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ABSTRACT: The rapid decline of summer Arctic sea ice over the past few decades has been driven by a combination of
increasing greenhouse gases and internal variability of the climate system. However, uncertainties remain regarding spatial
and temporal characteristics of the optimal internal atmospheric mode that most favors summer sea ice melting on
low-frequency time scales. To pinpoint this mode, we conduct a suite of simulations in which atmospheric circulation
is constrained by nudging tropospheric Arctic (60°~90°N) winds within the Community Earth System Model, version 1
(CESM1), to those from reanalysis. Each reanalysis year is repeated for over 10 model years using fixed greenhouse
gas concentrations and the same initial conditions. Composites show the strongest September sea ice losses are closely
preceded by a common June-August (JJA) barotropic anticyclonic circulation in the Arctic favoring shortwave
absorption at the surface. Successive years of strong wind-driven melting also enhance declines in Arctic sea ice
through enhancement of the ice—albedo feedback, reaching a quasi-equilibrium response after repeated wind forcing
for over 5-6 years, as the effectiveness of the wind-driven ice—albedo feedback becomes saturated. Strong melting fa-
vored by a similar wind pattern as observations is detected in a long preindustrial simulation and 400-yr paleoclimate
reanalysis, suggesting that a summer barotropic anticyclonic wind pattern represents the optimal internal atmospheric
mode maximizing sea ice melting in both the model and natural world over a range of time scales. Considering strong
contributions of this mode to changes in Arctic climate, a better understanding of its origin and maintenance is vital to
improving future projections of Arctic sea ice.
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1. Introduction decline over the past 40 years (Stroeve et al. 2007; Kay et al.
2011; Stroeve et al. 2012; Zhang 2015; Ding et al. 2019;
England et al. 2019) through impacts on large-scale atmo-
spheric and oceanic processes in and around the Arctic. Oce-
anic processes associated with wind-driven gyre circulations
and import of warm, salty water from lower latitudes has
been linked to Arctic sea ice changes on decadal time scales
(Lindsay and Zhang 2005; Polyakov et al. 2020). However, in-
ternally driven wind changes may only require several years
to exert a melting impact on sea ice through atmospheric pro-

The rapid decline of Arctic sea ice, seen in all months over
the last four decades, has become one of the most prominent
symbols of a warming world. Most climate models predict this
warming will lead to the first occurrence of ice-free summers
in the Arctic sometime in the 2030s—2040s in response to the
rise of anthropogenic greenhouse gases in the atmosphere
(Overland and Wang 2013; Liu et al. 2013; Jahn et al. 2016;
Jahn 2018; Screen and Deser 2019; Sigmond et al. 2018; Notz
and SIMIP Community 2020; Bonan et al. 2021a; Diebold and

Rudebusch 2021; Wang et al. 2021). However, the range of cesses. Atmospheric circulation may be able to melt a sub-
when an ice-free Arctic Ocean will likely occur and the rate stantial amount of Arctic sea ice within only a few years, such

of decline in sea ice cover is heavily influenced by low- as the 6-yr period from 2007 to 2012 and strongly modulate
frequency variability of the climate system (Kay et al. 2011; anthropogenic impacts over the same time periods (Baxter

Winton 2011: Notz and Marotzke 2012: Wettstein and Deser et al. 2019). However, it remains quantitatively unclear how
2014; Zhang 2015; Swart et al. 2015; England et al. 2019; much sea ice loss during 2007-12 is due to wind forcing.
Bonan et al. 2021b) that is believed to be partially driven by During the melt season, sea ice loss is determined by

natural SST variability in the tropics and extratropics (Screen chagges_ in sur_fz.lce radiative ﬂl'lXGS and temperature over t_he
and Deser 2019: Baxter et al. 2019: Bonan and Blanchard-  S¢@ ice in addition to mechanical breakup and export of ice
, ’ out of the Arctic (Ding et al. 2019; Olonscheck et al. 2019;

Papritz 2020). Statistical analysis of reanalysis products has
shown persistent anticyclonic circulation over the Arctic dur-
ing summer can induce adiabatic descent of air from the mid-
dle to upper troposphere that can warm the near-surface
&» Supplemental information related to this paper is available at  atmosphere, enhancing downward longwave radiative fluxes

the Journals Online website: https:/doi.org/10.1175/JCLI-D-21- ;.4 melting sea ice (Baxter et al. 2019; Papritz 2020). This
0679.s1. ’ '

Wrigglesworth 2020). Studies attempting to understand the
extent of this contribution have suggested that internal vari-
ability may have accounted for 30%-50% of Arctic sea ice

summertime anticyclonic circulation can also strongly influ-
ence cloud cover, altering downwelling radiation at the sur-
Corresponding author: 1an Baxter, itbaxter@ucsb.edu face (Huang et al. 2021), as well as enhance export of ice

DOI: 10.1175/JCLI-D-21-0679.1

© 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by UNIVERSITY OF CALIFORNIA Santa Barbara | Unauthenticated | Downloaded 09/27/22 04:19 PM UTC


https://doi.org/10.1175/JCLI-D-21-0679.s1
https://doi.org/10.1175/JCLI-D-21-0679.s1
mailto:itbaxter@ucsb.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

3028

through the Fram Strait (Smedsrud et al. 2017; Spreen et al.
2020). It was found that air masses with anticyclonic circula-
tion produced clear-sky conditions in their center and cloudy
conditions at their edges, leading to a complex combination of
downwelling radiative fluxes dispersed around the anticyclone
on a broad range of time scales (Wernli and Papritz 2018;
Huang et al. 2021).

Although progress has been made to improve our physical
understanding of the processes by which atmospheric circula-
tion influences sea ice, the limited predictability of these pro-
cesses in climate models constrains robust forecasts of end of
summer sea ice to around June at best (Bushuk et al. 2020).
Though recent Arctic sea ice change is dominated by a long-
term decreasing trend, strong interannual variability is seen
in the sea ice record, especially in the past decade, illustrated
by the dispersion of extreme events such as the low sea ice
cover events in 2007, 2012, 2016, 2019, and 2020 and the sea
ice maximum event in 1996. Most current models have limited
skill in predicting these interannual changes beyond a few
months lead time and may struggle more in the future if thin-
ner ice becomes more sensitive to atmospheric chaotic vari-
ability (Holland and Stroeve 2011; Wang et al. 2013; Msadek
et al. 2014). We do not know to what degree these limitations
are a result of current models’ inability to capture important
internal atmospheric processes in the polar regions and whether
these internal processes possess some large-scale features that
we can focus on to overcome the limited predictability of sea
ice forecasts.

Many well-known modes of climate variability have been
linked to Arctic sea ice loss, including the Pacific decadal
variability (PDV), interdecadal Pacific oscillation (IPO),
Atlantic multidecadal variability (AMV), and North Atlantic
Oscillation (NAO) (Ogi et al. 2003; Meehl et al. 2018; Baxter
et al. 2019; Screen and Deser 2019). Although internal atmo-
spheric variability has been long known to have impacts on
sea ice in observations, it is still unclear whether there exists
an optimal internal mode that favors the strongest sea ice de-
cline in the Arctic and the key mechanism through which this
mode regulates sea ice variability. This question cannot be
fully answered by diagnostic studies of observed records since
so many driving forces of sea ice are mixed together and the
observed sea ice changes thus represent a combination of re-
sponses to forcing originating from different sources. To ad-
dress these questions, we conduct a set of nudging simulations
by specitying observed winds into a fully coupled model to as-
sess the sensitivity of the sea ice response to different wind
patterns. We believe this strategy is unique in that it may pave
new ground and develop a new perspective for studying the
Arctic sea ice response to internal climate variability in cli-
mate models.

