1.5 1.0–1.0 0.5–0.5

Fig. 4. As in Fig. 2 but winter T2m regressed on an inverted standardised yearly index of winter SIE from 1979 to 2013: (a) Baffin Bay,

(b) Greenland Sea and (c) Kara-Barents Seas. The green, purple and blue boxes in 4a and b are the same as in Fig. 2a and c.
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Fig. 5. Standardised times series of winter T2m and (a) SIE in Baffin Bay and (b) SIEs in the Greenland Sea and Kara-Barents Seas from

1979 to 2013. Area-averaged T2m is shown in Fig. 4a (green box) and Fig. 4b (Purple and blue boxes). The SIE axis is reversed.
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may enhance the changing sea ice cover east of Greenland,

and the change differs from those associated directly with

the winter NAO. Our results in Fig. 7 are consistent with

Deser et al. (2000), highlighting that SIE in Baffin Bay

off the west coast of Greenland is associated with large-

scale atmospheric circulation patterns while SIEs in the

Greenland Sea and the Kara-Barents Seas off the east coast

of Greenland are associated with a local response of the

atmospheric circulation.

To assess these dynamical effects on the sea ice,

Fig. 8 shows the winter surface winds at 10m regressed

on the winter SIEs in Baffin Bay, the Greenland Sea and

(a) Pitu (b) Uper (c) Danm

(d) Ilul (e) Tasi (f) Itto

(g) Nuuk (h) Nars (i) Qaqo

–1.5 –1.2 1.51.2–0.9 0.9–0.6 0.6–0.3 0.3

Fig. 6. As in Fig. 2 but for winter mean sea level pressure (SLP, hPa) regressed on winter GrST indices.

(a) Baf (b) Grn (c) KaBa

–1.5 –1.2 –0.9 –0.6 –0.3 0.3 0.6 0.9 1.2 1.5

Fig. 7. As in Fig. 4 but for winter SLP regressed on an inverted winter SIE indices.
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Kara-Barents Seas. The surface winds associated with the

Baffin Bay SIE (Fig. 8a) flow as a northerly wind over

the Greenland Sea toward an easterly wind over the

North Atlantic Ocean. The northeasterly winds associated

with the anticyclonic circulation may induce the reduction

of cold northwesterly winds which is a limiting factor

for the spread of sea ice. This thermodynamic effect on sea

ice may contribute to negative anomalies in the Baffin Bay

SIE. On the contrary, the surface winds associated with

SIEs in the Greenland Sea and Kara-Barents Seas (Fig. 8b

and c) have a cyclonic circulation in the Greenland Sea

and Barents Sea. The results indicate that a northerly wind

in the Greenland Sea and a westerly wind toward a

northerly wind in the Barents Sea associated with the

cyclonic circulation could induce negative SIE anomalies

in the Greenland Sea and the Kara-Barents Seas. This

dynamic forcing on sea ice may contribute to increasing

open water in the Greenland Sea and Kara-Barents Seas.

The surface waters in these seas are capable of absorbing

solar heat, which will be released back to the atmosphere.

As a result, the T2m temperature anomalies regressed

on the SIEs in both the Greenland Sea and Kara-Barents

Seas (Fig. 4b and c) are warmer than normal.

Within this study we also indicate that the regression

pattern associated with the Baffin Bay SIE is quite similar

to the patterns using the GrSTs from the west and south

coasts of Greenland. The Baffin Bay SIE and the GrSTs

are correlated with both the T2m over Baffin Bay and

Davis Strait, and the large-scale atmospheric circulation

between the Arctic Ocean and the North Atlantic Ocean.

The results show that large-scale changes in T2m and SLP

are associated with the winter NAO.

However, the regression anomalies associated with SIEs

in the Greenland Sea and Kara-Barents Seas are not similar

to the patterns associated with the Baffin Bay SIE. The

cyclonic circulation in local scale could induce low sea ice

in the Greenland Sea and Kara-Barents Seas (Fig. 8b and c).

The effect of the loss of sea ice and the heat from the open

ocean warming to the atmosphere may influence the

GrSTs on the east side of Greenland. As a result, the

T2m regressed on the GrSTs on the east side of Greenland

(Fig. 2c and f) are similar to the T2m patterns of the SIEs in

the Greenland Sea and Kara-Barents Seas (Fig. 4b and c).

4. Summer

4.1. Summer surface air temperature

In this section, we examine the variability of the summer

GrSTs and the summer SIE associated with the summer

atmosphere. Figure 9 shows the patterns in the summer T2m

regressed on the time series of the summer GrSTs. The T2m

patterns regressed on all GrSTs shows warm anomalies

over mid-latitudes. The summer T2m patterns are quite

different compared with the winter T2m regression patterns

(Fig. 2). The summer regression patterns associated with

the inverted summer SIEs in Baffin Bay, the Greenland Sea

and Kara-Barents Seas (Fig. 10) also show warm anomalies

over mid-latitudes.

