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Abstract we assess the reliability of an indirect method of inferring the atmospheric response to
projected Arctic sea ice loss from CMIP5 simulations, by comparing the response inferred from the
indirect method to that explicitly simulated in sea ice perturbation experiments. We find that the indirect
approach works well in winter, but has limited utility in the other seasons. We then apply a modified version
of the indirect method to 11 CMIP5 models to reveal the robust and non-robust aspects of the wintertime
atmospheric response to projected Arctic sea ice loss. Despite limitations of the indirect method, we identify a
robust enhancement of the Siberian High, weakening of the Icelandic Low, weakening of the westerly wind
on the poleward flank of the eddy-driven jet, strengthening of the subtropical jet, and weakening of the
stratospheric polar vortex. The surface air temperature response to projected Arctic sea ice loss over mid-
latitude continents is non-robust across the models.

Plain Language Summary The continued melt of Arctic sea ice will likely affect weather and
climate in places far from the Arctic. To better understand the far-flung implications of sea ice loss,
scientists can perform bespoke climate model experiments in which sea ice is reduced, but all other climate
drivers are fixed. In our paper, we test the reliability of an indirect method to infer the atmospheric
response to sea ice loss, which makes use of a large set of climate model experiments originally performed for
other purposes. We find that the indirect approach works well in winter, but not so well in other seasons. We
then apply the indirect method to 11 climate models to reveal the robust and non-robust aspects of the
wintertime atmospheric response to projected Arctic sea ice loss—the largest such comparison to date. We
found that the models agreed on quite a few aspects of the response, including warming over the Arctic,
regional surface pressure changes over Siberia and Iceland, and a slowing of the mid-latitude jet stream. On
the other hand, the models disagreed on whether surface air temperatures over Europe, North America, and
East Asia will warm or cool in response to future Arctic sea ice loss.

1. Introduction

It is often said “what happens in the Arctic doesn't stay in the Arctic”. The essence of this trope is that climate
change in the Arctic, exemplified by the dramatic retreat of Arctic sea ice cover (Stroeve & Notz, 2018), affects
weather and climate in places further south. That sea ice loss can affect weather and climate at lower lati-
tudes is well established, but exactly how sea ice loss may impact the large-scale atmospheric circulation
remains unclear (e.g., Barnes & Screen, 2015; Cohen et al., 2014; Vavrus, 2018). Many modelling studies have
sought to address this question by performing sea ice perturbation experiments (e.g., Blackport & Kushner,
2016; Blackport & Screen, 2019; Deser et al., 2010; Deser et al., 2015; England et al., 2018; McCusker et al.,
2017; Ogawa et al., 2018; Oudar et al., 2017; Peings & Magnusdottir, 2014; Smith et al., 2017; Screen et al.,
2013; Sun et al., 2015; Sun et al., 2018), but most consider only a single model or the average of multiple mod-
els. The relatively few efforts to synthesize and compare results between climate models have revealed some
common features of the atmospheric response to projected Arctic sea ice loss, but also substantial discrepan-
cies across models (e.g., Hay et al., 2018; Screen et al., 2018). The largest comparison of sea ice perturbation
experiments to date was conducted by Screen et al. (2018), which collated simulations from five models.

The advantage of sea ice perturbation experiments is that, with sea ice loss as the only forcing, they can be
used to cleanly isolate the response to sea ice loss from that of other climate drivers. Although many model-
ling groups have performed such experiments, few have made the output freely available, hindering compar-
isons between models. Zappa et al. (2018), referred to as Z18 hereafter, introduced an indirect approach to
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infer the atmospheric response to sea ice loss, leveraging publicly available simulations conducted as part of
the Coupled Model Intercomparison Project phase 5 (CMIP5). Although the CMIP5 simulations were not
designed for this express purpose, Z18 provide strong reasoning that their approach is able to disentangle
the atmospheric response to sea ice loss from that to other climate drivers.

The purpose of this paper is twofold. First, we assess the suitability of the Z18 approach to estimating the
response to sea ice loss, by comparing the response inferred from it to that explicitly simulated in sea ice per-
turbation experiments. Z18 did not formally test their method in this way. Second, we apply a modified ver-
sion of the Z18 method to estimate the wintertime atmospheric response to projected Arctic sea ice loss from
11 CMIP5 models, the largest comparison of its kind to date, to reveal the robust and non-robust aspects of
the response. Whilst Z18 focussed on the multimodel mean response and in particular, that of the North
Atlantic jet, we delve deeper into the responses simulated by individual models and the similarities and dif-
ferences in these model-specific responses.

