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Abstract

Recent studies point to the sensitivity of mid-latitude winter climate to Arctic sea ice variability. However, there remain
contradictory results in terms of character and timing of Northern Hemisphere large-scale circulation features to Arctic
sea ice changes. This study assesses the impact of realistic late autumn eastern Arctic sea ice anomalies on atmospheric
wintertime circulation at mid-latitudes, pointing to a hidden potential for seasonal predictability. Using a dynamical sea-
sonal prediction system, an ensemble of seasonal forecast simulations of 23 historical winter seasons is run with reduced
November sea ice cover in the Barents-Kara Seas, and is compared to the respective control seasonal hindcast simulations
set. A non energy-conserving approach is adopted for achieving the desired sea ice loss, with artificial heat being added
conditionally to the ocean surface heat fluxes so as to inhibit the formation of sea ice during November. Our results point
to a robust atmospheric circulation response in the North Pacific sector, similar to previous findings on the multidecadal
timescale. Specifically, an anticyclonic anomaly at upper and lower levels is identified over the eastern midlatitude North
Pacific, leading to dry conditions over the North American southwest coast. The responses are related to a re-organization
(weakening) of west-Pacific tropical convection and interactions with the tropical Hadley circulation. A possible interaction
of the poleward-shifted Pacific eddy-driven jet stream and the Hadley cell is discussed. The winter circulation response in
the Euro-Atlantic sector is ephemeral in character and statistically significant in January only, corroborating previous find-
ings of an intermittent and non-stationary Arctic sea ice-NAO link during boreal winter. These results aid our understanding
of the seasonal impacts of reduced eastern Arctic sea ice on the midlatitude atmospheric circulation with implications for
seasonal predictability in wintertime.

Keywords Arctic sea ice - Seasonal prediction - Atmospheric circulation - Tropical Pacific convection - Rossby wave train -
Hadley cell-jet interaction
1 Introduction

The Arctic region (60° N-90° N) has undergone profound
changes during the past decades, one of which is the near-
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been shown to be a source of predictive skill for European
winter climate (Koenigk et al. 2016; Scaife et al. 2014).
Whether there are implications for the rest of the Northern
Hemisphere is less known.

Boreal winter is the time of the year when the climato-
logical turbulent heat fluxes at high latitudes are strongest
due to the large temperature difference between the warm
ocean and cold atmosphere.

In the Barents-Kara Seas (BKS) sector, November has
been identified as the critical month of sea ice forcing of the
winter atmospheric circulation due to maxima in both vari-
ability and trend of surface heat fluxes. Yet, any larger-scale
atmospheric impacts may be delayed by several months (e.g.
Deser et al. 2010).

Most research so far has focused on remote signals to
observed or projected BKS sea ice variability. Circulation
changes in response to autumn BKS sea ice variability
have been detected in the Euro-Atlantic sector and Eurasia,
including the position and intensity of the jet stream, the
associated storm tracks (Seierstad and Bader 2009), tran-
sient eddy feedbacks propagating atmospheric circulation
anomalies to mid-latitudes (Deser et al. 2004, 2007), as well
as a “stratospheric bridge” via constructive wave interfer-
ence with the climatological stationary wave pattern and a
resulting weakening of the stratospheric polar vortex with
subsequent downward coupling with the tropospheric North
Atlantic Oscillation (NAO) (Peings and Magnusdottir, 2014;
Kim et al. 2014; Sun et al. 2020; Nakamura et al. 2015; Rug-
gieri et al. 2017). Most of these circulation changes have
been associated with the negative phase of the NAO set-
tling in late winter, following BKS sea ice reduction in late
autumn, a result also found in observational studies (Yang
et al. 2016; Nakamura et al. 2015; Garcia-Serrano et al.
2015). Similarly, recently observed harsh winters over north-
ern and central Eurasia have been related to sea ice loss and
associated warming in the eastern Arctic, amongst other via
increased frequency of atmospheric blocking over the Ural
region (Screen and Simmonds 2013; Liu et al. 2012). This
pattern is referred to as the “warm Arctic cold continents
(WACC)” pattern (Kug et al. 2015).

