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Influence of high-latitude atmospheric circulation
changes on summertime Arctic sea ice
Qinghua Ding1,2,3*, Axel Schweiger3, Michelle L’Heureux4, David S. Battisti5,6, Stephen Po-Chedley5,
Nathaniel C. Johnson7, Eduardo Blanchard-Wrigglesworth5, Kirstin Harnos4, Qin Zhang4,
Ryan Eastman5 and Eric J. Steig5,6

The Arctic has seen rapid sea-ice decline in the past three decades, whilst warming at about twice the global average rate.
Yet the relationship between Arctic warming and sea-ice loss is not well understood. Here, we present evidence that trends
in summertime atmospheric circulation may have contributed as much as 60% to the September sea-ice extent decline
since 1979. A tendency towards a stronger anticyclonic circulation over Greenland and the Arctic Ocean with a barotropic
structure in the troposphere increased the downwelling longwave radiation above the ice by warming and moistening the
lower troposphere. Model experiments, with reanalysis data constraining atmospheric circulation, replicate the observed
thermodynamic response and indicate that the near-surface changes are dominated by circulation changes rather than
feedbacks from the changing sea-ice cover. Internal variability dominates the Arctic summer circulation trend and may be
responsible for about 30–50% of the overall decline in September sea ice since 1979.

I t is well recognized that recent Arctic sea-ice decline has
both natural and anthropogenic drivers1–3, but their relative
importance is poorly known4–7. This uncertainty arises from

the fact that the contribution of atmospheric internal variability
in the Arctic climate system is inadequately understood, and it
is unclear how well models reproduce these processes8. Reliably
distinguishing the natural and anthropogenic contributions of sea-
ice loss requires a comprehensive understanding of the mechanisms
that control the variability of sea ice. Although some progress
has been made in this area8–17, the answer is far from clear, and
conflicting hypotheses exist18,19.

Earlier work indicated that the decline of sea ice before the
1990s was in part owing to an upward trend in the North Atlantic
Oscillation (NAO) index20,21. However, since the early 1990s, the
apparent link between the NAO and sea ice has largely disappeared,
with Arctic sea ice declining further despite the reversal in the NAO
trend22. On the other hand, several studies have argued that the
recent NAO trend may still play a key role in the sea-ice retreat23,24.
Alternatively, the Arctic Dipole has been suggested as a driver of
sea-ice change in some regions of the Arctic25. Overall, the recent
trends in Arctic sea ice cannot be linked to simple indices of
climate variability22.

In this paper, we examine the contribution of the atmospheric
circulation to Arctic sea-ice variability by utilizing an atmospheric
general circulationmodel (ECHAM5) coupledwith a simple ocean–
sea-ice model in which the atmospheric circulation field is nudged
to observations. Specifically, we explore how the high-latitude
summertime atmospheric circulation impacts the September Arctic
sea-ice extent, and estimate to what extent changes in atmospheric
circulation explain the observed sea-ice loss of the past few decades.

Observed linkage between circulation and sea ice
To examine the physical linkages, we focus on the connection
between September sea-ice extent and the preceding summer
(June–July–August, JJA) atmospheric circulation. We choose this
preceding 3-month window because sea-ice extent anomalies have
a ∼3-month decorrelation timescale26, and previous studies have
shown a strong link between summer circulation and sea-ice
variability23,24,27,28. We focus on physical mechanisms, analysing
temperature, humidity, and downward longwave radiation (DLR),
all of which are affected by atmospheric circulation and, in turn,
affect sea-ice concentration. A key player is the radiation balance,
which dominates the surface energy balance controlling the growth
and melt of Arctic sea ice29,30.

The region with the greatest negative trend in September
sea-ice concentration since 1979 is highlighted in Fig. 1a, and
includes the Beaufort, Chukchi, and East Siberian Seas, featuring
an average decline >10%/decade. Concomitant with the trend in
sea ice are trends in the atmospheric circulation: 200 hPa and
700 hPa geopotential heights have been rising over northeastern
Canada and Greenland, and the surface winds have become more
anticyclonic (Figs 1b and 2d). To illuminate processes that link
the circulation changes to sea-ice changes, we first construct an
index of September sea-ice coverage over the region with the fastest
sea-ice decline from 1979 to 2014 (Fig. 1c), as well as indices of
JJA low-level temperature (surface to 750 hPa), DLR at surface,
and integrated atmospheric water vapour (surface to 750 hPa)
derived from ERA-Interim reanalysis (hereafter ERA-I); indices are
averaged over the Arctic, poleward of 70◦ N, and shown in Fig. 1c.
The decreasing trend in sea-ice concentration is accompanied by
increasing trends in JJA Arctic temperature, DLR and water vapour.
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This document includes the Supplementary Figures that are referred to in the main 
text.  

