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Abstract

The extreme Arctic sea ice minima in the 21st century have been attributed to
multiple factors, such as anomalous atmospheric circulation, excess solar radiation
absorbed by open ocean, and thinning sea ice in a warming world. Most likely it is the
combination of these factors that drive the extreme sea ice minima, but it has not been
quantified, how the factors rank in setting the conditions for these events. To address
this question, the sea ice budget of an Arctic regional sea ice-ocean model forced by
atmospheric reanalysis data is analyzed to assess the development of the observed sea
ice minima. Results show that the ice area difference in the years 2012, 2019, and
2007 is driven to over 60% by the difference in summertime sea ice area loss due to
air-ocean heat flux over open water. Other contributions are small. For the years 2012
and 2020 the situation is different and more complex. The air-ice heat flux causes
more sea ice area loss in summer 2020 than in 2012 due to warmer air temperatures,
but this difference in sea ice area loss is compensated by reduced advective sea ice
loss out of the Arctic Ocean mainly caused by the relaxation of the Arctic Dipole. The
difference in open water area in early August leads to different air-ocean heat fluxes,
which distinguishes the sea ice minima in 2012 and 2020. Further, sensitivity
experiments indicate that both the atmospheric circulation associated with the Arctic
Dipole and extreme storms are essential conditions for a new low record of sea ice

extent.
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1. Introduction

Over the past decades, the Arctic summertime sea ice thickness has declined
substantially as documented in submarine and satellite records (Kwok and Rothrock,
2009; Kwok, 2018; Bi et al., 2018), and the shrinking and thinning of the Arctic sea
ice has led to a transition from a multiyear ice-dominated Arctic towards a first-year
ice-dominated Arctic due to Arctic amplification (Maslanik et al., 2011; Serreze and
Barry 2011; Lindsay and Schweiger, 2015; Lang et al.,, 2017). This has had a
significant impact on the lower latitude atmospheric circulation patterns (Cohen et al.,
2014; Francis and Vavrus, 2015; Barnes and Polvani, 2015), for example, the sea ice
loss is thought to induce increased summer precipitation in northern Europe (Screen et
al. 2013). Drastic sea ice decline can also greatly affect the Arctic flora and fauna
(Meier et al., 2014), native communities (Hovelsrud et al., 2008; Rasmussen, 2011),
and remote Eurasian climate (Gao et al., 2015). According to the National Snow and
Ice Data Center (NSIDC) Sea Ice Index (Fetterer et al., 2017), the Arctic sea ice
extent was at the record minima during summers 2012, 2020, 2019, 2016, and 2007 in
ascending order (Figure 1). Studying the mechanisms responsible for these extreme
sea ice minima can improve our understanding of the overall processes driving
seasonal sea ice loss and the potential implications of the historical sea ice record for
future evolution.

Indeed, previous studies have already identified some dynamical (Serreze et al.,
2003; Rigor and Wallace, 2004; L’ Heureux et al., 2008; Wang et al., 2009; Woodgate

et al., 2010; Lee et al., 2017; Ding et al., 2017) and thermodynamical (Lindsay and
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Zhang, 2005; Perovich et al., 2008, 2011; Graversen et al., 2011; Flocco et al., 2012;
Zhang et al., 2008, 2013) mechanisms responsible for the sea ice decline in the past
decades. By the dynamical mechanisms, the Arctic Dipole (AD) atmospheric
circulation, which is characterized by negative sea level pressure anomalies over the
Siberian Arctic and positive sea level pressure anomalies over the Beaufort Sea-North
America-Greenland (Wu et al., 2005), favored an enhanced mean meridional wind
across the Arctic and directly gave rise to the sea ice loss (Wang et al., 2009) through
mechanically pushing sea ice towards Fram Strait. The anomalous AD atmospheric
circulation prevailed in every early summer from 2007 to 2012 (Ogi and Wallace,
2012; Overland et al., 2012) and thereby maintained the low sea ice extents.
Thermodynamically, starting from low sea ice extent in the previous summer, the sea
ice cover formed in the previous autumn and winter is dominated by first-year ice that
is thin and vulnerable to changes in atmospheric and oceanic forcing and easy to melt
in the following summer, primarily driven by the stronger ice-albedo feedback (Curry
et al., 1995) in the presence of more open water (Kay et al., 2008; Jackson et al., 2010;
Stroeve et al., 2012). Low sea ice extents were also further reduced by northward
oceanic heat transport through the Bering Strait driven by the strong AD winds
(Woodgate et al., 2010), accelerating the drastic thinning of sea ice (Steele et al., 2004;
Shimada et al., 2006; Comiso and Hall, 2014; Kwok, 2018). In addition, the
near-surface temperature maximum layer at a typical depth of 25-35 m also has the
potential to induce sea ice basal melt (Jackson et al., 2010). In 2020, a warm air

temperature anomaly also contributed to the record-low summer sea ice extent
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(Ballinger et al., 2020).