Most of these studies focused on interannual variability to
longer-term trends, and their findings remain inconclusive in
terms of the favoured NAO phase and the strength of the signal
on these timescales. Recent observational studies, for example,
show an intermittent (Siew et al. 2020) and non-stationary
(Kolstad and Screen 2019) sea ice-NAO link during winter,
while other studies point to a positive NAO-like response (Sin-
garayer et al. 2006; Orsolini et al. 2012), opposing the negative
NAO-like circulation response described above. Furthermore,
atmospheric responses to sea ice perturbations are subject to
large internal variability (e.g. Screen et al. 2013). More recent
considerations of the winter Arctic—-mid-latitude links doubt
the role of Arctic sea ice loss in shaping mid-latitude winter
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weather and rather suggest anomalous mid-latitude flow might
cause both mild Arctic conditions (thus sea ice loss) and cold
mid-latitude winters (Blackport et al. 2019; McCusker et al.
2016).

For the longer-term perspective, the atmospheric response
to sea ice variability is sensitive to where exactly sea ice is
perturbed; pan-Arctic sea ice loss being different from regional
sea ice loss (Sun et al. 2020; Screen 2017). Pan-Arctic sea
ice loss on the decadal time scale has been shown to trigger
circulation changes also in the Pacific sector, and more spe-
cifically, has led to ridging at upper and lower levels in the
northeast Pacific which resulted in dry conditions over Cali-
fornia (Sewall and Sloan 2004; Cvijanovic et al. 2017; Simon
etal. 2021).

Here, we demonstrate for the first time that autumn sea
ice loss in the eastern Arctic leads to a significant and robust
winter circulation response in the Pacific sector on the sea-
sonal timescale. To our knowledge, no study has previously
focused on the role of autumn BKS sea ice variability in shap-
ing atmospheric winter circulation in a seasonal prediction
framework. One previous study has investigated the transient
coupled ocean—atmosphere response to pan-Arctic sea ice
thinning in 1-year long simulations (Semmler et al. 2016).
However, the focus was on the summer season and adopting
pan-Arctic sea ice loss. Here, using a seasonal prediction sys-
tem, we assess the transient winter atmospheric circulation
response to autumn BKS sea ice reduction in a seasonal hind-
cast framework. An assessment of the transient seasonal circu-
lation response to Arctic sea ice reduction allows assessing the
potential for seasonal predictability of wintertime circulation
originating from Arctic sea ice anomalies, which is rather dif-
ferent than the forced response that may develop over a number
of years. We consider 23 recent winter seasons (1993-2015),
so as to take into account different background climate states
of different years. The sensitivity experiments are assessed
in comparison to an undisturbed "control" ensemble hindcast
data set for the same period and initial conditions. A number
of realizations (10) per winter season helps to increase the
signal-to-noise ratio. We find that sea ice reduction in the BKS
leads to a robust circulation response primarily in the northeast
Pacific sector.

We begin by describing the model, the experimental setup
and the heat flux adjustment method for perturbing Novem-
ber sea ice in Sect. 2. Features of the winter mean circulation
response as well as the seasonal evolution of the response are
detailed in Sect. 3 with a particular focus on the Pacific sec-
tor circulation response. The implications of the results are
discussed in Sect. 4.
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2 Methods
2.1 Model and data set

The atmospheric circulation response to Arctic sea ice loss
is assessed using the seasonal prediction system CMCC-
SPSv3 (Euro-Mediterranean Center for Climate Change
(CMCC) Seasonal Prediction System version 3) which
is used by the Euro-Mediterranean Center for Climate
Change in operational mode to issue seasonal forecasts
(Sanna et al. 2017). The atmospheric component is the
Community Atmosphere Model version 5.3 (CAM 5.3) in
a spectral element configuration with a horizontal resolu-
tion of about 1° and 46° vertical levels. The model top is
at 0.3 hPa which allows the representation of some key
stratospheric processes. The ocean model component is
the Nucleus for European Modelling of the Ocean 3.4
(NEMO 3.4), sea ice is represented by Community Ice
CodE 4 (CICE4), and both have a horizontal resolution of
1/4° and 50 levels. Land/vegetation and river routing are
represented by CLM4.5 (Community Land Model version
4.5) and the RTM (River Transport Model), respectively.
Further details about the initialization strategy, ensemble
generation, and other technical details of CMCC-SPSv3
can be found in Sanna et al. (2017).