2. Data and Methods
2.1. CMIP5 Simulations

We make use of five experiments from the CMIP5 (Taylor et al., 2012), named historical, rcp85, amip,
amipFuture, and amip4xCO2. Eleven models in CMIP5 archive had data for all five required experiments
(supporting information, Table S1). The historical experiment is run with external forcing (greenhouse gas
concentrations, ozone, aerosols, solar forcing, land use change, and so on) following observed values from
1850 to 2005. The rcp85 experiment is run with projected external forcing from 2006 to 2100, following a
high-end emissions scenario. The historical and rcp85 experiments were performed with fully coupled cli-
mate models, which simulate interactions between the atmosphere, land, ocean, and sea ice. The amip,
amipFuture, and amip4xCO2 experiments were performed with prescribed sea surface temperature (SST)
and sea ice concentration (SIC) and therefore, lack coupling between the atmosphere, ocean, and sea ice.
In the amip experiment, the external forcing was the same as in the historical experiment, but the SST and
SIC were prescribed to follow observed values from 1979 to 2008. The amip4xCO2 experiment was analogous
to the amip experiment, except that the CO, concentration was quadrupled. In the amipFuture experiment,
the external forcing was the same as in the amip and historical experiments, but the prescribed SST had an
additional warming pattern added. This warming pattern was derived from the average of 13 CMIP3 models
at the time of CO, quadrupling and was scaled to have a global mean SST increase of 4 K averaged over the
ice-free oceans (Bony et al., 2011; Webb et al., 2017). In both the amipFuture and amip4xCO2 experiments,
SIC were the same as in the amip experiment.

2.2. Diagnosing the Response to Sea Ice Loss

The Z18 approach takes advantage of the fact the sea ice is the same in the amip, amipFuture, and
amip4xCO2 experiments. They estimated the response to quadrupled CO, concentrations (hereafter,
Rco2), in the absence of sea ice loss, by subtracting the time average (1979-2008) from amip simulations from
that in the amip4xCO2 simulations, and the response to warming SSTs (Rssr) by subtracting the time average
amip simulations from that in the amipFuture simulations. The total climate change response (R4 ), includ-
ing the direct radiative effects of increased CO,, the effects of warming SST and of sea ice change, was esti-
mated by subtracting the time average over the period 1975-2005 from the historical experiment from that
over the period 2069-2099 in the rcp85 experiment. Lastly, the response to sea ice loss (R;cr) was inferred
as the residual term after subtracting the sum of Rgsr and Rco, from Ry

Rice = Rarr—(xco2Reoz + <sstRsst),

where xcp, and xggsr are scaling factors, which account for the SST increase in amipFuture (relative to amip)
and the CO, increase in amip4xCO2 (relative to amip) being larger that in rcp85 (relative to historical). Z18
computed xgs7 from the multi-model mean difference in tropical (30 °S-30 °N) SST between R4rr and Rgsr,
which was 0.594. xco,, was set to 0.587, derived from difference in CO, radiative forcing between R, and
Rcoo-

The Z18 approach makes a number of assumptions. Foremost of these are that Rssr, Rcoz, and Rjcg are
separable and linearly additive; that Rgsr scales linearly with the magnitude of tropical SST warming; that
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Rcos scales linearly with radiative forcing; and that Rggr and Rco, are independent of the mean background
state, which may differ between coupled and uncoupled versions of the same model (Smith et al., 2017), or
the absence of atmosphere-ocean-ice coupling in the amip-type experiments. Z18 argued that these
assumptions are approximately satisfied, but did not explicitly test them. Here, we compare the response
to sea ice loss inferred from the Z18 approach to that simulated in sea ice perturbation experiments,
which enables us to test the validity of these assumptions.