According to observational data (NSIDC; Fetterer et al., 2017), the Arctic sea ice
extent in 2012 reached the record-low of 2007 in the last week of August and set a
new record minimum of 3.41 x 10% km? at the end of the melting season. The sea ice
distribution in summer 2012 was affected by a strong storm, ‘the Great Arctic
Cyclone of August 2012’ (Simmonds and Rudeva, 2012). To quantify the impact of
this cyclone on the 2012 record-low Arctic sea ice extent, Zhang et al. (2013)
employed a coupled ice-ocean model and found an intense sea ice bottom melt caused
by increased upward ocean heat transport when the storm passed in early August 2012.
However, Zhang et al. (2013) also suggested that it would have been possible to
simulate a record-low summer sea ice minimum in 2012 even without the storm,
implying that the atmospheric AD pattern may have been more important than the
storm. In summer 2016, six distinct cyclones impacted the Arctic Ocean between 10
August and 10 September (Yamagami et al., 2017), and some of them had comparable
sizes and intensity but longer persistence compared to the ‘the Great Arctic Cyclone
of August 2012°. However, the record-low sea ice extent in summer 2016 was still not
as extreme as that in 2012. The AD time series in melting seasons between 2000 and
2020 derived from the Japanese 55-year Reanalysis (JRASS5; Kobayashi et al., 2015;
Harada et al., 2016) data shows that the strength of the AD greatly reduces in summer
2016 compared to that in summer 2012 (Figure 2), further indicating that a new low
sea ice extent record is unlikely without favorable AD conditions.

So far, multiple factors are thought to set the five record-low sea ice minima in
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the 21st century, yet their relative importance and differences have not been
quantitatively clarified. Furthermore, why wasn’t there any new record-low sea ice
extent between 2013 and 20207? In this study, we employ a coupled Arctic regional sea
ice-ocean model and conduct sensitivity experiments with a quantitative sea ice
budget analysis, to clarify the relative roles of the dynamical and thermodynamical
factors leading to the different sea ice minima in the 21st century. This paper is
organized as follows. Section 2 describes the model and experiment design.
Evaluation of the model performance with respect to sea ice is shown in section 3.
The sea ice budget analysis for the five sea ice minima is given in section 4. Section 5
presents the result of the sensitivity runs. Discussion and conclusion are presented in

section 6.

2. Model and Experiment Description

The coupled Arctic regional sea ice-ocean model used in this study is based on
the Massachusetts Institute of Technology general circulation model (MITgcm,
Marshall et al., 1997; https://mitgcm.org), with a horizontal resolution of ~18 km
(Losch et al., 2010; Liang et al., 2019). There are 420 x 384 horizontal grid points and
50 vertical ocean layers, with intervals ranging from 10 m at the sea surface to 456 m
at the bottom. The MITgcm contains a zero-layer thermodynamic-dynamic sea ice
model (Losch et al., 2010). This model includes a prescribed sub-grid Ice Thickness
Distribution (ITD) with 7 thickness categories following Hibler (1984). Sea ice

ridging in convergent motion only changes net ice volume, but not the ice thickness
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distribution (Castro-Morales et al., 2014). The prescribed ITD allows ice to form even
when the mean ice thickness is large and thus reduces a low thickness bias. Due to the
lack of thermal inertia, the zero-layer thermodynamics are known to overestimate the
seasonal variations. The monthly open boundary conditions are derived from the
Estimating the Circulation and Climate of the Ocean phase II: high resolution global
ocean and sea ice data synthesis (Menemenlis et al., 2008). Details of the
parameterization settings can be found in Liang and Losch (2018).