To assess the atmospheric response to reduced late
autumn sea ice cover, we run a set of seasonal ensemble
forecasts with perturbed sea ice cover in the BKS during
November (“ICEFREE”). These simulations are performed
for 23 winter seasons (1993-2015), initialized on Novem-
ber 1 as an ensemble of 10 realizations per season, sum-
ming to a total of 230 seasonal simulations (see Table 1
for details).

Details on the procedure to achieve reduced sea ice
conditions in November are outlined in Sect. 2.2. These
ICEFREE simulations are contrasted with the unperturbed
seasonal hindcast data set (“CTRL”) over the same time
period (1993-2015), with each realization having the same
start date (1st November) and identical initial conditions
as in ICEFREE. The response to reduced November sea
ice concentration is defined as the ensemble mean differ-
ence between the perturbed (ICEFREE) and unperturbed
(CTRL) climates (ICEFREE minus CTRL). The statistical

significance of the response to sea ice reduction is evalu-
ated using a test for differences of the mean for paired sam-
ples (Wilks, 2011; see Supplementary Material Sect. 2).

2.2 Seaice perturbation in ICEFREE

Sea ice cover in the BKS is reduced based on a heat flux
formulation that alters SST by adding a feedback term to
the non-solar heat fluxes at the ocean surface. This restoring
strategy is based on a protocol used for decadal idealized and
pacemaker experiments (Boer et al. 2016). The correction to
the non-solar heat fluxes (longwave, sensible and latent heat
fluxes) is computed in the following way:

%(leﬂ - SSTTarget) if T|zy < -1.5°C
0 else

Q”S = Qgs + {

0, is the corrected sum of the non-solar surface heat
fluxes, QSS is the initial uncorrected sum of non-solar heat
flux terms, dQ/dT is a fixed, negative feedback coefficient
(<5000 Wm™~2 K1) that acts on SST, and Tl,—, is the model’s
temperature at the top layer of the ocean model (effectively
SST). SSTrye 18 the target SST towards which the model
SST’s are nudged at each model time step. Hence, prior to
the calculation of Q,,,, additional heat flux is applied as a
correction to Tl,_,. The restoring is active on a conditional
basis, meaning that it is active only when SST drops below
— 1.5 °C. The target value is set to SSTr,,.=— 1.6 °C so
as to just prevent seawater with a salinity of about 35 psu
from freezing. In addition, the SST restoring is active on a
regional basis covering the BKS, as depicted by the mask
in Fig. 1a. The outer edges form a sponge zone which acts
to inhibit steps in SST gradients. Outside of the restoring
region, the coupled model evolves freely, allowing for a real-
istic climate response. The restoring coefficient of — 5000
Wm~2 K~! that determines (yet not alone) the amount of
heat added to the upper ocean is chosen to be a large value
so as to make the nudging effective, being aware of the very
small temperature difference between SSTr, and the
restoring activation temperature (— 1.5 °C). The default heat
added used for multi-decadal pacemaker experiments (—4
0 Wm~2 K~!; Boer et al. 2016) did not achieve the desired
change in sea ice cover over the timescale of interest and is
thus unsuitable for the purpose of this experiment. Please

Table 1 Experimental set-up
adopted in this study

Characteristic

ICEFREE

CTRL

Hindcast period

Realizations per winter season
Start date

Simulation length

November ice sea perturbation

1993-2015 (23 winter seasons)
10

1st November

6 months (1st Nov-30th April)

Heat supply to the upper ocean layer

1993-2015 (23 winter seasons)
10

1st November

6 months (1st Nov—30th April)