Figure 11 shows the summer time series of all nine GrSTs

stations (Fig. 11a) and SIEs in Baffin Bay, the Greenland

Sea and Kara-Barents Seas (Fig. 11b). The rapid fluctua-

tions in the time series of GrSTs and SIEs show a robust

coherence that have many cycles through the time series

implying that the fast variability does not tend to correlate

just by coincidence. Furthermore, the two times series of all

GrSTs and SIEs have large trends; increasing temperatures

and decreasing SIE. The coherence of interannual varia-

tions and trends in both the GrSTs and SIEs has a strong

component in the T2m regression patterns (Figs. 9 and 10).

(a) Baf

Grn(b)

(c) KaBa

1

Fig. 8. As in Fig. 4 but for winter surface winds at 10m (m/s)

regressed on an inverted winter SIE indices.
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4.2. Summer sea level pressure

Figure 12 shows summer SLP patterns regressed on the

summer GrSTs. The summer SLP regression patterns asso-

ciated with the summer GrSTs are apparent as a seesaw

pattern between mid- and high-latitudes, although the SLP

anomalies associated with the GrSTs are weak for the

stations located on the east coast of Greenland (Fig. 12c

and f).

Although it is well known that the summer NAO is

associated with the summer GrSTs (Box, 2002; Hanna and

Cappelen, 2003; Noël et al., 2014), our result regarding the

(a) Pitu (b) Uper (c) Danm

(d) Ilul (e) Tasi (f) Itto

(g) Nuuk (h) Nars (i) Qaqo

–1.2 1.2–0.9 0.9–0.6 0.6–0.3 –0.1 0.1 0.3

Fig. 9. As in Fig. 2 but summer T2m regressed on summer GrST indices.

(a) Baf (b) Grn (c) KaBa

–1.2 –0.9 –0.6 –0.3 –0.1 0.30.1 0.6 0.9 1.2

Fig. 10. As in Fig. 4 but summer T2m regressed on an inverted summer SIE indices.

INFLUENCE OF ATMOSPHERE ON TEMPERATURE AND SEA ICE AROUND GREENLAND 9



regression patterns disagree with the previous works on the

summer GrSTs and summer NAO. The regression patterns

have positive anomalies over the Arctic and negative

anomalies over mid-latitudes. The summer seesaw pattern

is smaller than the meridional scale compared with the

winter seesaw pattern (Fig. 6). The summer atmospheric

patterns are similar to the summer Arctic Oscillation (AO)

pattern defined by Ogi et al. (2004). The summer AO was

using a separate empirical orthogonal function (EOF)

analysis for each individual calendar month. In contrast,

the conventional AO defined by Thompson and Wallace

(1998) was using a single EOF analysis for all calendar

months. The summer AO has a smaller meridional scale than

the conventional AO. The summer AO is more important

as a factor contributing to summer atmospheric variability

than the conventional AO.

The summer regression patterns associated with all

SIEs in Baffin Bay, the Greenland Sea and Kara-Barents

Seas (Fig. 13) show positive anomalies over the Arctic

and Greenland. The summer atmospheric pattern greatly

influences the summer sea ice surrounding Greenland.

Recent anticyclonic circulation over the Arctic is stronger

and has contributed to the decreased Arctic SIE (Ogi and

Wallace, 2012; Ogi and Rigor, 2013; Ogi et al., 2016).

The anticyclonic circulation suggests a surface wind flow

from the Beaufort and Chukchi Seas towards Fram

Strait, which could favour enhanced sea ice export from

the Arctic toward Fram Strait. In this study, we indicate

that the anticyclonic circulation is associated with the

decreased SIEs in Baffin Bay, the Greenland Sea and

Kara-Barents Seas. Positive SLP anomalies across the Pole

suggest a southerly wind flow in the west side of Greenland

and a northerly wind flow in the east side of Greenland.

These wind flows could move the Baffin Bay SIE from

south toward the north and the SIEs in the Greenland

Sea and Kara-Barents Seas from north toward the south.

The anticyclonic circulation could induce the flow of SIEs

in Baffin Bay, the Greenland Sea and Kara-Barents Seas.

5. Summary and discussion

In this study, we have found that the winter interannual

variations of GrSTs are regulated differently between west,

south and east Greenland. The interannual variations of the

SIEs during winter are also different between Baffin Bay

and the Greenland Sea and Kara-Barents Seas. The winter

GrSTs in west and south Greenland and the Baffin Bay

SIE are associated with the interannual variations of winter
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Fig. 11. Standardised time series of (a) summer nine GrSTs surrounding Greenland and (b) summer three SIEs in Baffin Bay, the

Greenland Sea and Kara-Barents Seas.
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T2m over Baffin Bay and Davis Strait. The GrSTs and

SIE in the west side of Greenland are associated with the

winter large-scale SLP pattern such as the winter NAO.