Initialized from climatological hydrography fields derived from the World Ocean
Atlas 2005 (WOAUOS5; Locarnini et al., 2006), the model is integrated repeatedly for 20
model years driven by the climatological annual cycle atmospheric forcing data with
3-hourly temporal resolution. The climatological atmospheric forcing data, denoted
by Atmospheric Forcing Climatological State (AFCS), are derived from the average
values of the JRASS5 data between 1979 and 2013. The last days in leap years in the
JRASS data are simply excluded. The sea ice and ocean states on the last day of the 20
model years are saved as restart files, denoted by Restart File Climatological State
(RFCS), for one baseline experiment (Table 1). Initialized from the RFCS, the
baseline run, denoted by CTRLRUN, is driven by 3-hourly JRASS5 data from 1980 to
2020. The modeled sea ice and ocean states are saved as daily averages. The sea ice
and ocean states on 1 May 2007, 1 May 2012, and 1 May 2020 are denoted by RF07
(Restart File on 1 May 2007), RF12 (Restart File on 1 May 2012), and RF20 (Restart
File on 1 May 2020), respectively. These three restart files are used in eight sensitivity

runs SENSRO1 to SENSRO8. As there is a strong spring sea ice barrier (Bushuk et al.,
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2020), and summer sea ice extent directly links to sea ice state at the onset of melting
season, our sensitivity runs are initialized from the different model states on 1 May.
Each sensitivity run integrates for 5 months forced by a different atmospheric state.
The detailed setting of the eight sensitivity runs is listed in Table 1. In general, they
are designed to assess the relative importance of preconditioning sea ice state at the
onset of the melting season and atmospheric condition in the melting season on the
sea ice minima. Here, the atmospheric conditions from JRAS5S are further classified
into three typical states based on the strength of the AD (Figure 2): 1) the atmospheric
state from 1 May 2020 to 1 October 2020 represents the normal atmospheric
condition, i. e. the AD is very weak. 2) the atmospheric state from 1 May 2007 to 1
October 2007 represents the extremely strong AD atmospheric condition. 3) the
atmospheric state from 1 May 2012 to 1 October 2012 represents the normal AD
atmospheric condition but with an extreme storm. Detailed information of
inter-comparison among the eight sensitivity runs is presented in Section 5. For all

sensitivity runs, daily model states are saved.

3. Sea Ice Evaluation of the Baseline Experiment

Since the atmospheric forcing data is changed from climatological fields to
real-time fields, the basin mean upper 200 m ocean temperature of the CTRLRUN run
reaches a quasi-equilibrium state after about 5-years of model adjustment (Figure 3a).
The basin averaged sea ice concentration does not show any obvious adjustment

features (Figure 3b) to the transient response to the atmospheric and oceanic forcing.
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Since this study focuses on the sea ice evolution and the corresponding oceanic upper
layer, we conclude that the model states after the adjustment period can be used in the
analysis.

To give a brief evaluation of the modeled sea ice in the CTRLRUN run, we
compare the simulated sea ice extent and thickness with the satellite observations
(Figure 4). The modeled sea ice extent evolution from 2002 to 2020 is compared to
the daily observations derived from medium resolution passive microwave sea ice
concentration data of the Advanced Microwave Scanning Radiometer series
(AMSR-Earth Observing System and AMSR2; Pedersen et al., 2017). The AMSR sea
ice concentration observations from June 2002 to May 2017 are processed under the
umbrella of the European Space Agency-Climate Change Initiative (ESA-CCI; Meier
et al., 2013) project. Due to the data gap between the service period of the AMSR-E
and that of the AMSR2 after 2012, the sea ice concentration observations from
October 2011 to July 2012 are unavailable. The AMSR sea ice concentration
observations after May 2017 are processed by the University of Bremen using the
ARTIST Sea Ice (ASI; Spreen et al., 2008) algorithm. The sea ice extent evolution in
the CTRLRUN run agrees well with the satellite data. Moreover, the CTRLRUN run
properly captures the five sea ice extent minima in the 21st century (Figure 4a), and
the simulated values are largely consistent with the observations in summer 2007,
2012, 2019, and 2020. However, our model simulated sea ice extent in summer 2016
that is 0.8 x 10° km? smaller than observed. The observed record-low sea ice extent in

ascending order happened in 2012, 2020, 2019, 2016, and 2007. In the CTRLRUN
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run, the modeled record-low sea ice extent in ascending order happens in 2012, 2016,
2020, 2019, and 2007. We note that our model simulates a systematic lower sea ice
extent in wintertime probably due to the modeled sea surface temperature bias in low
latitudes in the model domain.