None
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Fig. 1 a Mask indicating the
region where restoring on SSTs
is active (covering the north
of the Barents Sea and entire
Kara Sea). Values of zero
indicate that the restoring is
never activated in that region;
values equal to 1 indicate that
the restoring is fully active
(coefficient of 1.0). Values in-
between vary correspondingly.
b Time series of difference

in near-surface temperature
(T2M, green lines) and in sea
ice concentration (SIC, purple
lines) area-averaged over the
BKS (25-90° E, 75-80° N)
during the first two months of
the integration (November and
December). Faint lines repre-

sent the means of single years in [ T

the period 1993-2015, the thick 0.1
lines represent the ensemble
mean differences

(b)
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note that additional heating of the atmosphere is minimal
due to the small window within which the heating is active
(between — 1.5 °C and about — 1.65 °C when sea water with
salinity of 35 psu freezes). The nudging in effect represents
a non energy-conserving method for controlling sea ice
concentration.

The amount of heat ultimately added to the upper ocean
layer during November depends on the amount of sea ice
that is already present at the time of initialization, leading to
different amounts of sea ice removal in the BKS during each
year (Figs. 1b, S.1). Another reason for these differences
from year to year is the varying atmospheric circulation (air
temperature, wind speed and humidity) above the ocean
surface. The ensemble mean of BKS sea ice concentration
decreases through November (thick purple line in Fig. 1b),
concurrent with an increase in near-surface temperatures
(thick green line in Fig. 1b) averaged over the same area.
After the nudging is switched off at the end of Novem-
ber, the model evolves freely and sea ice gradually returns
to near its climatological value by the end of December,
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with the associated near-surface air temperature anomalies
disappearing.

One of the objectives of our study is to evaluate the
atmospheric circulation response to realistic sea ice con-
centration (SIC) anomalies compatible with the observed
sea ice variations in the same period. The CTRL November
mean sea ice concentration compares well to the correspond-
ing observed climatology of November mean SIC (Fig. 2c,
d). The perturbed November sea ice conditions in ICEFREE
also compare well to a composite of sea ice minimum years
from reanalysis data (Figs. 2a, b, S2). Consequently, sea ice
anomalies arising from the ensemble mean difference (ICE-
FREE-CTRL) compare well with realistic sea ice anomalies
taken from reanalysis data (ERA-Interim) and have a similar
spatial structure and magnitude. The lack of anomalous sea
ice cover near the coast of Siberia in reanalysis (Fig. 2f)
compared to ICEFREE can be explained by the low interan-
nual variability in this area due to shallow waters near the
coast, leading to unconditional sea ice formation (hence low
variability) during November.
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3 Results

3.1 Large-scale features of the winter mean
response

Figure 3 reveals the winter (DJF) mean response in ICE-
FREE to the sea ice reduction in late fall. The imposed
heat flux and consequent sea ice removal (Fig. 2e) result
in a pronounced (> 5 °C) localized, near-surface warming
in the BKS (Fig. 3a). There is a heterogeneous surface
temperature signal covering the Northern Hemisphere,
with surface warming over central and western Europe
and a cold anomaly over North America. As will be shown
later, in contrast to the ephemeral warming and related

DJF T2M

(a)

1.4
120W 120E
0.6
= 0.2
gow 90E
—-0.2
) =-0.6
60w\
-1
-1.4
(c)
0.5
120W A 120E .
0.1
sow 90E
-0.1
-0.3
-0.5

Fig.3 Winter (DJF) mean surface and large-scale circulation features
in response to late autumn sea ice loss. a Near-surface (2 m) tempera-
ture (°C), b mean sea level pressure (hPa), ¢ total precipitation (con-
vective + large-scale; mm/day), and d geopotential height (m). All
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circulation response over Europe, the circulation response
in the Pacific sector lasts over the entire winter season
(Figs. 4,5).