Supplementary Fig. 1 Same as Fig. 1 d) to g), but using raw data in calculating the correlation.
Stippling indicates statistical significant correlation at the 5% level.
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Supplementary Fig 2 a) Meridional cross section of linear trend of zonal mean JJA vertical 
velocity (10-5 Pa/s/decade) in ERA-I (1979-2014). b) Domain averaged JJA lower level vertical 
velocity (1000hPa to 700hPa, unit: 10-5 Pa/s) in the Arctic (north of 70ºN). c) Correlation of 
omega index in (b) with JJA Z200 in 1979-2014. The trends are removed before the calculation. 
In c) stippling indicates statistical significant correlation at the 5% level.
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Supplementary Fig 3. Correlation of a domain (north of 70ºN) averaged JJA cloudiness index in 
the upper level (HCC), middle level (MCC) and lower level (LCC) with JJA Z200 (a to c) in 
1979-2014. The trends are removed before the calculation. Cloud data is from the ERA-I
reanalysis. Stippling indicates statistical significant correlation at the 5% level.
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Supplementary Fig 4: Linear trends of a) meridional cross section of zonal mean JJA 
temperature (shading, ºC per decade) and geopotential height (black contour, m per decade, b) 
JJA lower level temperature (100hPa-750hPa) and c) September sea ice (% per decade) 
simulated in Exp-3 in which the model is nudged to observed ERA-I winds above 700hPa. 
Stippling indicates statistical significant trends at the 5% level.
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Supplementary Fig. 5 Meridional cross section of linear trend of zonal mean temperature 
(shading: ºC per decade) and geopotential height (contour: m per decade) in Exp-4 (1979-2014) 
in each season.
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Supplementary Fig. 6: a) Linear trend of JJA total sea ice melting in POP2-CICE4 run forced 
by ERA-I forcing during 1979-2014 period (Exp-5).b) Correlation between the domain averaged 
JJA total melting in the Arctic (north of 70ºN) and JJA Z200 during the period 1979-2014. c) 
same as b) but using the detrended components of the melting index and JJA Z200 in the Arctic.   
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Supplementary Fig. 7 a) & c) Meridional cross section of the linear trend of zonal mean JJA 
temperature (shading: ºC per decade) and geopotential height (contour: m per decade) in CMIP5 
projects (1979-2014, upper panels) and CESM LENS (1979-2014, lower panels); b) &d) Linear 
trend of lower tropospheric (surface to 750hPa) JJA temperature (ºC per decade) in CMIP5 
(1979-2014) and CESM LENS (1979-2014).
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Supplementary Fig. 8: Linear trends of a) & b) meridional cross section of zonal mean JJA 
temperature (shading, ºC per decade) and geopotential height (black contour, m per decade, c) & 
d) JJA lower level temperature (1000hPa-750hPa) and e) & f) September sea ice (% per decade)
simulated in two ECHAM5 nudged experiments (Exp-7 and 8) in which the global wind patterns 
(zonal and meridional) forced by anthropogenic forcing in CMIP5 (left column) and LENS (right 
column) projects are removed from ERA-I observed winds.
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Supplementary Fig. 9: a) to f) Linear trends of JJA Z200 from six different reanalysis datasets 
and the time series of g) GL-Z200 derived from each reanalysis and six IGRA2 radiosonde 
stations (location of the stations is marked in panel a, 1989&1994 data are not used because data 
in this two years doesn’t pass the quality control). Linear trend of each index (m/decade) is 
denoted below its name.
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Supplementary Table 1: 26 climate models in the CMIP5 historical experiment. List of 26
CMIP5 CGCMs used in Fig. 4 to examine the forced response of the climate system to 
anthropogenic and natural external forcing, along with the number of atmospheric horizontal 
grids. 

CMIP5 model designation nx ny
1. ACCESS1-0
2. ACCESS1-3
3. bcc-csm1-1

192
192
128

144
144
64

4. bcc-csm1-1-m
5. BNU-ESM

320
128

160
64

6. CCSM4 288 192
7. CNRM-CM5 256 128
8. CSIRO-Mk3-6-0 192 96
9. CanESM2 128 64
10. FGOALS-g2 128 60
11. GFDL-CM3 144 90
12. GFDL-ESM2G 144 90
13. GFDL-ESM2M 144 90
14. GISS-E2-H 144 89
15. GISS-E2-R 144 89
16. HadGEM2-AO 192 144
17. inmcm4 180 120
18. IPSL-CM5A-LR 96 96
19. IPSL-CM5A-MR 144 143
20. IPSL-CM5B-LR 96 96
21. MIROC-ESM 128 64
22. MIROC5 256 128
23. MPI-ESM-LR 192 96
24. MPI-ESM-MR 192 96
25. MRI-CGCM3 320 160
26. NorESM1-ME 144 96
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