The modeled monthly mean sea ice thickness evolution in the cold season from
2002 to 2020 is evaluated against the observation derived from Envisat and Cryosat-2
data. Here, the cold season includes the months from October to April of the next year.
The observed sea ice thickness before May 2011 is provided by the Radar Altimeter-2
instrument on the Envisat satellite (Hendricks et al., 2018) and processed in the
ESA-CCI project. The observed sea ice thickness after September 2011 is provided by
the Synthetic Aperture Interferometer Radar Altimeter instrument on the Cryosat-2
satellite (Hendricks et al., 2018), in which the data before May 2017 are processed in
the ESA-CCI project while the data after September 2017 are processed in the
Alfred-Wegener-Institut (AWI) Sea Ice Radar ALtimetry (SIRAL) project. In general,
the sea ice in CTRLRUN run is thinner than the observation, and the bias after 2007 is
larger at the beginning of the freezing season than at the end of the freezing season
(Figure 4b). Note that the observations are only available in some regions of the ice
zone, thus no result relating to trends in sea ice thickness evolution can be derived
from the comparison. Considering that the satellite observed sea ice thickness from
radar altimetric instruments do have relatively large uncertainties (Ricker et al., 2014),
the modeled sea ice thickness evolution may be still in a plausible range.

To further assess our model, we compare the spatial distribution of the modeled

11
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sea ice concentration with the AMSR observations on 24 September of the five years
with record-low sea ice extent (Figure 5). The modeled sea ice distribution in 2007,
2019, and 2020 in the CTRLRUN run is generally similar to the observations, yet the
modeled sea ice distribution in 2012 has an unrealistic sea ice tongue appearing over
the Mendeleyev Ridge (Figure 5a). The modeled sea ice extent bias in 2016 arises
from the excessive melting in the Pacific sector of the Arctic (Figure 5g). In general,
the simulated sea ice concentration is lower than in the observations. It is also worth
noting that the sea ice concentration derived by the ASI algorithm (Figure Se, 5f)
shows systematically higher value compared to that of the ESA-CCI project, in part

because the former is a near-real-time product while the latter is a reanalyzed product.

4. Sea Ice Budget Analysis of the Baseline Experiment

Although sea ice extent is used very often to quantify the change in Arctic sea ice
cover, it does not allow a consistent budget analysis. If ordered by increasing size, the
order of sea ice ice extent minima in the five summers is not the same as the order of
sea ice area minima or sea ice volume minima. According to reanalysis data of the
Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS; Zhang and
Rothrock, 2003), the sea ice volume minimum in 2019 is lower than in 2012 and the
year 2016 is not among the five lowest. Also, sea ice area minimum in 2019 is the 5th
lowest and 2007 is the 3rd lowest, which is different from the order of sea ice extent
minima. Since sea ice extent is more closely related to sea ice area than sea ice

volume, we focus on analyzing the sea ice area budget. The sea ice volume budget is
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included as a complementary analysis.

The sea ice model in the MITgem is a viscous-plastic dynamic and zero-layer
thermodynamic model (Hibler, 1979, 1980; Zhang and Hibler, 1997). The so-called
zero-layer thermodynamics assumes one layer of ice underneath one layer of snow.
Neither snow nor ice have a heat capacity so that the vertical temperature gradient
through the ice is constant. The snow layer affects sea ice thermodynamics by
modifying the ice surface albedo and effective heat conductive coefficient. The snow
can be flooded when enough snow accumulates on top of the ice and its weight
submerges the ice. The sea ice model divides each grid area into two parts: the open
water area and the ice-covered area. The fraction of the ice-covered area in the grid
cell is sea ice concentration (C). In each bin, the sea ice rate of change is determined
by the atmospheric heat flux on the ice surface, the oceanic heat flux on the ice
bottom, the atmospheric heat flux on the sea surface in the open water area, the sea ice
advection, and the sea ice deformation. Sea ice deformation can lead to ridge
formation. In our model, the ridging processes are parameterized by simply capping
sea ice concentration at 100% (Schulkes, 1995). To quantitatively diagnose the
contribution of each term, we define a control region covering the Arctic basin (Figure
6). In the control region with area S, the change of sea ice area (44) and volume (4V)

over the time interval (A7) can be expressed as:

— al//advx all//advy
A ={w, )+ {0, )+{o, )+ < P 5 >+ <a),,,.dgmg > M
_ a¢advx a(Dadvy
AV—<9m>+<0m>+<9a0>+<9ﬂ>+ S %y )
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where the variables (x, y) represent the two orthogonal axes in the model domain. The
operator <> represents the integral over area S and time A¢, that is, <*> =A1J[*ds.
dS=dxdy is the area element of the integration. wi,, ®u, and w., are the rates of
change of sea ice concentration induced by the oceanic heat flux at the ice bottom, the
atmospheric heat flux at the ice surface, and the atmospheric heat flux at the sea
surface in the open water area, respectively. fio, Gui, a0, and 0y are the rates of change
of grid-mean sea ice thickness due to the oceanic heat flux at the ice bottom, the
atmospheric heat flux at the ice surface, the atmospheric heat flux at the sea surface in
the open water area, and the snow flooding term, respectively. (Waavx, Waary) and (@adavx,
@advy) are the components of advection of sea ice concentration (C) and grid-mean sea
ice thickness (H). <OWad/OX+0Waavy/Oy> and <O@udv/Ox+0paay,/Oy> represent the net
sea ice area and volume fluxes advected across the control region boundaries. In our
simulations, the model outputs the ocean and sea ice states daily, so that A7 = 86400 s.
Variables (wio, Wai, ®aos Gioy Guiy Baos Oty Wadve, Wadvys Padves Padvy) are directly saved by
the model and <wiqging™> 1s calculated as the residual term. <®;iqging™> mainly consists
of the change of area by ridging processes. Sea ice ridging does not change the
integrated ice volume, because it is only a volume redistribution, but the associated
convergence does change the ice volume within the control region as ice can be
moved across the boundaries. As this flux of ice volume over the boundaries is quite
small compared to other terms, we ignore the sea ice volume change due to sea ice
ridging in Egs. 2.