The mean sea level pressure anomalies indicate a weak
positive NAO-like circulation response over the Euro-Atlan-
tic sector, although this response is statistically significant
in January only (Fig. 5). This circulation pattern stands in
contrast with the negative NAO circulation response to east-
ern Arctic sea ice loss identified in a number of (Peings and
Magnusdottir 2014; Nakamura et al. 2015, Ruggieri et al.
2017)—but not all (e.g. Orsolini et al. 2012)—previous stud-
ies. The Pacific sector shows an equivalent barotropic cir-
culation response with positive (anticyclonic) anomalies at
lower (SLP, Fig. 3b) and upper levels (2500, Fig. 3d). Asso-
ciated with this anticyclonic anomaly, there is a precipitation

DJF PSL

180

(b)

1.2
120W A120E 0.8
— 0.4
90w 90E : 0
H-o.4
——0.8
-1.2
(d)
15
120W 9
s
90W } L
\ — -3
oW\ \ ; m e
~15

fields are defined as the ensemble mean difference between ICEFREE
and CTRL. Stippling indicates a statistically different mean between
ICEFREE and CTRL to the 95% confidence level
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Fig.4 Transient winter (a)
(November-February) surface
thermodynamic response to
eastern Arctic sea ice loss.
Ensemble mean difference
(ICEFREE minus CTRL) in
a sea ice concentration (%), b
surface turbulent heat fluxes
(sensible + latent; W/m?) and
¢ 2 m-temperature (deg C).
Stippling indicates a statisti-
cally different mean between
ICEFREE and CTRL to the
95% confidence level

Nov ICE

R

(c) Nov T2M

deficit (dry conditions) over the North American southwest
(Fig. 3c). Drought conditions in this area in relation to anti-
cyclonic flow conditions have been a characteristic during
recent decades (Wang et al. 2014; Seager et al. 2015), and
appear in detrended reanalysis data when contrasting low
sea ice years with high sea ice years (Figs. S5-S7). In the
following, we will shed light on the role of autumn BKS sea
ice perturbation in the transient evolution of this synoptic
configuration.

3.2 Seasonal evolution of the thermodynamic
and circulation changes

The month-by-month view of the climatic response to the
heat flux perturbation in the BKS is depicted in Fig. 4. The
sea ice anomaly persists into December, a month after the
sea ice restoring in the BKS ends (Fig. 4a). The reduction
in sea ice cover (i.e. mainly due to the prevention of sea
ice formation) results in strong upward turbulent heat flux
anomalies (sensible plus latent heat) from the ocean to the
atmosphere in the northern Barents and over the entire Kara

Dec ICE Jan ICE Feb ICE

Feb T2M

Sea (Fig. 4b). Negative heat flux anomalies are found south
of the sea ice removal, in regions that, in CTRL, are adja-
cent to the ice edge where heat loss from the ocean to the
atmosphere is largest. In contrast to sea ice anomalies and
related surface heat flux changes, near-surface air tempera-
ture anomalies spread far beyond regions of the imposed
forcing and persist until late winter (Fig. 4c).

While surface changes appear immediately (Fig. 4), most
of the large-scale circulation anomalies appear with a delay
of 1-2 months (Fig. 5). As a result of ascending air motion, a
small localized cyclonic anomaly develops directly over the
heating area in November (Fig. 5a) similar to the findings of
early classical studies (e.g. Hoskins and Karoly 1981; Honda
et al. 2009). However, sea level pressure and geopotential
height anomalies are developed across the northern mid-
latitudes only by December (Fig. 5a,b). Over the Atlantic,
we see a strengthening of the Icelandic pressure low and
Azores high in January. Corresponding low-level westerly
flow (Fig. 5c) in the Atlantic sector is extended downstream
and intensified according to the sharper meridional pres-
sure gradient. Together with anomalies in total precipitation,
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Fig.5 Transient winter (a)
(November-February) circula-
tion response to eastern Arctic
sea ice loss. Ensemble mean
difference (ICEFREE minus

Nov MSLP

Dec MSLP Jan MSLP

Feb MSLP

CTRL) in a mean sea level
pressure (hPa), b geopotential
height at 500 hPa (m), ¢ zonal
wind speed at 925 hPa (m/s),
overlaid with 925 hPa wind
vectors. Stippling indicates

a statistically different mean
between ICEFREE and CTRL

to the 95% confidence level (b) Nov Z500

-25
(c) Nov U925

these features are reminiscent of an NAO + circulation pat-
tern (Fig. S2). However, this NAO + type of response is sta-
tistically significant during January only.

