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Fig. 4: Transient winter (November-February) surface thermodynamic response to eastern Arctic sea ice 784 

loss. Ensemble mean difference (ICEFREE minus CTRL) in a) sea ice concentration (%), b) surface turbulent 785 

heat fluxes (sensible + latent; W/m2) and c) 2m-temperature (deg C). Stippling indicates a statistically 786 

different mean between ICEFREE and CTRL to the 95% confidence level.   787 
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Seidenglanz et al. (2021) Climate Dynamics 



At its peak in winter, snow covers about 40% of the 

land surface in the Northern Hemisphere. That’s 

about 3 times the maximum extent of Arctic sea 

ice (Thackeray et al 2019)

Highest albedo of any natural surface and reflects 
solar radiation that would otherwise be absorbed 

at the surface.

Drives changes in the energy budget of the 

surface and lower atmosphere.

Drives changes in surface temperature.

Impact of SC variability on climate 



Arctic sea ice keeps the polar regions cool and 

helps moderate global climate. Ice covers up to 

15 km squared at its maximum 

High albedo, reflects solar radiation that would 

otherwise be absorbed at the surface.

Drives changes in the energy budget of the 

surface and lower atmosphere.

Drives changes in surface temperature.

Impact of Ice cover variability on climate 



Remote response of

the atmosphere



Observed relationship with the AO index



Linear response to thermal forcing 

Common to atmospheric response to

Arctic sea ice and snow cover changes

Hoskins and Karoly

Kushnir et al. (2002) JClim



Non-Linear response and the annular mode

Atmospheric response to sea-ice reduction in 

the Barents sea in a simple GCM

Initial linear regime 

Transition to a NAO-

like response

Lagged NAO-

response 
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A proposed dynamical mechanism 
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ampli cation is driven by local changes compared with remote 
changes16. is distinction is highly relevant to the current debate 
on possible Arctic–mid-latitude linkages, because if a signi cant 

portion of Arctic ampli cation is driven remotely, then Arctic 
ampli cation may be partly viewed as a response to rather than a 
forcing of mid-latitude weather. is highlights the importance of 

As a summary of the studies presented, in Fig. B2 we synthesize 
some common ideas about the atmospheric response to sea-ice 
and snow cover variability that have until now been treated inde-
pendently. All sea-ice studies agree that sea-ice loss heats and mois-
tens the boundary layer of the Arctic atmosphere. It has also been 
shown that a surface heat source in the extratropics induces down-
ward descent of air over the heat source, warming the atmospheric 
column and raising heights in the mid-troposphere, while a trough 
develops downstream inducing an equatorward ow of cold air97. 

is is consistent with the result that reduced sea ice favours an 
increase in mid- tropospheric heights in the Barents and Kara seas 
region in winter51,88,92 with downstream troughing over Eurasia. 
Studies also agree that increased snow cover cools the boundary 
layer54. erefore a snow-induced surface cooling can lower heights 
in the mid-troposphere, inducing enhanced ridging upstream.

In September and October, sea-ice loss has been most pro-
nounced in the Chukchi and East Siberian seas. Warming of the 
atmosphere due to increased heating from newly ice-free ocean 
causes geopotential heights to increase in the mid-troposphere, 
which suppresses the jet stream southward over east Siberia. is 
pattern, referred to as the Arctic Dipole, has strengthened during 
the era of sea-ice loss61. A southward shi  in the storm tracks over 
East Asia allows for a more rapid advance of Eurasian snow cover 
in October. Enlarged areas of open water north of Siberia also pro-
vide increased moisture ux to the atmosphere, which precipitates 
as snow as the air mass is advected southward over Siberia58,71 (le  
globe in Fig. B2).

In October, a more extensive snow cover cools the surface lead-
ing to lower heights and a trough in the mid-troposphere. Increased 
troughing over East Asia favours upstream ridging near the Barents 
and Kara seas and the Urals. Concurrently, the large sea-ice de cits 

and the associated strong surface heating anomalies migrate from 
the Chukchi and East Siberian seas in September and October to 
the Barents and Kara seas in November and December. is favours 
mid-tropospheric ridging in the Barents and Kara seas region with 
downstream troughing over East Asia. erefore, the extensive 
snow cover over Siberia in October and November and the sea-ice 
loss over the Barents and Kara seas in November and December 
produce same-signed mid-tropospheric geopotential height pat-
terns over Eurasia. is planetary wave con guration is favour-
able for increased vertical propagation of Rossby waves from the 
troposphere into the stratosphere98–100 (middle globe in Fig. B2).