We made a few minor modifications to the Z18 approach. First, whereas Z18 used only one realization per
model, we used ensemble means from all available realizations (Table S1). This modification led to a better
estimate of the circulation response to sea ice loss, presumably due to improved separation of forced response
from internal variability. For example, the pattern correlation between the inferred and simulated winter
mean sea level pressure (MSLP) responses increased from 0.56 to 0.69 and 0.28 to 0.66 for HadGEM2-ES
and CCSM4, respectively. Second, whereas Z18 calculated «xggr based on the multi-model mean (i.e., it
had a single value), we calculated ocgsr separately for each model. This allows us to diagnose Ry for each
individual model and to assess its robustness across the 11 models. We note that «gg7 varied from 0.54 to
0.87 across the models. Third, we computed R4y using slightly different time periods: 1980-1999 for histor-
ical and 2080-2099 for rcp85. This required a slightly higher value of oo, (0.628).

Our estimate of the inferred response to sea ice loss is derived as a residual from coupled model experiments
and so, it includes effects of ocean coupling on the response to sea ice loss (see, e.g., Deser et al., 2015, 2016;
Blackport & Kushner, 2018). However due to the pattern scaling («xgss7), we expect that any SST response to
sea ice loss (e.g., Tomas et al., 2016; Wang et al., 2018) that projects onto the CMIP3-mean warming pattern
and scales with tropical SST would be missed by our method and instead apportioned to SST change; as
would any feedback of such sea ice-induced SST changes on the atmosphere (e.g., Blackport & Kushner,
2018; Cvijanovic et al., 2017). For this reason, we assume the inferred response will only be weakly influ-
enced by ocean coupling and therefore, that it is reasonable to compare the inferred response to that simu-
lated in atmospheric model simulations. In other words, just like atmospheric model simulations, we expect
the Z18 method to only detect the direct atmospheric response to sea ice loss and not the response to sea ice-
induced SST changes.

The rcp85 experiment yields sea ice loss in both hemispheres. In this paper, we focus on the Northern
Hemisphere and assume that the inferred response to sea ice loss is predominantly due to Arctic sea ice loss.
To be clear, we do not rule out a Northern Hemisphere response to Antarctic sea ice loss in the coupled
CMIP5 experiments, but we do not expect any such ocean-governed responses to be detected by the Z18
approach. Ayres and Screen (2019) performed an analogous analysis for the Southern Hemisphere response
to Antarctic sea ice loss.

2.3. Sea ice Perturbation Experiments

To explicitly simulate the effects of sea ice loss, we performed atmospheric model simulations with pre-
scribed SST and SIC. The use of atmosphere-only models enables us to prescribe exactly the same magni-
tudes and spatial patterns of sea ice loss as simulated in the CMIP5 experiments, ensuring a clean
comparison. For this we used HadGEM2-A, which is the atmospheric component of the HadGEM2-ES
model (Collins et al., 2011; Martin et al., 2011) and CAM4, which is the atmospheric component of the
CCSM4 model (Gent et al., 2011). In the first experiment, we prescribed a repeating annual cycle of SST
and SIC representative of the late 20th century (hereafter called the amipSIChistorical). These SST and
SIC conditions were taken from the CMIP5 historical experiments of HadGEM2-ES (for the HadGEM2-A
simulations) and CCSM4 (for the CAM4 simulations), averaged for the 1980-1999 period and across all avail-
able ensemble members. In the second experiment, we prescribed a repeating annual cycle of SIC represen-
tative of the late 21st century following the RCP8.5 scenario (hereafter called the amipSICrcp85). These SIC
conditions were taken from the rcp85 experiments, averaged over the 2080-2099 period and across all avail-
able ensemble members. The prescribed SST is the same in the amipSICrcp85 and amipSIChistorical experi-
ments, except for grid-boxes where the SIC differed between the two experiments. At these locations, the
prescribed SST was taken from the rcp85 experiments, averaged over the 2080-2099 period and across all
available ensemble members. This procedure accounts for the local SST warming associated with reduced
sea ice cover, but it excludes remote SST changes that are not directly tied to the ice loss (Screen et al.,
2013). It also excludes remote SST changes driven by sea ice loss (e.g., Blackport & Kushner, 2018) to be
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consistent with expectations that the Z18 approach will account for these in Rgs7 and not R;cr. Both experi-
ments were run for 260 years in each model. The response to sea ice loss was calculated by subtracting the
time average of the amipSIChistorical experiment from that in the amipSICrcp85 experiment. These simula-
tions are the same as analyzed in Screen et al. (2015a, 2015b) and Ayarzagiiena and Screen (2016), where
further details on the models and experimental setup can be found.