In the Pacific sector, a robust and persistent anticyclonic
circulation anomaly develops at both lower (Fig. 5a) and
upper levels (Fig. 5b), lasting over the entire winter sea-
son (Dec—Feb). These features are dominant in the winter
mean circulation response (Fig. 3). This geopotential height
anomaly diverts westerly flow to the northeast, giving rise to
cold anomalies over the North American continent (Figs. 4c,
5c¢). The Pacific circulation response is addressed in more
detail in the next section.

3.3 Pacific circulation response

In order to better understand the synoptic situation in the
North Pacific, we focus on the Pacific circulation response
during January, when the anomalies are largest. The North
Pacific anticyclonic geopotential height anomaly (Fig. 6a)
drives a decline in total (convective plus large-scale) precipi-
tation over the American southwest (Fig. 6b), by diverting
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the wet westerly air masses northward, and thereby leav-
ing the southwest coast of North America anomalously dry.
Both the anomalous ridge and the precipitation deficit have
been related to Arctic sea ice loss in decadal coupled climate
model simulations (Cvijanovic et al. 2017; Sewall and Sloan
2004; Sewall 2005). Cvijanovic et al. (2017) suggested that
changes in the North Pacific circulation are a result of re-
organization of tropical Pacific convection—analogous to
the teleconnection at work during the different phases of the
ENSO cycle (e.g. Trenberth et al. 1998).

Similar to the findings of Cvijanovic et al. (2017), in
our simulations we find altered tropical Pacific convection.
Positive outgoing longwave radiation (OLR) anomalies
in the western tropical Pacific (about 160-180 E, 10 N;
Fig. 6d) are indicative of weakened deep convection in this
area, due to more radiation being emitted at lower altitudes
with a warmer cloud top (not shown). Earlier studies, such
as Trenberth et al. (1998), have emphasized the impor-
tance of anomalies in the divergent flow component in the
upper troposphere for stationary Rossby wave generation.
The tropical Pacific OLR increase and associated reduced
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Fig.6 Mid-winter (January) Pacific circulation response to late
autumn Arctic sea ice loss. Ensemble mean difference (ICEFREE
minus CTRL) in a geopotential height at the 500 hPa level (Z500;
m), b total precipitation (large-scale+ convective; mm/day), ¢ zonal
winds at 250 hPa (m/s), d outgoing longwave radiation (OLR) at the
top-of-the-atmosphere (TOA) in W/m?, e vertical velocity at 500 hPa

deep convection seen in our simulations are consistent
with reduced upper-level divergence (Fig. 6g), that drives
a Rossby wave train to the extratropical North Pacific (note
that anomalies in upper-level divergence/velocity potential

(hPa/s) and f stream function (¥10° m?/s) computed from the hori-
zontal wind components (u,v) at 250 hPa. g) Velocity potential (*10°
m?s; colours) and divergent winds components (vectors) computed
from horizontal wind components (u,v) at 250 hPa. Stippling indi-
cates a statistically different mean between ICEFREE and CTRL to
the 95% confidence level

and OLR are slightly offset due to the fact that the veloc-
ity potential reflects a large-scale field, while changes in
convective activity (OLR) are on a local scale).
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The Rossby wave train is indicated by a cyclonic cir-
culation cell just northeast of the positive OLR anomaly,
followed by an anticyclonic circulation cell in the northern
extratropical Pacific, at the same location as the geopotential
height anomaly (Fig. 6a). This class of Rossby waves takes
about a month to get established, and the waves travel along
great circles (Wallace and Gutzler 1981). The anticyclonic
flow anomaly at 250 hPa is thus an upper-level manifestation
of the 500 hPa geopotential height anomaly (Fig. 6a), point-
ing to equivalent barotropic circulation anomalies.

Thus, the development of the North Pacific anticyclonic
circulation anomaly may be understood in the light of
reduced convective activity in the western tropical Pacific,
even though the dominant role of this mechanism is not
unequivocal, and other interpretations are possible.