On the contrary, the winter GrSTs in the east coast of

Greenland and the SIEs in the Greenland Sea and Kara-

Barents Seas are correlated with the variability and trends

of winter T2m over the Greenland Sea and Barents Sea.

The atmospheric pattern associated with the decrease

of SIEs in the Greenland Sea and Kara-Barents Seas are

characterised by cyclonic circulation over the Greenland

Sea and Barents Sea. The cyclonic circulation may induce

negative SIE anomalies and increase open water in the
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(d) Ilul (e) Tasi (f) Itto

(g) Nuuk (h) Nars (i) Qaqo
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Fig. 12. As in Fig. 2 but summer SLP regressed on summer GrST indices.
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Fig. 13. As in Fig. 4 but for summer SLP regressed on an inverted summer SIE indices.
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Greenland Sea and the Kara-Barents Seas. The surface

waters in these seas are capable of absorbing solar heat

that can then be released back to the atmosphere and cause

the GrSTs on the east coast of Greenland to experience

warmer temperatures than normal. As a result, winter T2m

temperature anomalies regressed on the winter GrSTs

(Fig. 2c and f) are similar to winter SIEs patterns in both

the Greenland Sea and Kara-Barents Seas (Fig. 4b and c).

During summer, the T2m associated with all GrSTs

and SIEs have positive anomalies over mid-latitudes. The

two times series of all GrSTs and SIEs fluctuate quickly

and display large trends, indicating warming temperatures

and decreasing SIE. Both the quick fluctuations and trends

have a strong component in the T2m regression patterns.

The SLP anomalies associated with all GrSTs and SIEs

show a seesaw pattern between mid- and high-latitudes.

The summer SLP anomaly is similar to the summer AO

pattern.

Box (2002) pointed out that the winter NAO exerts a

significant control on the winter temperature anomalies in

west and south Greenland. The result is consistent with our

result that the winter negative NAO influences the warm

temperatures associated with the winter GrSTs in west and

south Greenland. We indicate in this study that the winter

NAO does not influence the winter GrSTs in the east coast

of Greenland. The GrSTs in the east coast of Greenland

are correlated with the T2m over the Greenland Sea and

Barents Seas. Strong (2012) showed that the interannual

variability in the extent of the winter marginal ice

zone (MIZ) in the Atlantic sector, the Labrador Sea,

Greenland Sea and Barents Sea is influenced by the winter

NAO-like atmospheric patterns. However, the winter

atmospheric circulation patterns did not account for the

trends in the winter MIZ position and extension. Instead,

the winter MIZ trends were related to Arctic warming and

decreasing SICs. Our results indicate that winter surface

wind anomalies associated with the winter SIEs in the

Greenland Sea and Kara-Barents Seas are characterised

by a cyclonic circulation in the Greenland Sea and Barents

Sea. The cyclonic circulation is associated with warming

temperatures and decreasing SIEs in the east side of

Greenland.

Hanna et al. (2013a) showed that the summer GrSTs in

west and south Greenland are more strongly correlated

with the atmospheric pressure anomalies over Greenland

(i.e. Greenland blocking) than the summer NAO since the

1970s. Bezeau et al. (2015) found that the strong summer

anticyclonic circulation over the Canadian Arctic Archipe-

lago and western Greenland is more frequent between

2007 and 2012 than from 1948 to 2006. Hanna et al. (2016)

showed that since 2007 there has been a significant increase

in the occurrence of Greenland blocking during summer.

Ogi and Wallace (2012) and Ogi et al. (2016) indicated that

the summer surface winds over the Arctic from 2007 have

been much more anticyclonic than in prior years. A recent

summer persistent pattern shifted to an Arctic Dipole

circulation with low pressure over Siberia and high pressure

over Greenland (Overland et al., 2012). The change in

the summer circulation has contributed to the record low in

recent September Arctic SIE. Our results from this study

indicate that the anticyclonic circulation over Greenland

and the Arctic, such as the summer AO pattern, have

contributed to the summer GrSTs not only in west and

south Greenland but also the GrSTs in east Greenland.

In addition, the atmospheric patterns associated with

the summer SIEs in Baffin Bay, the Greenland Sea and

Kara-Barents Seas are also characterised by the summer

anticyclonic circulation. The summer anticyclonic anoma-

lies over the Arctic and Greenland have been strong

recently (Ogi and Wallace, 2012; Rajewicz and Marshall,

2014; Bezeau et al., 2015; Hanna et al., 2016). In the present

study, the summer anticyclonic circulation has contributed

to rapid fluctuations and trends in both summer GrSTs and

SIEs surrounding Greenland.
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