2. Strategy, data, and methods
a. The rationale of our strategy and expected outcome

Because large-scale circulation variability is believed to be
most representative of internal viability in the high latitudes
(Deser et al. 2012; Shepherd 2014; Ding et al. 2017), a model’s
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response to these observed winds may help us detect the opti-
mal circulation mode that can excite the most significant sea
ice change in the model. Once these modes can be identified
in our nudging runs, we will then conduct an examination of
the radiative fluxes and contributions to thermodynamic and
dynamic ice loss associated with this mode and a comparison
with observations that may shed more light on the fundamen-
tal mechanism contributing to sea ice variability in reality and
climate models. The simulated sea ice response to this optimal
mode in the nudging runs may also aid us to better estimate
the largest magnitude of sea ice melting that could be attrib-
uted to internal atmospheric variability and thus constrain the
uncertainty in projecting the occurrence of the first ice-free
summer in the Arctic under different future warming scenar-
ios. One limitation of our nudging simulations is that reliable
reanalysis winds with 6-h temporal resolution in the Arctic
only covers the recent 40 years, which is likely too short to re-
flect a full spectrum of all possible internal variability due to
winds and may also contain imprints of anthropogenic forcing.
Therefore, diagnostic analysis is also performed on a long
(1800-yr) preindustrial simulation and 400-yr paleoclimate
proxy data assimilated reconstructions reaching back to the
seventeenth century to search for a circulation pattern that is
closely associated with the strongest sea ice melting and
warming epochs in the Arctic prior to the influence of anthro-
pogenic emissions. These approaches using three independent
data sources may improve our understanding of the common
features of the optimal mode across different products and
the sensitivity of this type of mode to anthropogenic forcing.

b. Data
1) NSIDC SEA ICE AND ERA-INTERIM

We examine monthly sea ice concentrations derived from
Goddard edited passive microwave retrievals that have been
compiled by the National Snow and Ice Data Center (NSIDC;
Cavalieri et al. 1996; Fetterer and Knowles 2004). Our analy-
sis is based on comparisons between total sea ice area (SIA)
from the NSIDC and model simulations. Total sea ice volume
and average sea ice thickness show consistent changes to SIA;
therefore, we focus on SIA for simplicity. Total SIA is defined
as the summed total of the product of the grid element area
and sea ice concentration (>15%) in each Arctic grid cell.
Total September SIA is primarily used to represent the annual
minimum and aggregation of the preceding melt season. For
winds and other atmospheric variables, we use the European
Centre for Medium-Range Weather Forecasts (ECMWF)’s
ERA-Interim (ERA-L Dee et al. 2011) product. The ERA-T
product has been evaluated over the Arctic in the previous
studies, including surface temperature, radiative fluxes, precipi-
tation, wind speed, and cloud properties (Lindsay et al. 2014;
Graham et al. 2019; Wang et al. 2019).

2) CESMI-LE AND LONG PREINDUSTRIAL
CONTROL SIMULATION

As a comprehensive resource for studying climate change in
the presence of internal climate variability, the Community Earth
System Model Large Ensemble (CESMI1-LE; Kay et al. 2015)
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is run with fully coupled atmosphere, ocean, land, and sea ice
components from 1920 to 2100. We use the mean of the 40
ensemble members, simulated using the same model and ex-
ternal forcing but with small round-off level variations in
their initial air temperature field, as representative of our
best estimate of the anthropogenically forced changes in total
September SIA. To quantify the range of internal variability
in the same model, we use 1800 years of the preindustrial
(1850) fully coupled simulation, that uses fixed greenhouse
gases to simulate internal processes inherent to the CESM1.
Both the CESM1-LE and preindustrial control simulations
use a nominal 1° resolution in the atmosphere model. CESM1
has shown an ability to capture general features of Arctic tem-
perature, humidity, clouds, radiation, and sea ice. Particularly,
the CESM1 simulated seasonal cycle of Arctic sea ice extent
and the spatial distribution of sea ice thickness matches well
with observations in the late twentieth century (Labe et al.
2018; England et al. 2019).

3) EBAF SURFACE AND TOA RADIATIVE FLUXES

To compare the radiative flux response to nudged winds in
the CESMI1 experiments we compare with the monthly and
1° X 1° spatial resolution CERES EBAF-Surface Edition 4.1
radiative fluxes (EBAF). EBAF surface fluxes were calcu-
lated using the Langley modified Fu-Liou radiative transfer
model with inputs from MODIS retrieved cloud properties,
adjusted CERES outgoing TOA fluxes, meteorological data
from NASA GMAO reanalysis, and aerosol data from an
aerosol assimilation system. EBAF fluxes have been consid-
ered as a key benchmark for evaluating simulations of the
Arctic radiation budget by previous studies (Boeke and Taylor
2016; Christensen et al. 2016; Huang et al. 2017).

4) EKF400v2 AND PHYDA GLOBAL PALEO-REANALYSIS

We use the EKF400 version 2400-yr paleo-reanalysis recon-
struction dataset, which utilizes an ensemble Kalman fitting
method to assimilate multiple observations (including instru-
mental observations, historical climate indices, and proxy
data) with the ECHAMS5.4 AGCM simulations (EKF400;
Franke et al. 2017). This dataset provides monthly 500 hPa
geopotential height (Z500) and surface temperatures over the
period from 1603 to 2003, which allows us to better examine
global circulation variability in each season over the past
400 years. In the ERA-I and EKF400 products, the detrended
correlation between JJA Z500 and JJA surface temperature
is 0.52 (1979-2018, ERA-I) and 0.59 (1600-1920, EKF400),
respectively. The correlation between ERA-I JJA Z500
and NSIDC total September SIA is —0.54 (1979-2018, de-
trended). Observations and proxy data are taken from only
over land. From 1600 to 1800, tree-ring width and maximum
latewood density constitute the majority of the assimilated
data outside of Greenland and Europe at high latitudes and
are only assimilated from April to September. Instrumental
station data from southern Greenland and northern Europe
become more prominent after 1800 and are available year-
round. We compare surface temperatures from EKF400 with
those from the Paleo Hydrodynamics Data Assimilation
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product (PHYDA,; Steiger et al. 2018) to confirm we are ob-
taining a consistent signal from the proxy data. PHYDA, an
updated version of the Last Millennium Reanalysis (LMR2;
Tardif et al. 2019), assimilates PAGES2k proxy records into
bias-corrected output from the CESMI1 Last Millenium
Ensemble (CESM1-LME; Otto-Bliesner et al. 2016). The
CESM1-LME uses the same model as the CESM1-LE but
with ~2° atmosphere and land components. Brennan and
Hakim (2022) have used a similar paleoclimate proxy data
assimilation framework based on LMR?2 in skillful reconstruc-
tions of annual mean Arctic sea ice using surface air tempera-
ture and sea ice concentration from the same model priors as
the two products shown in this study. In these reconstructions
much of the variance and skill comes from regions closest to
land-based proxy records in the PAGES2k database that are
also assimilated into EKF400 and PHYDA, suggesting that
the most important information for sea ice reconstructions
is coming from these proxies via surface air temperatures,
which should lend confidence in establishing the connections
between atmospheric circulation and surface changes in the
Arctic since the year 1600. This may introduce biases in the
reconstruction of sea ice and surface temperature further
away from these land-based proxy records, such as in the cen-
tral Arctic. The sea ice state may have been different prior to
the rise of anthropogenic forcing in the mid twentieth century,
and the sea ice sensitivity to atmospheric circulation and sur-
face temperature changes may not have behaved exactly as it
has in recent decades. When examining these reconstructions,
we focus on the 10-yr non-overlapping periods of EKF400
JJA 7500 and its relationship with JJA surface temperatures
from EKF400 (r = 0.81) and PHYDA (r = 0.68) as well as
annual mean total SIA from Brennan and Hakim (2022,
r=—0.52).