3.4 Extratropical forcing of tropical convection
changes

This section explores ways in which Arctic forcing may
influence the tropical Pacific on the seasonal timescale of
interest. From an energetics perspective, the tropical OLR
changes seen in our simulations may be a start of an adjust-
ment to the energy surplus at high latitudes originating from
the imposed heating perturbation in November. Cvijanovic
et al. (2017) noted an increase in top-of-the-atmosphere
(TOA) radiation to space in the tropical Pacific between 20°
S and 20° N and an associated reduction in the northward
atmospheric heat transport. Our 6-month long simulations
are, however, far from equilibrium, and energy budget con-
siderations are less relevant at these time scales.

Some clues emerge from considering the surface
responses in the tropical Pacific. In the western tropical
Pacific, we see cold SST anomalies collocated with strength-
ened near-surface easterly winds, while in the eastern tropi-
cal Pacific, we see warm SST anomalies collocated with
weakened easterlies (Fig. 7, Fig. 8 a,b). Where the near-
surface winds are stronger (weaker), there are increased
(decreased) latent heat fluxes from the ocean to the atmos-
phere (Fig. 8c). Locally, these signals are consistent with
the so-called “wind-evaporation-sea surface temperature”
(WES) feedback highlighted in previous studies as a mecha-
nism for communication from the extratropics to the tropics
(Chiang and Bitz 2005; Mahajan et al. 2011; Cvijanovic and
Chiang 2013). Similar to the findings of these studies, the
locations of positive OLR anomalies (associated with large-
scale convective changes) are collocated with the areas of
cold SST anomalies and strengthened easterly winds. It is
however important to note that the tropical Pacific response
seen in our simulations is different in shape (i.e., not as
zonally symmetric) compared to the ones reported above.
This is most likely a consequence of the different timescales
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Fig.7 Mid-winter (January) tropical Pacific SST and near-surface
wind (925 hPa; arrows) anomalies in response to November Arctic
sea ice loss in the BKS. Shading indicates the ensemble mean dif-
ference between ICEFREE and CTRL. Stippling indicates statistically
different mean between ICEFREE and CTRL to the 95% confidence
level

and geometry of the high-latitude forcing considered in our
study.

Another feature of the Pacific circulation changes in
response to autumn Arctic sea ice loss is a retraction and
slight poleward shift of the Pacific jet stream in the area of
maximum upper westerly flow (at~ 150°E ; see contours in
Fig. 6¢). Such changes are associated with well-known pat-
terns of North Pacific variability affecting the storm track
and precipitation over North America (Athanasiadis et al.
2010; Wettstein and Wallace 2010). The Pacific jet is driven
both by tropical heating and eddy fluxes (Li et al. 2012),
which means that it can also communicate changes from the
extratropics to the tropics. Idealized experiments show that
changes in midlatitude eddy activity can affect the Hadley
cell via feedbacks between eddy fluxes and the mean flow
(Schneider and Bordoni 2008; Mbengue and Woollings
2019). Our imposed Arctic heating weakens the meridional
surface temperature gradient (Fig. S8), which reduces sur-
face baroclinicity and, presumably, the eddy-driven compo-
nent of the jet. Detailed evidence for eddy-driven changes
are not deducible from the current analysis, however.

Different processes described here, as suggested in earlier
studies, are not mutually exclusive, but likely operate on
different timescales. The question of dominance of one of
these pathways over another and the timescale at which this
occurs, is however, beyond the scope of our study.

4 Discussion and conclusion

The wintertime Northern Hemisphere atmospheric circula-
tion response to late autumn eastern Arctic sea ice reduc-
tion was assessed in a set of seasonal predictions. The cir-
culation response in the Euro-Atlantic sector is ephemeral
(resembling the NAO + phase), lasting only through the
month of January, and thus corroborates previous find-
ings of an intermittent and non-stationary NAO response
to eastern Arctic sea ice loss as seen in observations (Siew
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Fig.8 Mid-winter (January) Pacific surface response to late autumn
Arctic sea ice loss. Ensemble mean difference (ICEFREE minus
CTRL) in a sea surface temperatures (SST, °C) and b low-level zonal
wind speed computed from zonal (u) and meridional (v) wind com-