The growth-decay evolution of the sea ice area and volume in the control region
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during 2006-2007, 2011-2012, 2015-2016, 2018-2019, and 2019-2020 are shown in
Figure 7. For the onset sea ice conditions during the periods of interest, the sea ice
area and volume are largest in September 2006 and lowest in September 2019. The
sea ice condition in September 2011 is quite close to that in September 2018 in terms
of area and volume. During the sea ice growth season, new ice continuously forms in
open water area and so that the control region is fully covered by sea ice around 25
December during the five periods of interest. However, the sea ice volume around 25
December still shows significant divergence, with a minimum in 2019 and a
maximum in 2006. Sea ice volume in the control region stops growing around 10 May.
From May to September, the modeled largest sea ice area reduction during the five
periods of interest is 5.62 x 10% km? in 2016, followed by 5.54 x 10° km? in 2012,
5.42 x 10° km? in 2020, 5.14 x 10% km? in 2019, and 4.59 x 10% km? in 2007.
Although the modeled largest sea ice area reduction in summer 2016 exceeds the
value in summer 2012, the modeled record-low sea ice extent in summer 2012 is still
lower than that in summer 2016. From May to September, the modeled largest sea ice
volume reduction in summer 2007, 2012, 2016, 2019, and 2020 are 11.99 x 10° km?,
13.68 x 103 km3, 13.96 x 10° km? 13.14 x 10° km’, and 13.37 x 10° km?,
respectively.

For the following discussion, the daily sea ice increments in the control region
are broken down into their constituents (Egs. 1 and 2) for a full growth-decay cycle
during 2011-2012 (Figure 8). In the freezing season, the increase in sea ice area is

dominated by the heat flux between the atmosphere and sea surface in the open water
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area <mqo> term (magenta line in Figure 8a), implying that new ice continuously
freezes when cold air blows over the relatively warm sea surface. The sea ice area
growth due to atmosphere-ice heat flux <w.> is nearly zero in the freezing season
(green line in Figure 8a), meaning that the heat loss from the ice to the atmosphere
leads to the increase in the ice thickness. The heat flux between ice bottom and ocean
<wi,> term (blue line in Figure 8a) is a loss term to the sea ice area in all seasons. The
<OWadn/OX+O0Waary/0y> term closely relates to the sea ice drift and the definition of the
control domain. In the freezing season, the <OWua/Ox+0Waa,/Oy> term alternately
shows net sea ice area input or output of the control region. In the melting season, the
<OWadn/OX+O0Waary/0y> term tends to reduce the sea ice area due to the Transpolar
Drift-induced sea ice advection toward Fram Strait (red line in Figure 8a).
Furthermore, the <OWumn./Ox+0waa,/0y> term shows relatively larger amplitude in
wintertime than summertime, probably resulting from the advection of high sea ice
concentration in wintertime. It is worth noting that the sea ice area lost through the
ridging <wyidging™ term (cyan line in Figure 8a) is comparable to that by the <wi,>
term, indicating that sea ice ridging also plays an important role in the sea ice area
reduction. In the melting season, the decrease of sea ice area is governed by the <w.>,
<®Wa0>, and <wyidging™> terms. The <w,> term can induce direct sea ice area loss from
May to August when the sea ice in some grid cells are thin enough and the warm air
can directly result melting the thin ice completely. The <w.,> term also creates a
large reduction in the sea ice area by decreasing grid-cell averaged sea ice thickness.