c¢. CESM1.2.2.1 nudging experiment design
1) NUDGING APPROACH

Previous work by Huang et al. (2021), nudging winds in the
CESM1 from 2000 to 2016, found an important role of atmo-
spheric circulation variability in contributing to observed low-
level clouds in the Arctic. Li et al. (2022) and Roach and
Blanchard-Wrigglesworth (2022) also used a similar nudging
approach to quantify the contribution from wind forcing to re-
cent trends in Arctic upper ocean warming and sea ice, re-
spectively. In this study, we seek to build on the concepts
employed in Huang et al. (2021), Li et al. (2022), and Roach
and Blanchard-Wrigglesworth (2022) by nudging high latitude
winds in the Community Earth System Model version 1.2.2.1
(CESM1, see Table 1; Hurrell et al. 2013) over the period
from 1979 to 2018, using the same resolution (~1°) and com-
ponents as the CESM1-LE (CESM1.1.1), with an emphasis
on the sea ice response. The goal of these experiments is to
examine the role of tropospheric wind patterns on Arctic sea
ice; therefore, we nudge above ~850 hPa, allowing the surface
and lower troposphere to interact with one another. This level
was decided based on correlations between total September
sea ice and Arctic-averaged (70°-90°N) geopotential heights,
which are limited to above ~800 hPa in the reanalysis
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TABLE 1. Nudging experiment design. Model and nudging specifications for perpetual and continuous nudging simulations in the
CESM1.2.2.1 using fixed CO, concentrations (367 ppm).

Name Model Domain Reanalysis Description
Continuous CESM1.22.1  60°-90°N < 850 hPa ERA-Interim, 1979-2018 10-member nudging runs to continuous 40-yr
fixed CO2 (397 ppm) reanalysis record branched from member of
CESM1-LE
Perpetual CESM1.2.2.1  60°-90°N < 850 hPa ERA-Interim, 1979-2018 40-member nudging runs repeating each

fixed CO2 (397 ppm)

reanalysis year (1 Jan-31 Dec) for 10-21
model years each from same init. conditions
branched from same member of CESM1-LE

(Fig. 3 in the online supplemental material). We find that
extending nudging down to the surface does not alter these
results or their conclusions (not shown). To nudge the
model to ERA-I horizontal winds, we follow the methodol-
ogy from Blanchard-Wrigglesworth et al. (2021):

dx

E=F(x)+

Fnudgea[o(t;ext - x(t))]/q-,

Fnudge’

1

where x(f) is the model state vector at the model time step ¢,
F(x) is the internal tendency of the system with no nudging;
and Fy,qgc is the nudging term, proportional to the difference
between the target analysis (ERA-I horizontal winds) at a fu-
ture analysis time step, O(f}.,), and the model state at the
current model time step, x(¢). In the atmosphere, the analysis
that the model is nudged toward is updated every 6 h (the
analysis time step ¢ next) while F,uqe is adjusted at each
model time step (in CAMS, At = 30 min). The nudging coeffi-
cient « is set to an intermediate strength (0.5) everywhere
within the nudging domain to further allow the model’s own
variability to influence the circulation pattern, though the re-
sults do not show a sensitivity to nudging factors (ranging
from 0 to 1) greater than 0.5 (Huang et al. 2021).

2) CONTINUOUS (10-MEMBER, 40-YR SIMULATIONS)

To examine the model’s capability in replicating some fea-
tures of observed sea ice changes over the past 40 years, we
first run a 10-member ensemble of 40-yr continuous simula-
tions with winds nudged to reanalysis from 1979 to 2018 and
fixed greenhouse gas concentrations at the level of the year
2000 (367 ppm), which are very close to the mean concentra-
tions of greenhouse gases over the period. These simulations
suggest that the model has a reasonable skill to capture some
features of the observed sea ice decline since 1979 under con-
tinuous wind forcing (see section 3a for more details). We test
the sensitivity of our wind nudging approach to CO, forcing
by conducting the same continuous nudging experiments
with time-evolving CO, concentrations during the period
1979-2018 (not shown). While we find that the overall trends
are more negative with increasing CO, concentrations, the
year-to-year variability in total September SIA remains un-
changed, suggesting a relatively small influence of CO, forc-
ing on our analysis of the perpetual wind nudging simulations
described in the following section.
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3) PERPETUAL SIMULATIONS (40-MEMBER,
10-21-YR SIMULATIONS)

One limitation of the continuous simulation is that it is un-
clear whether strong melting over some years is due to winds
over immediately preceding periods, or an accumulation of
changes induced by winds occurring previously. Arctic sea ice
likely has memory that can last for several years through the
persistence of thickness changes and absorption of heat in
the ocean that can complicate our understanding of the sea
ice response to wind patterns associated with a specific year
(Blanchard-Wrigglesworth et al. 2011; Tietsche et al. 2011).
Repetitively forcing the model with winds from the same year
may overcome this limitation and provides a new opportunity
to search the optimal internal mode favoring the strongest sea
ice melting.

To do so, we separate the ERA-Interim record into individ-
ual years and conduct 40 additional perpetual simulations
using the same configuration (Table 1; e.g., the nudging pa-
rameter and domain, and anthropogenic forcing: year 2000).
In each simulation, the model is integrated for 10 years, with
atmospheric circulation within the Arctic (60°-90°N) repeat-
edly nudged to the ERA-Interim 6-hourly wind field from an
individual year in the reanalysis. All simulations are initialized
from identical conditions, branched from the same member of
the CESM1-LE that is representative of moderate conditions
in terms of its sea ice area and volume in 2000/1/1 among a
total of 40 members. By repeating the same wind pattern
for consecutive model years, the responses of sea ice and
other characteristics of the Arctic climate to circulation
changes are enhanced, making them easier to differentiate
from confounding processes. We can then better assess the
mechanisms resulting from atmospheric circulation variability
affecting Arctic sea ice cover at the end of the melt season for
each year. This perpetual approach also partially compen-
sates for issues associated with initialization, since memory
associated with initial conditions is likely limited to 3—4 years
(Blanchard-Wrigglesworth et al. 2011), and greenhouse gas
forcing, which is the same in all runs. Atmospheric carbon di-
oxide concentrations are fixed at the same concentration as
the continuous nudging simulations (367 ppm).

For some perpetual runs that have the strongest melting
and strongest growth in September sea ice over the 10 years
we extend the simulations to 21 years under wind forcing of
the same year [see section 2b(3), Table 2]. For these reanaly-
sis years, extending the length of integration ensures that
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TABLE 2. Extreme sea ice years from 10-yr nudging simulations. Composites in Figs. 1-4 are based on the mean of the five low sea
ice years minus the mean of the five high sea ice years in total September SIA from the perpetual nudging simulations and NSIDC
sea ice concentration product. Low sea ice and high sea ice years are calculated using periods matching ERA-I (1979-2018) and

EBAF (2000-18) availability.

Product

Strong melting years (=10)

Strong growth years (=10)

Perpetual nudging
NSIDC (detrended, ERA-I years)
NSIDC (detrended, EBAF years)

1993, 2007, 2011, 2012, 2015
1979, 1990, 2007, 2008, 2012
2007, 2008, 2012

1996, 2001, 2002, 2010, 2017
1992, 1994, 1996, 2001
2001, 2014

Arctic sea ice has stabilized in response to the nudged wind
patterns and provides a quasi-equilibrium response to im-
posed wind forcing.