3. Results

We begin by explicitly testing the Z18 method through comparison with purpose-designed sea ice perturba-
tion experiments. Figure 1a shows the winter (December-January-February; DJF) near-surface air tempera-
ture response to projected Arctic sea ice loss in HadGEM2-ES inferred from the modified Z18 (hereafter,
Z18m) approach. This inferred response can be compared to the simulated response to sea ice loss in
HadGEM2-A (Figure 1b). The inferred and simulated responses are very highly similar, in both their spatial
character (pattern correlation of 0.99) and magnitude, with widespread warming of more than 20 °C over the
Arctic Ocean. A high level of consistency is also found between the inferred near-surface air temperature
response from CCSM4 and that simulated by CAM4 (Figures 1c and 1d, respectively). For this model, the
Z18m approach well captures the spatial pattern of the simulated response (pattern correlation of 0.98),
but gives an underestimation of its magnitude.

The inferred winter 500 hPa geopotential height (Z500) response in HadGEM2-ES (Figure 1e) features ele-
vated Z500 over the Arctic and reduced Z500 over Europe and the North Atlantic. These features are also
seen in the simulated Z500 response in HadGEM2-A (Figure 1f). The inferred Z500 response displays some
additional features in the North Pacific that are not captured in the simulated response. However, the pattern
correlation between the inferred and simulated Z500 responses is 0.89. A lower pattern correlation of 0.63 is
found between the Z500 response inferred from CCSM4 and that simulated by CAM4, with both showing
elevated Z500 over the Arctic, with the maximum response over the eastern side of the Arctic Ocean. The
inferred and simulated Z500 responses differ in sign over the North Pacific.

The winter MSLP response to sea ice loss inferred from HadGEM2-ES (Figure 1i) displays increased MSLP
over Scandinavia and northern Russia and decreased MSLP across the North Atlantic, in the North
Pacific, and over the Arctic Ocean. This inferred response pattern bears close resemblance (pattern correla-
tion of 0.69) to that simulated in HadGEM2-A (Figure 1j) in response to sea ice loss. Comparing the MSLP
response inferred from CCSM4 to that simulated by CAM4 (Figures 1k and 11, respectively) reveals a similar
level of consistency (pattern correlation of 0.66), with the Z18m approach well capturing the MSLP decrease
over North America and the Sea of Okhotsk and the MSLP increase over Scandinavia and northern Russia.
The main difference between the inferred and simulated-MSLP responses is found in the eastern North
Pacific, where the inferred response from CCSM4 displays raised MSLP in contrast to decreased MSLP in
the simulated response in CAM4.

The inferred and simulated zonal-mean westerly wind responses (Figures 1m-p) are similar in the tropo-
sphere (pattern correlations of 0.78 and 0.60, for HadGEM2 and CCSM4, respectively), but dissimilar in
the stratosphere (pattern correlations of 0.30 and 0.04, respectively). The Z18m approach performs better
for HadGEM2-ES than for CCSM4, for reasons that are unclear. A possible explanation is that HadGEM2-
ES simulates a larger decline in Arctic sea ice compared to CCSM4 (see, e.g., Figure 1 in Screen et al.,
2015a) and therefore, the response to sea ice loss may be easier to detect.

We have only considered the winter response to sea ice loss so far. Table S2 summarizes the perfor-
mance of the Z18m approach, as measured by the pattern correlation between the inferred and simu-
lated responses, for each season. For near-surface air temperature, we find pattern correlations of 0.9
or greater for both models in all seasons except summer. For Z500 and MSLP, the pattern correlations
are generally higher in winter than in the other seasons. We conclude that the Z18m approach works
well in winter, but has limited utility in the other seasons. We speculate that this seasonality reflects that
the response to projected Arctic sea ice loss is strongest in winter (Deser et al., 2010, 2015) and therefore,
more easily separable from other aspects of climate change (Blackport & Kushner, 2017; Hay et al., 2018;
McCusker et al., 2017). Given the shortcomings of the Z18m approach outside of winter, we focus solely
on winter in the remainder of the paper.
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a) HadGEM2-ES inferred  b) HadGEM2-A simulated c) CCSM4 inferred d) CAM4 simulated