After sea ice has melted locally, the remaining heat warms the ocean, and then lateral
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processes such as advection or horizontal diffusion in the ocean can move this heat
underneath the ice in the neighboring grid cells where it can lead to more melting. In
the Hibler model, the air-ocean heat flux is used to melt the thick sea ice laterally until
there is no more ice in the grid cell. This is based on the assumption that the heat in
the ocean is immediately distributed within the grid cell and that the grid cell remains
at the freezing temperature as long as there is some ice. Only if there is heat left after
all ice is melted, the ocean is actually warmed by the air-ocean heat flux.

In all seasons, the sea ice volume change is mainly dominated by the
atmosphere-ice heat flux <6,> (green line in Figure 8b) and the heat flux between the
atmosphere and sea surface in the open water area <6,,> (magenta line in Figure 8b)
terms. The <#,> and <6,,> terms create comparable sea ice volume increments from
September to October. Along with new ice continuously forming in the freezing
season, the fraction of totally ice-covered area in the control region also increases, so
that the <6,> term is obviously larger than the <6,,> term from November to May.
During the period from June to September, the large sea ice volume loss is primarily
caused by the <f,> term. Thereafter, the <6,,> term starts to result in sea ice volume
loss in the expanding open water area. Like <wi,>, <68;,> (blue line in Figure 8b) also
acts to reduce the sea ice volume in all seasons. The <w;,> and <#,,> terms peak in
late autumn and early winter, because during this period the sea ice growth rate stays
at a high level leaving dense (saline) surface water behind. The dense surface water
leads to increased vertical convection and upward oceanic turbulent heat flux yielding

more basal ice melt. Note that the enhanced sea ice area and volume losses during
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6-10 August are caused by the ‘the Great Arctic Cyclone of August 2012, which
enhanced the sea ice basal and surface melting by the drastic wind-driven upper ocean
mixing and heat fluxes from warm air to open water surface. The changes in ice
volume due to the <0y> and <0@ud/Ox+0@aan/0y> terms are small compared to the
thermodynamical terms.

To determine the contributions to the record-low sea ice extent minima, we
calculated the accumulated sea ice area increments from 1 May in the five summers
(Figure 9). As a first observation, the accumulated sea ice area loss due to <wu>
determines the record-low sea ice extent in summer 2007, 2012, and 2019 (red, green,
cyan lines in Figure 9d). The relatively large sea ice thickness as presented in sea ice
volume evolution (Figure 7b) in May 2007 sets the initial conditions so that the
record-low sea ice extent in 2007 is still substantially highest in these five years. The
sea ice area in the middle of July in 2007 is significantly higher than that in 2012 by
approximately 0.5 x 10% km? (red, cyan lines in Figure 9a), and thus less solar
radiation enters into the ocean through open water area in ice zone in the rest of the
melting season of 2007. As a consequence, the record-low sea ice extent in summer
2007 is substantially higher than the other years. The sea ice area difference between
summer 2019 and summer 2012 amplified around 10 August (red, green lines in
Figure 9a), thereafter solar radiation entering into the ocean through open water areas
in the ice zone contributes to the record-low sea ice extent in these two years, while
the accumulated sea ice area losses due to the <w.> and <OWaa/0x+0Waan/0y> terms

before 10 August in these two years are almost the same (red, green lines in Figure 9c,
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Between summer 2012 and summer 2020, large differences exist in the
accumulated sea ice area loss due to the <wu> and <OWaa/Ox+0Waan/0y> terms (red,
blue lines in Figure 9c, 9¢), and a moderate difference exists in the accumulated sea
ice area loss due to the <w.,> term (red, blue lines in Figure 9d). Figure 7b shows sea
ice volume in the control region on 1 May 2020 is lower than that on 1 May 2012,
indicating that the basin-scale Arctic sea ice on 1 May 2020 is thinner than that on 1
May 2012. The relatively thinner ice is easy to melt entirely, especially under
anomalous warm air condition in summer 2020. Thus the atmosphere-ice surface heat
flux generates more sea ice area loss by directly melting the thin ice at the ice surface
in summer 2020 than that in summer 2012. This part of difference of sea ice area loss
due to ice surface melting is compensated by the enhanced sea ice advection out of
the control region in summer 2012, mainly due to the strengthened Transpolar Drift
driven by atmospheric circulation. Along with the different expanding speeds of open
water area in summer 2012 and 2020, more solar radiation enters the ice zone through
open water area in summer 2012 and enhances the sea ice area loss.