4) COMPOSITES OF PERPETUAL NUDGING
SIMULATIONS AND REANALYSIS

Composites are made based on the 10-yr means of the low
sea ice years [less than —1 standard deviation (std) of ensem-
ble September SIA]| minus the high sea ice years (greater
than +1 std ensemble September SIA) from the perpetual
nudging simulations. The results are not sensitive to using the
10-yr linear trends or the last year total September SIA from
each simulation. The preceding months (January—May) and
summertime (JJA) geopotential height, temperature, long-/
shortwave radiative fluxes, top/bottom/lateral melting, and
thermodynamic/dynamic tendencies are composited based on
the low sea ice minus high sea ice years. For the preceding
months we use January—May because the repetition of reanal-
ysis years may introduce a discontinuity in the nudged winds
at the beginning of each calendar year. However, we use a
nudging strength of 0.5, giving the model some flexibility to
handle this transition and there is no clear indication of this
discontinuity in the simulated sea ice (supplemental Fig. 1).
Because rapid sea ice decline is one of the most pressing con-
cerns of recent climate change, we focus the framing of our
analysis of composites on the processes contributing to en-
hanced melting, but one can consider the reverse to be condu-
cive for sea ice expansion. Statistical significance of the
composites is determined using a two-sample Student’s ¢ test.
For ERA-Interim composites we use the same approach
based on the low sea ice years minus high sea ice years
(*1 std) in detrended total September SIA from the NSIDC
sea ice concentration product. The low sea ice years derived
from detrended NSIDC September SIA are 1979, 1990, 2007,
2008, and 2012. The high sea ice years are 1992, 1994, 1996,
and 2001 (Table 2). Since EBAF is only available from 2000
to 2018, we recalculate these low sea ice years and high sea
ice years based on the 19 years detrended NSDIC data using
the same criteria (=1 std; Table 2).

3. An optimal sea ice melting mode in the nudging
simulations

a. Strong and weak sea ice melting years determined by
different wind patterns

We first examine the continuous 40-yr simulation [see
methods, section 2b(1)] using the same nudging domain and
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fixed greenhouse gas concentrations (Fig. 1a) but with nudged
winds varying from 1979 to 2018. The continuous simulations
agree well with observed sea ice changes from the NSIDC
(detrended r = 0.58, raw r = 0.65, Fig. 1a). Considering the
optimal conditions for low Arctic sea ice years, the imposed
wind patterns in the continuous 40-yr simulations capture
many of the important features of total September SIA ob-
served in recent decades (extreme years, rapid decline from
1996 to 2012, year-to-year fluctuations, significant decline
since the early 2000s). The nudging simulations deviate from
the observed sea ice changes in the early 1990s, possibly due
to a lack of aerosol cooling from the Pinatubo eruption in our
wind-only constrained nudging simulations (Lehner et al.
2015; Yang et al. 2019; Brennan and Hakim 2022), the use of
year 2000 initial conditions and CO, concentrations, or issues
in the assimilated data. During this period there is also an in-
crease in total September SIA in the forced response of the
CESMI1-LE reflecting a cooling effect from aerosols (green
curve in Fig. 1a).

We then separate the wind patterns from each year into its
own simulation and repeat the same nudging for 10-21 years
to magnify the wind patterns over individual years. This set of
experiments will be referred to as the perpetual simulations
[see methods, section 2b(2)]. The model exhibits very different
behavior across these 40 perpetual simulations with some runs
experiencing a strong sea ice decline and some with substantial
ice growth. Since the only difference in forcing imposed in
these runs is large-scale winds in the Arctic, the bifurcation of
these sea ice changes is primarily due to wind forcing.

In the perpetual nudging simulations, sea ice responds
quickly to changes in atmospheric forcing. As can be seen by
first year total September SIA between the different runs
(Fig. 1a), sea ice characteristics diverge within the initial year
in response to wind forcing. This difference increases to around
4 million km? in the first 10 years when repeating these wind
patterns (red lines in Fig. 1b). The largest observed declining
trend over any periods long than 10 years in total September
SIA (—2.0 million km? decade™") is from 2000 to 2012 (black
line in Fig. 1a), which is well captured by the perpetual nudging
experiments (blue line in Fig. 1a), with the largest 13-yr declin-
ing trend (2000-12, blue line) in the 10-yr means of the perpet-
ual nudging simulation occurring during the same period with
a similar magnitude of —1.7 million km? decade !. The largest
declining trend over any periods longer than 10 years in the en-
semble mean of the CESM1-LE is much lower than the obser-
vations (—1.1 million km* decade™!) and does not show the
rapid acceleration from 1996 to 2012 or the slowed decline
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FIG. 1. Composites of nudging simulations and reanalysis. (a) Total September SIA from the CESM1-LE (LENS, green),
NSIDC (dashed black), 10-member mean from the continuous simulations (orange), and 10-yr means from the perpetual
simulations (blue). In (a), red dots show the low sea ice years and blue dots show the high sea ice years from the perpetual
nudging simulations. (b) Total September SIA from the perpetual simulations. In (b), red lines represent the low sea ice
group, blue lines represent the high sea ice group, and the gray curves represent all remaining years. (c) 10-yr-mean compo-
sites of sea ice concentration, (d) JJA 200 hPa geopotential height, and JJA zonal mean geopotential height (shading) and
(f) temperature (contours) based on the years from the low sea ice group minus the high sea ice group in the perpetual sim-
ulations [row 1 in Table 2, red minus blue in (a)]. Composites of (e) JJA 200 hPa geopotential height and (g) JJA zonal
mean geopotential height (contours) and temperature (shading) based on the low sea ice years minus the high sea ice years
in the detrended NSIDC record (row 2 in Table 2). Dashed purple contours indicate the nudging domain within the Arctic
(60°—90°N) and above ~850 hPa. Stippling indicates composite differences are not statistically significant at the 95% confi-
dence level based on a two-sample Student’s ¢ test.
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thereafter as seen in the observations and nudging simulations,
indicating that the rise of CO, forcing over the same period
(around 2 ppm yr~ ") cannot solely explain this decline. Instead,
the largest 13-yr decline in the CESM1-LE ensemble mean is
from 2006 to 2018, likely associated with the sea ice state
(Holland et al. 2019) and the transition from historical to
RCP8.5 forcing. Year-to-year variability in the 10-yr means
from these perpetual nudging simulations also agrees with total
September SIA from the NSIDC (detrended r = 0.50, Fig. 1a).

We begin by compositing based on the means of the first
10 years of total September SIA loss in each member of
the perpetual simulations. The results are insensitive to the
approach for quantifying sea ice loss, with the 10-yr means,
10-yr trends, and final (year 10 or 21) total September SIA, as
well as using total sea ice volume or average sea ice thickness.
Nudging winds from 1993, 2007, 2011, 2012, and 2015 produce
the strongest declines above one standard deviation in total
September SIA and are defined as the low sea ice group
(Table 2). Though many of the years in the low sea ice group
coincide with the lowest observed years, it should be noted
that the 2015 and 1993 simulations experienced strong simu-
lated sea ice loss but are not among the lowest recorded
years, suggesting there is likely confounding effects from the
sea ice and ocean states, previous years, or other unaccounted
processes (e.g., moisture and heat transport from the lower
latitudes to the Artic by the atmosphere and ocean) in the
real world that are critical in determining the observed sea
ice state in each year. In addition, low sea ice cases in the per-
petual simulations reflect an amplified response of sea ice to
specified winds over a 10-yr period in the model. However, in
nature, the same wind patterns can only apply this forcing on
sea ice in a short 1-yr time window in the presence of many
other forcings. This amplification along with fixed greenhouse
gas concentrations in the nudging simulations likely explains
some of the mismatch in the rankings of these extreme melt-
ing years between the simulations and observations.

In the perpetual simulations, nudging winds from 1996,
2001, 2002, 2010, and 2017 generates the strongest growth in
total September SIA over 10 years and are defined as the high
sea ice group. 1996 stands out as a particularly strong sea ice
growth outlier and is the highest recorded total September
sea ice year in the satellite record. Four out of the five same
years also constitute the low sea ice and high sea ice members
in terms of total volume and average thickness of September
Arctic sea ice in these simulations (supplemental Fig. 1).

Compositing sea ice concentration based on the sea ice
change groups yields a relatively uniform difference
across the Arctic, likely resulting from contributions asso-
ciated with thermodynamic processes (i.e., radiative fluxes,
albedo) as well as mechanical break up and export. The
composites show the greatest differences in the East
Siberian-Laptev—Kara Sea regions and a weak increasing
signal along the eastern coast of Greenland during low sea
ice years. These regions with strong sea ice decline in re-
sponse to wind forcing are also the regions seeing strong
sea ice melting trends over recent decades in observations
(Baxter et al. 2019).