Increased vertical propagation of Rossby wave energy from the 
troposphere to the stratosphere weakens the polar vortex, resulting 
in a stratospheric warming event. Circulation anomalies associated 
with the warming event appear rst in the stratosphere and subse-
quently appear in the troposphere in January and February. ese 
circulation anomalies resemble those associated with the negative 
phase of the NAO/AO; that is, ridging over the Arctic especially near 
Greenland, and a weaker, equatorward-shi ed polar jet stream. As 
a result, warmer conditions prevail in the Arctic regions, but colder 
and more severe winter weather occurs across the mid-latitude con-
tinents with a greater likelihood of snowstorms in the population 
centres of the Northern Hemisphere mid-latitudes (right globe in 
Fig. B2).

We propose a chain of events where less sea ice and increased 
open water in the Arctic (that heats the atmosphere) and more 
snow cover (that cools the atmosphere) both force the same pat-
tern, which results in a weakened polar vortex. Because the heat-
ing anomalies are displaced longitudinally, extensive Eurasian snow 
cover and reduced Arctic sea ice can constructively interfere to 
weaken the polar vortex and hence in uence surface weather.

Box 2 | Synthesis of cryospheric forcings.

Figure B2 | Synthesis of proposed cryospheric forcings. The schematic highlights a proposed way in which Arctic sea-ice loss in late summer through 

early winter may work in concert with extensive Eurasian snow cover in the autumn to force the negative phase of the NAO/AO in winter. Snow is shown 

in white, sea ice in white tinged with blue, sea-ice melt with blue waves, high and low geopotential heights with red ’H’ (red represents anomalous 

warmth) and blue ’L’ (blue represents anomalous cold) respectively, tropospheric jet stream in light blue with arrows, and stratospheric jet or polar 

vortex shown in purple with arrows. On the right globe, cold (warm) surface temperature anomalies associated with the negative phase of the winter 

NAO/AO are shown in blue (brown). See Box text for detailed explanation.
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A proposed dynamical mechanism: snow 

and ice synergy 

Cohen et al. (2014) NatGeoScience



Generatios of ,odels underestimated snow 

cover variability 



Models still 'struggle'

Handerson et al. (2018) Nature CC 



Models still 'struggle'

'Multiple generations of climate models have been 

unable to spontaneously reproduce snow-AO 

connections in their internal variability’

‘Observed snow-(N)AO relationship non-stationary

(perhaps mediated by QBO and PDO) and state-

dependent’



1-2 month lagged covariance in PI control







Snow cover and sea-ice in
seasonal predictions





Empirical predictions based on snow-cover and sea-ice 



Hybrid predictions based on snow-cover and sea-ice 

Dobrynin et al. (2018) GRL



The C3S multi-model ensemble and MEDSCOPE experiments

High resolution, large ensemble, multi-model 

Idealised simulations with two AGCMs



Seasonal forecasts reproduce the impact on the 

surface energy budget 



Observed and modelled relationship with the circulation 



Observed and modelled relationship with the circulation 



NOV-DEC response to OCT snow cover increase 

Barotropic low in the Pacific

Shallow high in the Arctic 

No multi-model agreement in the Atlantic

and lack of a stratospheric signal

for the October start date. 



Seasonal prediction in the Boreal Winter stratosphere 

Portal et al. (2021) Climate Dynamics 



Seasonal prediction in the Boreal Winter stratosphere 

Models adequately 

troposphere-stratosphere coupling.

Weak impact of Eurasian snow cover on the 

polar vortex in the Nov start date. 

Portal et al. (2021) Climate Dynamics 



Summary



Summary

Snow cover and sea-ice variability affect the 

surface energy balance and surface 

temperature. The link is robust in observations 

and models. 

The atmospheric response to ice and snow 

variability examined in GCM simulations 

reveals a linear and a non-linear stage. 

The latter projects onto the AO/NAO and 

potentially involves a role for the stratosphere 

Models typically underestimate snow cover 
variability and do not reproduce univocally the 

atmospheric response. 



Summary

Autumn snow cover and sea-ice variability are 

successfully exploited in empirical and hybrid 

forecast of the winter NAO.

Current high-res, large ensemble dynamical 

seasonal forecast reproduce realistically snow 

cover variability and its impact on the surface 

energy budget.

They also feature a weak AO- lagged 

response, with a deep low over the Pacific and  

a shallow high over the Arctic. 

Seasonal forecast models reproduce 

realistically stratospheric variability and identify 

a predictable component but they do not 

show a strong impact of snow and ice on the 
stratosphere. 



Thank

You



The linear stage of the response



The non-linear lagged response