Figure 9b shows that the strongest accumulated sea ice area loss due to the
<wi,> term occurs in summer 2016 and followed by that in summer 2012 (black and
red lines in Figure 9b). Figure 7b indicates that the basin-scale Arctic sea ice on 1
May 2012/2016 is thicker than that on 1 May 2019/2020. Compared to 2019 and 2020,
the relatively thicker ice in summer 2012 and summer 2016 should take longer to melt,

and slow down the expanding open water area. However, the accumulated sea ice area
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losses due to the <wgu> term in summer 2012 and summer 2016 are also relatively
large (black and red lines in Figure 9d). This can be attributed to six distinct cyclones
impacting the western Arctic Ocean between 10 August and 10 September 2016
(Yamagami et al., 2017). At least one of the cyclones was comparable in size and
intensity to ‘the Great Arctic Cyclone of August 2012°, but was more persistent. The
activities of the cyclones strongly perturb the sea ice and upper ocean and lead to sea
ice deformation and ocean mixing, further inducing enhanced sea ice basal melting.
Although basin-scale sea ice thickness in summer 2019 is close to that in summer
2020 (Figure 7b), the accumulated sea ice area loss due to the <w,> term at the end
of summer 2020 is largely higher than that at the end of summer 2019 (blue and green
lines in Figure 9c). This results partly from the significantly higher air temperature in
summer 2020 than in previous years (Ballinger et al., 2020), which increases ice
surface melting by intensified sensible heat flux from air to ice surface. The
accumulated sea ice area loss due to0 <OWad/0X+0Waavy/Oy> term shows intermittently
decreasing signals with small values in 2020 and large values in 2007 and 2012
(Figure 9e), probably originating from the relaxation of the AD after 2012. The
accumulated sea ice area loss due to the <@jigging™> term in summer 2007 is very
different from the other four summers (Figure 9f).

Integrated from the beginnings of the five periods, the largest accumulated sea
ice volume gain until 1 May occurs in 2019-2020 while the smallest gain occurs in
2006-2007, and their difference reaches approximately 2.9 x 10° km? (blue and cyan

bars of the 2(4V) term in Figure 10a). It implies a negative feedback commonly
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referred to the ice thickness-ice growth feedback (Notz and Bitz, 2017), that is,
thinner ice in later autumn supports larger conductive heat fluxes through the ice-air
interface in the following winter and spring, and eventually leads to larger ice-growth
rates (blue and cyan bars of the 2(<8,>) term in Figure 10a). During the five periods
of interest, the accumulated sea ice volume loss until 1 September due to sea ice basal
melt ranges from 2.9 x 10° km? in 2006-2007 to 3.4 x 103 km?® in 2015-2016 (the
2(<0;,>) term in Figure 10b). The accumulated sea ice volume loss until 1 September
due to the sea ice advection term is large in 2006-2007 and 2018-2019, and small in

2011-2012 (the 2(<0@ad/Ox+0paav/0y>) term in Figure 10b).

5. The Absence of A New Record-Low Sea Ice Extent Post-2012

The shrinking and thinning of the Arctic sea ice in the past decades
preconditioned the 2007 sea ice extent minimum (Kwok, 2007; Lindsay et al., 2009).
The persistent atmospheric AD pattern in every early summer from 2007 to 2012 (Ogi
and Wallace, 2012; Overland et al., 2012) contributes to the record-low sea ice extents
in 2007 and 2012, and to the summertime low sea ice extents between these two years.
The Arctic sea ice in May continuously thins from 2012 to 2020 (Figure 7b). Why
does this thinning not lead to new record-low sea ice extents after 20127

In our sensitivity runs, a comparison between the SENSRO1, SENSRO2 runs, and
the model states in summer 2012 in the CTRLRUN run (blue, green, and black lines
in Figure 11) implies the importance of preconditioning sea ice state at the onset of

the melting season on sea ice minima under normal AD atmospheric condition with an
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extreme storm. The RF07, RF12, RF20 represent three sea ice conditions: heavy ice
state, moderate ice state, mild ice state (Figure 7b, Table 1). The result shows that a
new record-low sea ice extent will occur if the normal AD in conjunction with an
extreme storm reemerges with a mild ice state at the onset of melting season in the
previous 2 years.

The differences between the SENSR03 and SENSRO04 runs (purple and orange
lines in Figure 11) indicate the importance of preconditioning sea ice state at the onset
of melting season on sea ice minima under extremely strong AD atmospheric
conditions. The result shows that without extreme storms, the extremely strong AD
summertime atmospheric conditions do not create a new record-low sea ice extent
independent of the sea ice state being moderate or mild at the onset of the melting
season.