Brought to you by UNIVERSITY OF CALIFORNIA Santa Barbara | Unauthenticated | Downloaded 09/27/22 04:19 PM UTC

BAXTER AND DING

3033

b. Local atmospheric, radiative, and sea ice melting
processes associated with strong melting summers

In observations and the continuous nudging simulations,
autocorrelations of total September SIA with SIA in the pre-
ceding months only show statistically significant coefficients
with June-August (JJA) sea ice (supplemental Fig. 2). In the
nudging simulations, there is a statistically significant pattern
in regressions of observed JJA Arctic geopotential height and
temperature onto total September SIA but no statistically sig-
nificant pattern in January-May (supplemental Fig. 3). This
phenomenon has been referred to as the spring predictability
barrier for September Arctic sea ice (Bushuk et al. 2020). To
maintain consistency with the observed relationship, we focus
on JJA atmospheric circulation. Composites of JJA 200 hPa
geopotential height in both the perpetual nudging experi-
ments and ERA-I, constructed using the definition of the low
sea ice and high sea ice years (Table 2), show a prominent
“Figure-8” anticyclonic patterns with centers over southwest
Greenland and the central Arctic in the strongest melting
years relative to the sea ice growth years consistent with
the regression pattern from ERA-I (Figs. 1d,e). Friction at
the surface of the anticyclone generates large-scale subsi-
dence throughout the mid- to lower troposphere, consistent
with the reanalysis, but with differences in the vertical structure
near the surface below the nudging domain (Figs. 1f,g). Adia-
batic descent of air induces warming and moistening (not
shown, Ding et al. 2017) of the lower Arctic atmosphere that
then increases the emission of longwave radiation. The strong
similarity between the vertical structure of atmospheric fields
n the nudging run and ERA-I indicates that wind forcing is
critical in governing changes of tropospheric temperature in
the Arctic, which is essential for determining radiation in the
entire air column, as well as sea ice and upper-ocean tempera-
ture variability.

Despite the anticyclonic-dominated regime seen in the
composites, there is an increase in low cloud cover along
the Eurasian coast (not shown), consistent to the analysis in
Huang et al. (2021). Huang et al. (2021) argue that the high
pressure may increase the low-level clouds throughout
much of the Arctic through advection and subsidence-
induced entrainment of moisture into the inversion layers.
However, we do not go into detail on cloud radiative effects in
these simulations because there are well-documented
biases in microphysical and boundary layer processes that
may lead to the differences seen between the products
(Sotiropoulou et al. 2016; Tan and Storelvmo 2019; McIlhattan
et al. 2020).

To better understand the radiation balance associated with
the melting process in the perpetual nudging runs, we com-
pare the simulated radiation fluxes at the surface and TOA in
the Arctic with their observed counterparts in ERA-I and
EBATF. Since EBAF is only available after 2000 and the sam-
ple size of the extreme sea ice melting/growth years over this
period is smaller (Table 2), the composite using EBAF may
contain large uncertainty or be biased by changes in certain
individual years, and sensor-related artifacts, especially in the
computed surface fluxes.
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Since the radiation response in our nudging simulations
represents an extreme scenario in which winds have a chance
to solely regulate the radiation fields over 10 years, there
are discrepancies among the three datasets. At the surface,
the three products show consistent signals for most fluxes
(Fig. 2a; supplemental Fig. 5). Enhanced downwelling LW
(LWaown) and less reflected SW (SW,,) in JJTA appear to be
the two main components contributing to a gain of heat at the
surface, conducive for strong sea ice melting. As expected,
JJA atmospheric anticyclonic circulation anomalies can en-
hance downwelling LW and the ice-albedo feedback is trig-
gered, explaining less reflected SW. The ice-albedo feedback
in these simulations also includes conversion of the ice surface
from snow to bare ice and melt ponds as the enhanced short-
wave absorption is uniformly distributed wherever there is sea
ice not just sea ice loss (Figs. 2¢,h). In the meantime, the im-
pacts of less reflected SW at the surface are also translated to
the TOA to reduce upwelling SW. Thus, the ice-albedo feed-
back which is triggered by winds plays a key role in determin-
ing the radiation balance in the Arctic atmosphere in summer.

To better illustrate the radiation balance at the surface and
the TOA, we mainly focus on LWgouq and SWy, at the sur-
face and SW,,, at the TOA (Figs. 2b—j). Downwelling long-
wave radiation at the surface is enhanced during years of
strong sea ice melting throughout the Arctic in the perpetual
nudging simulations and ERA-I (Figs. 2b,c). It is not as strong
in EBAF likely due to differing impacts of clouds between
these products (Fig. 2d). In the perpetual nudging simulations,
strong shortwave absorption occurs throughout the Arctic,
wherever there is sea ice or snow cover loss and melt pond
formation (Fig. 2e). However, in ERA-I and EBAF, signifi-
cant surface shortwave absorption primarily takes place in the
Beaufort Sea (Figs. 2e,f). EBAF has a stronger signal of short-
wave absorption in the Beaufort region than ERA-I near the
center of anticyclonic circulation in certain low sea ice years
(Kay et al. 2008; Wernli and Papritz 2018). The spatial pat-
terns of SW;, at the TOA closely resembles that at the sur-
face (Figs. 2h—j). This signal reaches the TOA throughout the
Arctic in the perpetual simulations and in particular the Beau-
fort Sea in both ERA-I and EBAF. In all products, under the
control of strong atmospheric anticyclonic winds during years
of summertime sea ice loss, more shortwave absorption at the
surface due to the ice-albedo feedback dominates the surface
and TOA radiative budgets (Figs. 2e—j).

We separate the shortwave feedbacks resulting from changes
in surface albedo and cloud optical properties using the
approximate partial radiative perturbation method (APRP,
Taylor et al. 2007). The differences between the low sea ice
years and high sea ice years are dominated by the surface albedo
feedbacks from March to October, peaking in July (Fig. 3).
Changes in cloud radiative effects, associated with anticyclonic
circulation slightly contribute to increased surface shortwave
absorption during June and July, but decreased absorption in
August, that may be associated with decreased cloud cover
above 900 hPa (Huang et al. 2021). Over 20 years of the per-
petual simulations, the surface albedo feedback more than
doubles, while the cloud and atmospheric components remain
relatively small (Fig. 3b).
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Next, we shift our focus to the melting processes that con-
tribute to decreased surface albedo through strong sea ice loss
in the perpetual nudging simulations as these processes can-
not be easily quantified from available observations and rean-
alysis. In low sea ice years, top melting primarily occurs near
the sea ice edge in June and throughout the Artic during July
in response to warmer temperatures, downwelling longwave
radiation, and shortwave absorption (Fig. 4). Years with the
most extreme top melting in July coincide with the same years
that are in the low sea ice and high sea ice years in terms of to-
tal September SIA, leading to a difference in melting of up to
1.5 cm day ™! in the Pacific Arctic. This correspondence with
total September SIA is not seen in other months or in bottom
and lateral melting, indicating that July is the month in which
the ice—albedo feedback is the most active and sensitive, as it
coincides with the peak of incoming solar radiation at the
TOA and the mean state of sea ice is thinner and more fragile
(little snow, extensive melt ponds).

Bottom melting, in contrast to top melting, occurs at a weaker
magnitude (up to 1 cm day ') and in the later stages of the melt
season as the ocean takes more time to absorb shortwave radia-
tion and warm (Figs. 4d—f) due to its large heat capacity. Short-
wave absorption and melting are also enhanced by ice mass
transport in the Pacific sector that breaks up the ice pack and ex-
poses open ocean in the Beaufort Sea (purple vectors in Fig. 4).
Sea ice export into the Atlantic increases slightly as the sea ice is
thinned and primed for movement in response to perpetual wind
forcing following a similar pattern as the 10-yr means (Figs. 5d-f).