et al. 2020; Kolstad and Screen 2019). On the other hand, a
robust and marked anticyclonic flow anomaly at upper and
lower levels develops in the northeast Pacific sector (Decem-
ber—February). This anticyclonic anomaly leads to drying
in the North American southwest, a result noted in previous
studies on the (multi-)decadal time scale. The response is
tied to dominant well-known patterns of North Pacific vari-
ability affecting precipitation over North America, and finds
new applications here in the seasonal prediction framework.
The mechanism suggested in this study involves a Pacific
“Flip-Flop” in which midlatitude eddy activity weakens
the Hadley cell, and thus convective activity in the western
tropical Pacific, even though other interpretations are possi-
ble. Anomalies in the tropical upper-level divergence where
convection is weakened trigger a Rossby wave train back
to extratropical latitudes, resulting in the described anticy-
clonic flow anomaly. This mechanism is suggested for the
first time on the seasonal time scale, and for the first time
in response to sea ice loss constrained to the eastern Arctic
basin. Our anomalies hold true even when removing strong
El Nifio and La Nifia years, indicating that the mechanism
identified is a robust feature independent of ENSO (Figs.
S3, S4).

Previous studies demonstrated a delayed NAO-like circu-
lation signal in the Euro-Atlantic sector due to anomalous
upward propagating planetary wave activity and a subse-
quent weakening of the stratospheric polar vortex, following

2 6 10

ponents at 925 hPa (colors) and direction and magnitude of these
low-level winds (arrows), and ¢) surface latent heat fluxes (W/m?).
Stippling indicates statistically different mean between ICEFREE and
CTRL to the 95% confidence level

autumn Arctic sea ice anomalies. Whether anomalous
stratospheric activity plays a role in the winter circulation
response seen in our simulations will be subject of future
research.

A prominent anticyclonic circulation anomaly in response
to Arctic sea ice loss is also the result of AGCM studies cou-
pled to a slab ocean, hence omitting deep ocean dynamics
(Cvijanovic et al. 2017). This points to the fact that quali-
tatively the same circulation signal in the North Pacific as
identified here can be obtained without the contribution of
the ocean dynamics, which latter was postulated to shape
significantly the Pacific extratropical circulation response
(e.g. England et al. 2020; Tomas et al. 2016; Wang et al.
2018).

In contrast to our findings, a series of earlier studies
observe a strengthening of the Aleutian low in response to
Arctic sea ice loss (Oudar et al. 2017; McCusker et al. 2017,
Blackport and Kushner 2017; Deser et al. 2015; Tomas et al.
2016). This is consistent with the fact that such studies run
their simulations on a century-long timescale, so that effects
related to changes in the Atlantic Meridional Overturning
Circulation (AMOC) become apparent and relevant. In fact,
a slow-down of the AMOC is evident in simulations of pro-
jected Arctic sea ice loss and greenhouse gas (GHG) forcing,
having identified a deepening of the Aleutian low (combined
and separately; McCusker et al. 2017; Oudar et al. 2017).

@ Springer
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Our study adopts a non energy-conserving heat flux adjust-
ment to the surface ocean non-solar heat fluxes. One of the
questions discussed in the literature is to what extent the meth-
odology to perturb the sea ice cover may influence aspects of
the circulation response to Arctic sea ice loss (e.g. Sun et al.
2020). Previous studies employing energy-conserving sea ice
perturbation methods report similar circulation changes in the
North Pacific sector (e.g. Cvijanovic et al. 2015; Simon et al.
2021), which lends credibility to our results and methodology.
However, we do not believe that the methodology of sea ice
perturbation is dominant in shaping the circulation response
on the timescales considered in this study.

In conclusion, while there are other factors potentially
affecting precipitation over the North American southwest
(California in particular), such as those related to the differ-
ent phases of the ENSO cycle, the presented analysis sug-
gests that Arctic sea ice loss can be regarded as one possible
driver and as source of predictability for winter drought con-
ditions over the North American southwest.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-05830-9.
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