e) HadGEM2-ES inferred  f) HadGEM2-A simulated g) CCSM4 inferred h) CAM4 simulated

i) HadGEM2-ES inferred  j) HadGEM2-A simulated k) CCSM4 inferred I) CAM4 simulated
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Figure 1. Winter (DJF) near-surface (1.5 m) air temperature response (a) as inferred from HadGEM2-ES and (b) as simulated by HadGEM2-A. (c) As a, but for
CCSM4. (d) As b, but for CAM4. (e-h) As a-d, but for 500-hPa geopotential height. (i-1) As a-d, but for mean sea level pressure (hPa). (m-p) As a-d, but for
zonal-mean westerly wind (m/s). The pattern correlation (calculated over latitudes 30-90 °N) is provided for each pair of inferred and simulated responses. In the
bottom row, pattern correlations are shown separately for the troposphere (>100 hPa) and stratosphere (<100 hPa).

Having demonstrated the ability of the Z18m approach to isolate the winter response to sea ice loss, we now
apply the Z18m approach to output from 11 CMIP5 models in order to test the robustness of the response
across models. Here, we define a robust response as being when 9 or greater of the 11 models depict indivi-
dual responses of the same sign as the ensemble mean response. Figure 2 shows the winter near-surface air
temperature response over land. All models simulate warming along the Arctic coast of Siberia and over
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a) bcc-csm1-1

Figure 2. Winter (DJF) near-surface (1.5

b) CanESM2 ¢) CNRM-CM5 d) IPSL-CM5A-LR

-2 0
1.5 m air temperature (°C)

m) terrestrial air temperature response to projected Arctic sea ice loss inferred from (a-k) eleven CMIP5 models and (1) the

multi-model mean. Magenta hatching in (1) shows where nine or greater models agree on the sign of the response.

northeastern Canada, and most models show warming of Greenland, Scandinavia, and the eastern US. There
is no consensus across the models on the sign of the temperature response over Europe, western North
America, and East Asia. Several models display areas of cooling over central and/or east Asia, but of weak
magnitude, supporting studies that suggest minimal influence of sea ice loss on wintertime Eurasian cooling
(e.g., Blackport et al., 2019; McCusker et al., 2016; Sun et al., 2016) and the presence of and specific location of
cooling is non-robust across the models.

The inferred winter MSLP response to sea ice loss is shown in Figure 3. The spatial pattern and magnitude of
the MSLP response varies considerably across the models, although there are some common features. Most
models display elevated MSLP over northern Siberia, reflecting an intensification of the Siberian High.
However, this response is manifested more clearly and strongly in some models (e.g., HadGEM2-ES,
CanESM2 and IPSL-CM5A-LR) and is absent in other models (e.g., bcc-csm1-1 and IPSL-CM5B-LR). In
many models, the MSLP response projects onto the negative phase of the North Atlantic Oscillation
(NAO), with elevated MSLP near Greenland and Iceland, and reduced MSLP over the mid-latitude
Atlantic Ocean. The MSLP response most closely resembles the negative NAO in MIROCS5 and
HadGEM2-ES. None of the models analyzed here suggest a positive NAO response. The MSLP response over
the North Pacific varies considerably between models and is non-robust. In this region, a full spectrum of
responses is found from a strengthening of the Aleutian Low (e.g., HadGEM2-ES and MRI-CGCM3) to a
weakening of the Aleutian Low (e.g., IPSL-CM5B-LR, MIROCS5). Recall however, that the inferred and
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a) bcc-csm1-1 b) CanESM2 c) CNRM-CM5 d) IPSL-CM5A-LR
e) IPSL-CM5B-LR f) MIROC5 Q) HadGEM2-ES h) MPI-ESM-LR

i) MPI-ESM-MR i) MRI-CGCM3 k) CCSM4 1) Multi-model mean

jod

-15 -12

Mean sea level pressure (hPa)

Figure 3. Winter (DJF) mean sea level pressure response to projected Arctic sea ice loss inferred from (a-k) eleven CMIP5 models and (1) the multi-model mean.
Magenta hatching in (1) shows where nine or greater models agree on the sign of the response.

simulated MSLP responses in the North Pacific diverged in CCSM4 (Figures 1k and 11), so the fidelity of the
inferred MSLP responses in this region is questionable.