Composite analysis of the perpetual nudging simulations
highlights a leading role of wind-driven radiative impacts rela-
tive to dynamics on Arctic sea ice loss; however, in most stud-
ies, the loss of sea ice due to winds is generally examined in
the context of these dynamical effects, specifically export of
sea ice out of the basin. But by using the partitioning of sea
ice volume tendency into thermodynamic and dynamic com-
ponents we find in low sea ice years there is weak sea ice ex-
port through the Fram Strait during July, and little to none in
other months (Fig. 5). The strong anticyclonic ice mass trans-
port during July also leads to a convergence of sea ice within
the central Arctic and along the eastern coast of Greenland
(Fig. Se; Thorndike and Colony 1982). The pattern of the
thermodynamic tendency term coincides with that of top melt-
ing in June and July, contributing to as much as 2.5 cm day
of melting, as well as to bottom melting in August (Figs. Sa—c).
During JJA, thermodynamics contribute to 91% of the total
volume change relative to dynamics (Fig. 5) with dynamically
driven convergence of the ice resulting from anticyclonic
circulation producing increasing sea ice volume in the central
Arctic. Therefore, the thermodynamic component associated
with horizontal temperature advection and shortwave absorp-
tion triggered by adiabatic processes should be accounted for
as it plays a leading role in wind-driven forcing.

4. An optimal sea ice melting mode in a preindustrial
run and paleoclimate reanalysis

Results from the nudging simulations suggest that the CESM1
can capture many of the observed changes in September sea ice
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FIG. 2. Surface radiative flux response to nudged winds. (a) JJA surface and TOA radiative fluxes averaged within the Arctic
(70°-90°N) from the perpetual nudging simulations, ERA-Interim, and EBAF. Filled circles indicate low sea ice (red) and high sea ice
(blue) group means. Low sea ice years minus high sea ice years JJA (b)—(d) downwelling surface longwave, (e)—(g) upwelling surface
shortwave, and (h)—(j) upwelling TOA shortwave radiative fluxes from (left) the perpetual nudging simulations, (center) ERA-Interim,
and (right) EBAF. Stippling in (b)-(j) indicates where differences are not statistically significant at the 95% confidence interval according
to a two-sample Student’s ¢ test. Groups for low sea ice years and high sea ice years are based on years listed in Table 2. For all fluxes
shown here, positive values indicate downward fluxes into the surface.

over the last 40 years once winds are constrained to reanalysis  patterns, we need to search for a similar optimal mode in a lon-
data. Since the 40-yr reanalysis is likely too short to cover all  ger simulation and reanalysis product containing a broader
possible internal wind variability and the increased anthropo- spectrum of internal climate variability and less influence of an-
genic forcing over this period may be imprinted in these wind  thropogenic forcing. To achieve this goal, we first examine the
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F1G. 3. APRP differences in low sea ice minus high sea ice years. (a) Monthly differences in surface, cloud, and at-
mospheric scattering/absorption obtained using APRP analysis between low sea ice and high sea ice years from the
last 10 years of the perpetual simulations. (b) APRP differences in surface, cloud, and atmospheric scattering/
absorption between low sea ice and high sea ice years for each year of the perpetual nudging simulations.

relationship between local Arctic atmospheric circulation and
sea ice in a long preindustrial control simulation without an-
thropogenic forcing.

We take a pseudo-ensemble approach, dividing the 1800-yr
CESMI1 preindustrial control simulation into non-overlapping,
running 10-yr means and composite based on the five low sea
ice periods minus the five high sea ice periods for comparison
with the 10-yr nudging experiments (Fig. 6a). We also test
the sensitivity of our criteria by selecting more members in
the extreme groups (e.g., 8, 10, etc.) and find that the compos-
ite results show consistent features regardless of group size.
We continue focusing on summertime (JJA) since that is the
primary season linked with September sea ice.

The CESM1 preindustrial control simulation is able to cap-
ture a similar structure over the Arctic basin to the nudged
simulations, showing high pressure over the central Arctic
during years of the strongest sea ice decline (Fig. 6). This
comparison serves as an independent test of the model dy-
namics, suggesting that the processes linking winds and sea
ice seen in the nudging experiments are not an artifact of the
nudging method but inherent to the model itself and con-
strained by reanalysis winds. The preindustrial control simula-
tion shows a high pressure system confined to the Beaufort
high region during 10-yr periods of low sea ice cover but has a
much weaker magnitude of geopotential height rise compared
with the composites from the nudging simulations. Similar
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magnitudes of sea ice change coinciding with weaker circula-
tion changes may be due to the free running model’s ability to
sustain very high JJA geopotential height rise over a 10-yr
period or coupling between the atmosphere and surface. In
the nudging simulations, we force the model to experience
this strong 10-yr wind pattern continuously. A period of 10 or
more years with sustained wind forcing in the free run would
likely need to be sourced either from the local or lower lati-
tude oceans but models have been shown to not accurately
capture tropical forcing and may not be able to capture this
strong height rise despite a similar circulation—sea ice relation-
ship strength (Topal et al. 2020). However, the local geopo-
tential height changes relative to total SIA change yields
similar magnitudes in the 10-yr mean of the perpetual nudging
simulations (72 m height rise versus 3.1 million km? melt)
and preindustrial control simulation (25 m height rise versus
1.1 million km? melt). The zonal mean temperatures are also
similar to those from the nudging simulations, suggesting that
the differences in lower tropospheric temperatures between
the nudging simulations and ERA-I are not associated with the
nudging but due to a surface-driven or boundary layer response
inherent to the CESM1. Therefore, the model is still determin-
ing this sea ice response to wind forcing and the nudging is only
providing a realistic forcing.

We also use the same non-overlapping, running 10-yr win-
dow to find a single 10-yr period with the largest decline out
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FIG. 4. Monthly melting and ice mass transport. Monthly mean (left) June, (center) July, and (right) August (a)—(c) top melt
(units: cm day '), (d)—(f) bottom melt (units: cm day '), and (g)—(i) lateral melt (units: cm day ') in the low sea ice minus high sea ice total
September SIA years from the perpetual nudging simulations. Purple vectors show 10-yr-mean ice mass transport (units: kg s~ ') based on

the same composites as melting.

of the entire integration (Figs. 6d,e). The most extreme event
shows a very similar structure to the composites and observa-
tions, but the magnitude is still half that in observations
and the center of high pressure is shifted toward the central
Eurasian coast. The “Figure-8” anticyclonic circulation pat-
tern is the optimal mode in the free run, similar to the pattern
in ERA-I, suggesting that the observed optimal mode is
robust and can exist without CO, forcing. Furthermore, the
CESM1 can capture the relationship between the strongest

Brought to you by UNIVERSITY OF CALIFORNIA Santa Barbara | Unauthenticated | Downloaded 09/27/22 04:19 PM UTC

sea ice melting and high pressure over the Arctic. The shifted
high pressure system toward the Eurasian coast and over the
ice-free ocean surface, produces a zonal mean temperature
profile much more consistent with ERA-I, where there is not
a surface-driven warming response at the periphery of the
basin.

In addition to the CESM1 preindustrial control simulation,
we use the same compositing approach and linear detrending to
examine two climate proxy-assimilated reanalysis simulations,
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FIG. 5. Monthly volume changes due to thermodynamics vs dynamics. Monthly mean (left) June, (center) July, and (right) August
(a)—~(c) thermodynamic sea ice volume tendency (units: cm day ™ ') and (d)—(f) dynamic sea ice volume tendency (units: cm day ™) in the
low sea ice minus high sea ice total September SIA years from the perpetual nudging simulations. Note that the colors are flipped relative
to the values in Fig. 4 to maintain correspondence between melting and volume/thickness tendency.