For Z500, there are robust increases in heights over high latitudes, but diverse responses in mid-latitudes
(supporting information Figure S1). Lastly, Figure 4 shows the winter zonal-mean westerly wind response.
There is general agreement across the models that the tropospheric westerly wind weakens at around 60 °
N, on the poleward flank of the eddy-driven jet. The magnitude of this weakening varies considerably across
the models. All bar one model (bcc-csm1-1) display weakened lower stratospheric westerly wind at 60 °N,
and five models (CanESM2, IPSL-CM5A-LR, HadGEM2-ES, MPI-ESM-MR, MRI-CGCM3) show pro-
nounced weakening of the westerly wind throughout the stratosphere, indicating a weakened polar strato-
spheric vortex. However, we again caution that the Z18m approach poorly captured the simulated
stratospheric westerly wind response (Figures 1m-1p). The majority of models depict strengthened westerly
wind in the upper troposphere at 30 °N, in the vicinity of the subtropical jet. The precise location and mag-
nitude of this westerly wind increase varies, occurring in some models on the equatorward flank of the sub-
tropical jet and in others, in the core or on the poleward flank of the subtropical jet. In summary, the inferred
zonal-mean westerly wind responses suggest a robust weakening on the poleward flank of the eddy-driven
jet, from the surface to the middle stratosphere and a robust strengthening in the vicinity of the
subtropical jet (Figure 41).
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Figure 4. Winter (DJF) zonal-mean westerly wind response to projected Arctic sea ice loss inferred from (a-k) eleven CMIP5 models and (1) the multi-model mean.
Black contours show the baseline climatology (contour interval of 10 m/s). Magenta hatching in (1) shows where nine or greater models agree on the sign of the

response.

4. Discussion and Conclusions

We are mindful of several limitations of our indirect approach for inferring the response to sea ice loss, which
need considering when interpreting the differences between models. Foremost of these is that the magni-
tudes and spatial patterns of projected Arctic sea ice loss differ between the models, and therefore, our results
conflate uncertainty in the forcing (here, sea ice loss) and uncertainty in the forced response. Second, the pat-
tern of SST change in each model is not identical to the CMIP3-mean pattern of SST change. This means that
any atmospheric responses to SST changes that are spatially distinct from CMIP3-mean will be apportioned
to sea ice loss (i.e., the residual term in our decomposition; see Methods) and not to SST change. Third, for
some experiments, we have only a single ensemble member, which might not be a sufficiently large sample
to fully separate the forced responses from internal variability; especially aspects of the response that have a
low signal-to-noise ratio (Screen et al., 2014; e.g., in the polar stratosphere). Therefore, divergence between
models arises partly due to the different magnitudes of spatial patterns of sea ice loss, varying spatial patterns
of SST change, and internal variability. We suggest therefore, that our estimate of robustness of the response
to sea ice loss is likely too low. Coordinated experiments with large ensembles and multiple models are
underway to address these limitations, under the auspices of the Polar Amplification Model
Intercomparison Project (Smith et al., 2019). The need for bespoke sea ice perturbation experiments is
further underlined by the poor performance of the indirect method in seasons other than winter.
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Despite these limitations, we have identified a number of features of the response that are qualitatively
robust across the models. These are a surface warming at high latitudes (Figure 21); enhancement of the
Siberian High, particularly its northern edge (Figure 31); weakening of the Icelandic Low, projecting onto
the negative NAO (Figure 31); weakening of the zonal wind on the poleward flank of the eddy-driven jet
(Figure 41); strengthening of the subtropical jet, albeit weaker in magnitude than the aforementioned change
in the eddy-driven jet (Figure 41); and weakening of the stratospheric polar vortex, at least in the lower strato-
sphere (Figure 41). These features of the response are broadly consistent with past multi-model comparisons
(e.g., Hay et al., 2018; Screen et al., 2018), but are corroborated here using a larger number of models. There is
considerable model divergence of other aspects of the response. Most notably, there is lack of model agree-
ment on the sign of the winter surface air temperature response over mid-latitude continents, including
Europe, western U.S., and East Asia (Figure 21) and of the MSLP response in the North Pacific (Figure 31).
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