EKF400 and PHYDA, as well as a sea ice reconstruction from
Brennan and Hakim (2022), to further establish the relationship
between atmospheric circulation and sea ice changes over the
last 400 years (Fig. 6). We compare EKF400 JJA 500 hPa geo-
potential heights with the optimal circulation pattern from the
perpetual nudging simulations, though it should be noted that
EKF400 uses an AMIP-style approach with prescribed sea ice
that may lead to errors in surface temperature through the
omission of important surface-based feedbacks (Graff et al.
2019). Composites are made using surface temperature because
paleo-reanalysis products generally do not include sea ice out-
put due to the rarity of sea ice proxy records. By using surface
temperature from the three products, we aim to give more
weight to the assimilated PAGES2k paleo-records and reduce
some of the uncertainty from model related biases. In addition,
JJA Arctic surface temperature (70°-90°N) in the modern era
reanalysis and the nudging experiments strongly correlates
with total September SIA (r = —0.895 in nudging simulations,
Olonscheck et al. 2019, Bonan et al. 2021a). Wang et al. (2021)
also used a sea ice model simulation driven by near-surface air
temperatures to indicate that September sea ice closely follows
changes in 2 m temperature in summer. Thus, we believe that
JJA surface temperature variability within the Arctic may
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reflect changes of sea ice in summer to a certain extent. Compo-
sites of surface temperature based on surface temperature from
both EKF400 and PHYDA show consistent centers of warming
near the Canadian archipelagos and central Eurasia, though the
magnitudes in EKF400 are much smaller (supplemental Fig. 8).
EKF400 Z500 composites, despite not including proxy data in
or closely around the Arctic, are able to capture a similar JJA
high pressure center in Z500 over the Canadian archipelagos
and western Greenland that extends into the central Arctic and
over the Ural Mountain region in years that have higher surface
temperatures (Fig. 7). If the observed relationship between sea
ice, surface temperature, and atmospheric circulation observed
during recent decades holds, these paleo-reanalyses suggest that
a similar mode may have contributed to extreme sea ice loss in
the last 400 years in the absence of rapidly increasing carbon
dioxide concentrations.

5. Discussion

a. Sensitivity of sea ice to internal circulation forcing

Currently the common practice for quantifying internal vari-
ability associated with a model is carried out using a long prein-
dustrial control simulation or large ensembles (Deser et al. 2020).
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FIG. 6. Model-based internal variability. (a) Non-overlapping, running 10-yr means of total September SIA (black)
and its raw year-to-year variability (gray). Red dots indicate lowest total September SIA years over non-overlapping
10-yr periods and blue dots indicate the highest total September SIA 10-yr periods. (b) JJA 200 hPa geopotential
height and (c) zonal mean geopotential height (shading) and temperature (contour) from low minus high total
September SIA 10-yr periods from the 1800-yr CESM1 preindustrial control simulation. Extreme or optimal (d) Z200
and (e) zonal mean geopotential height pattern favoring the strongest 10-yr September sea ice melting period in the
CESM1 preindustrial control simulation. The extreme melting pattern is multiplied by 2 for comparison with the com-
posites of the low sea ice minus high sea ice years from the perpetual simulations.

In this approach, internal variability is determined by model
physics and coupling among different components of the
system. However, models still have deficiencies in their abil-
ity to simulate important relationships between sea ice and
the atmosphere, as well as teleconnections between high
latitude circulation and remote forcing (Ding et al. 2014,
2017; Rosenblum and Eisenman 2016; Luo et al. 2021). By
nudging winds, we can overcome these hurdles to some
degree and more effectively evaluate the climate response to
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atmospheric variability in a manner more representative of
observed rather than model-dependent variability. The com-
posites using the preindustrial control simulation, which are
representative of the inherent wind forcing pattern most con-
ducive to enhanced sea ice loss, show an ability to capture
many of the observed relationships between the Arctic atmo-
sphere and sea ice.

Due to difficulties with model limitations, previous stud-
ies have often focused on a qualitative relationship between
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FIG. 7. Influence of wind forcing on Arctic sea ice in paleoreanalysis. (a) Detrended annual mean total SIA reconstruction from
Brennan and Hakim (2022) and Arctic-averaged (70°-90°N) surface temperatures from EKF400 and PHYDA paleoclimate reanalysis.
Composites of Z500 (shading) based on the most extreme non-overlapping 10-yr periods from Arctic-averaged (b) EKF400 JJA surface
temperature, (c) PHYDA JJA surface temperature, and (d) Brennan and Hakim (2022) annual mean total SIA. In the nudging experi-
ments, JJA Arctic surface temperature (70°-90°N) strongly correlates with total September SIA (r = —0.895), indicating that pan-Arctic
JJA surface temperature can be used as an approximation of September sea ice variability.

circulation and sea ice. This information is important but
insufficient for us to understand the detailed sensitivity of
September sea ice to preceding JJA circulation change. To
achieve a better quantification of this sensitivity we calculate
the slope of the linear regression between total September
STA and the preceding JJA Z200 within the Arctic (70°-90°N)
and use this slope as a measure of the sensitivity (Fig. 8). This
slope (km? m 1) will tell us the extent a higher Z200 rise in m
(indicating a warmer atmosphere below 200 hPa) could in-
duce a certain areal change in summertime sea ice. In both
the continuous nudging and preindustrial control simulations,
the mean sensitivities (7700 and 6600 km* m ™", respectively)
are slightly lower than in observations (9000 km? m™'),
though the observed sensitivity falls within the spread of all
three simulations. The continuous nudging simulations,
with a nudging strength of 0.5, reduce the spread in sea ice
sensitivity to wind forcing in half relative to the preindus-
trial control simulation. When conditions favoring strong
melting or growth are allowed to persist, such as in the perpet-
ual simulations, the response of sea ice to wind forcing satu-
rates at a little over 20200 km? m ™!, which is over double that
of observations and 3 times the continuous and preindustrial
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control simulations. The much higher sensitivity later in the
perpetual simulations suggests that if the optimal circulation
pattern could last longer in the CESM1, as done in the perpet-
ual nudging simulations, the sea ice becomes more responsive
to wind forcing through the ice-albedo feedback. However,
this effectiveness of this mechanism will be saturated with the
upper bound at 23500 km®* m~! after 5-6 years even if the
optimal wind pattern could persist continuously.

The nudging approach, where wind patterns from each year
are repeated, also provides novel insight into the role of wind
forcing on the ice-albedo feedback. Surface shortwave ab-
sorption leading to polar amplification is generally attributed
to the consistent and increasing influence of anthropogenic
forcing (Curry et al. 1995). However, it should be considered
that these model simulations show observed wind patterns are
similarly capable of modulating the radiative fluxes entering
and leaving the Arctic surface and producing an ice—albedo
feedback over several years of persistent, favorable atmo-
spheric conditions for melting. This is important because there
are sources of interannual-to-decadal variability, such tropical—
Arctic teleconnections, that can generate successive years of
wind patterns favoring strong melting (Screen and Deser 2018;
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FI1G. 8. Observed and simulated sea ice sensitivity to wind forcing. (a) Relationship between JJA Z200 within the
Arectic (70°-90°N) and total September Arctic SIA from the detrended ERA-Interim and NSIDC products (black),
all years from the perpetual nudging simulations (blue), continuous nudging simulations (orange), and CESM1
pi-control simulation (gray). Shaded envelopes show the range of SIA regressed onto Z200 from each member or
pseudomember in the simulations. (b) Regression slopes of total September SIA onto Z200 in the observations
(dashed green line), perpetual simulations, continuous simulations, and pi-control simulation. Dashed green lines in
boxes show ensemble mean and orange lines show ensemble medians.

Meehl et al. 2018; Baxter et al. 2019; Bonan and Blanchard-
Wrigglesworth 2020; Topal et al. 2020). Separating this contri-
bution of internal variability from that of anthropogenic forc-
ing is important for quantifying future trends in melting and
warming within the Arctic.

b. Possible caveats associated with the nudging approach

Previously, Huang et al. (2021) found improved agreement
relative to satellite-constrained products of cloud changes us-
ing the wind nudging approach, as weak air—sea gradients dur-
ing the melt season generate very little surface influence on
cloud changes leaving large-scale circulation as a dominant
driver (Kay et al. 2016; Morrison et al. 2019). However, con-
straining large-scale atmospheric dynamics cannot alleviate
all the biases associated with the representation of cloud phys-
ics or boundary layer schemes needed to fully understand
their role in modulating radiative fluxes and therefore sea ice
changes (Huang et al. 2021; Luo et al. 2021). The CESM1,
like most Earth system models, has been shown to underesti-
mate supercooled cloud liquid in the Arctic, likely resulting in
the small influence of cloud shortwave feedbacks relative to
surface albedo in our perpetual simulations (Cesana et al.
2012; Middlemas et al. 2020; Mcllhattan et al. 2020).

It is also possible that the arbitrary initialization on 1 January
used here introduces inconsistencies, especially when repeated
over 21 years, that could impact aspects of preconditioning and
seasonal transitions that were not assessed in this study (Stroeve
et al. 2014; Smith and Jahn 2019). Composites of the preceding
January-May averaged geopotential height and temperature
based on the same extreme nudging years from the perpetual
simulations (row 1 in Table 2) reproduces a very prominent
positive NAO pattern and warming over Siberia, referred to as
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the warm Arctic—old Eurasia (WACE) pattern (supplemental
Fig. 6, Mori et al. 2014; Labe et al. 2020). A similar pattern can
also be seen in composites using the CESM1 preindustrial con-
trol simulation (supplemental Fig. 7), but not in the reanalysis
using the extreme detrended years from the NSIDC record
(row 2 in Table 2). Features of this predominantly wintertime
pattern have been linked to the atmospheric response to sea ice
loss, but the physical mechanisms explaining the relationship
found here are not well understood (Ogi et al. 2003; Nakamura
et al. 2015; Banerjee et al. 2021). It remains uncertain whether
this discrepancy is introduced by our arbitrary initialization on
1 January and how important this WACE pattern is in driving
summer sea ice. These questions are beyond the scope of this
study’s experimental framework, but this result should garner
further attention and modeling studies in the future.

Another caveat of the approach is that the reanalysis fields
are regridded to the nominal 1° resolution of the model.
Therefore, nudging to higher resolution reanalysis, such as
ERAS5, may capture finer resolution processes (Smirnova and
Golubkin 2017), though improvement may be limited within
our current model setup. Finer model resolution may improve
the representation of cyclones in the nudging simulations,
which may have had an impact during years with strong cy-
clonic activity late in the melt season, such as 2012 (Simmonds
and Rudeva 2012; Yamagami et al. 2017). Improved simula-
tions of Arctic cyclones or small scale circulations could en-
hance the dynamical contribution to sea ice loss, in addition
to biases associated with the underestimation of sea ice mo-
tion (Rampal et al. 2011) or melt pond and thermodynamic
parameterization schemes (Keen et al. 2021).

Despite these limitations in the experimental design, the
nudging approach used here offers many new opportunities



3042

for further evaluating different climate scenarios in global cli-
mate models and responses of a wide array of climate pro-
cesses (e.g., Arctic Ocean temperature, clouds, high latitude
land processes, hydrological and biogeochemical cycles) by
partially constraining model dynamics and internal variability
to observed or idealized cases over targeted regions. This po-
tential is highlighted by the nudging approach’s ability to con-
strain sea ice in the CESM1 by inducing wind patterns well
above the surface and reveals how atmospheric forcing can
shape Arctic sea ice variability. Additionally, we focus only
on better understanding of interannual variability of summer-
time Arctic sea ice, but the nudging approach shows tremen-
dous promise in addressing many other processes on a broad
range of time scales that contribute to lower atmospheric and
surface changes in other seasons and regions as well as im-
proving sea ice forecasts and projections. In particular, this
methodology can help us constrain sea ice sensitivity to wind
forcing and internal variability within models by quantifying
the largest melting response to an optimal atmospheric circu-
lation pattern following complete saturation of the ice-albedo
feedback (~25000 km? loss of total September SIA per meter
increase in JJA Z200) and can help improve predictions of fu-
ture changes, such as the first occurrence of an ice-free Arctic.

6. Conclusions

In this study, we conduct a 40-yr continuous simulation and a
set of perpetual simulations using the CESMv1.2.2.1, keeping
carbon dioxide concentrations fixed and nudging free tropo-
spheric winds within the Arctic (above 850 hPa, 60°-90°N) to
those from ERA-I, then repeating each reanalysis year for up
to 21 years. Only by partially nudging Arctic winds toward
those from ERA-I in the continuous and perpetual nudging
simulations, the model can replicate key features of long-term
trends and year-to-year changes in total September SIA over
the satellite era, despite a slightly weaker relationship between
sea ice and winds in the model (Topal et al. 2020). Furthermore,
the perpetual nudging simulations allow for the examination of
a quasi-equilibrium response of Arctic climate to wind forcing
during years of the strongest sea ice change. Four key conclu-
sions were drawn from the perpetual nudging simulations:

1) The optimal atmospheric mode that is associated with
melt in all datasets is a summertime “Figure-8” quasi-
barotropic anticyclone centered over the Arctic and ex-
tending over Greenland.

2) The wind impacts on sea ice are primarily thermody-
namic, not dynamic, resulting from subsidence-driven
warming of the lower troposphere and the surface ice—
albedo feedback.

3) Sea ice sensitivity to atmospheric circulation change is
~25000 km? loss of total September SIA per meter in-
crease in JJA Z200, taking ~5-6 years to saturate if the
same forcing could be perpetually applied.

4) Nudging provides a novel method for studying coupled
climate model experiments by constraining atmospheric
circulation to examine other components of the Earth
system.
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In all, this novel application of nudging in a fully coupled
climate model shows that the most extreme climate scenario
that could cause an abrupt significant sea ice melting epoch is
a multiple year-long persistence of the summertime high pres-
sure circulation pattern in the Arctic that enhances a pro-
longed sea ice—albedo feedback. This pattern can dramatically
increase the sea ice sensitivity to internal variability and in-
duce significant Arctic warming. The same process with an
opposite sign may also cause a strong recovery of sea ice and
a temporary Arctic cooling. In the reanalysis, this optimal
mode contributing to sea ice retreat does not occur more than
two years in a row. Though infrequent, the CESM1 pi-control
simulation and EKF400 experience consecutive years of ex-
treme high pressure over the Arctic greater than +1 std for a
maximum of 4 (0.4%) and 3 (3.0%) years in any given 40-yr
window, respectively. If considering positive anomalous high
pressure over the Arctic (>0 m detrended, 70°-90°N), the
maximum consecutive occurrence is 6 (2007-12), 10, and
9 years in ERA-I, the CESM1 pi-control simulation, and
EKF400, respectively. Prolonged periods with frequent years
characterized by prominent Arctic warming and anomalous
high pressure, such as 2007-12, may reflect an emergence of
this scenario, which appears to be sensitive to remote forcing
over the tropical oceans (Baxter et al. 2019), although this re-
lationship is found to be nonstationary over a longer period
(Meehl et al. 2018; Bonan and Blanchard-Wrigglesworth
2020). Thus, the main driving force of this type of persistent
anticyclonic circulation pattern in the Artic remains as an im-
portant source of uncertainty in projecting future sea ice
change. In this study, the nudging approach allows us to con-
trol for this uncertainty locally within the Arctic and to di-
rectly quantify this relationship using observed atmospheric
circulation patterns and may be applied to remote Arctic tele-
connections in the future.
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