The differences between the SENSRO03, SENSRO05, SENSR06 runs, and the
CTRLRUN run in summer 2012 (purple, red, brown, and black lines in Figure 11)
underline the importance of summertime atmospheric conditions, as well the relative
influences of an extreme storm, for sea ice minima under moderate sea ice condition.
The result shows that with a moderate ice state at the onset of the melting season, the
normal AD in conjunction with an extreme storm has the greatest potential of
inducing sea ice minima, followed by the extremely strong AD condition, and the
normal condition (black, purple, and red lines in Figure 11). Furthermore, the extreme
storm contributes greatly to the record-low sea ice extent in 2012: the storm-induced

sea ice extent reduction is close to 0.26 x 10® km? (brown and black lines in Figure
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11).

Finally, comparing the SENSRO7 run and the CTRLRUN run in summer 2012
(pink and black lines in Figure 11) shows that even though there is an extreme storm
analogous to ‘the Great Arctic Cyclone of August 2012’ in summer 2020, the
minimum sea ice extent in 2020 is not lower than the record-low sea ice extent in
2012. The differences between the SENSR02, SENSRO8 runs and the CTRLRUN run
in summer 2012 (green, gray, and black lines in Figure 11) show that without extreme
storms, the normal AD summertime atmospheric condition will not lead to a new
record-low sea ice extent with a mild ice state at the onset of the melting season.
These results indicate that both the AD atmospheric circulation and extreme storms

are essential conditions for a new record-low sea ice extent in recent years.

6. Discussion and Conclusion

Based on a sea ice budget analysis of a coupled Arctic sea ice-ocean model
simulation, the contributions of the main drivers to the extreme sea ice minima in the
21st century are assessed quantitatively. These drivers include atmospheric heat fluxes
over ice and ocean, heat flux between ice and ocean, sea ice export out of the Arctic
Ocean, and sea ice ridging. Our results show that the dominant driver, which directly
determines the difference in the record-low sea ice areas among 2012, 2019, and 2007,
is the difference in the summertime sea ice area loss due to the air-ocean heat flux in
open water fraction, while the contributions from other factors are small. The

relatively thicker sea ice in May 2007 leads to the relatively later occurrence of open
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water area in the Arctic Ocean and thus less solar radiation absorbed by the open
water area in the ice zone in the remaining melting period. The thick ice condition at
the onset of the melting season in 2007 preconditions that the record-low sea ice
extent in 2007 can be easily broken by a new low record along with the continuous
trend of sea ice decline. The difference of the open water area in the ice zone between
summer 2012 and summer 2019 increases after 10 August, thereafter the air-ocean
heat fluxes induce different sea ice area losses in the two rest melting periods. The
main drivers determining the difference of the record-low sea ice areas between 2012
and 2020 are more complicated. Compared with summer 2012, the air-ice heat flux
generates more sea ice area loss in summer 2020 due to warmer air temperature
(Ballinger et al., 2020), however, this part of increased sea ice area loss is
compensated by the smaller sea ice area loss due to sea ice advection out of the Arctic
Ocean, which is caused by the relaxation of Transpolar Drift driven by atmospheric
circulation. Along with the different expansion rates of open water area in the ice zone,
the difference in the air-ocean heat fluxes between summer 2012 and summer 2020
contributes to the two sea ice minima.

A question arises that why the summertime sea ice extent after 2012 does not
create a new low record. Olonscheck et al. (2019) proposed that the Arctic sea ice
variability is primarily governed by atmospheric temperature, and suggested that the
observed record lows in Arctic sea ice area are a direct response to an warm
atmosphere. Lukovich et al. (2021) suggested that the differences in the location and

timing of extreme summertime storms in 2012 and 2016 determine their relative
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contributions to the two sea ice extent minima. ‘The Great Arctic Cyclone of August
2012’ is also found to be important for reaching the historical record-low sea ice
extent in the satellite era. Based on our sensitivity experiments, we find that both the
AD atmospheric circulation and extreme storms are essential conditions for a new low
record of sea ice extent in recent two years. The atmospheric condition in the
summers after 2012 does not lead to a lower sea ice extent record than that in summer
2012, because the extreme storm activity is low or the Arctic Dipole is weak. Note
that the conclusions derived from the comparison of the sensitivity runs are plausible.
For example, the storm activities in summer 2016 induce more sea ice area loss than
that by the storm activities in summer 2012, if the storm activities in summer 2016
reemerges in summer 2020, a new low sea ice extent may break the 2012 record
despite the reduced Arctic Dipole atmospheric circulation. Along with the likely
continuous sea ice thinning in the future, a new low sea ice extent record seems to be
easily possible if the Arctic Dipole strengthens again along with an extreme storm.
Experimental design and imperfect model physics may lead to biases. For
example, replacing atmospheric data for Aug 1-15, 2012 by the 2007-2012 mean state
could be improved, and there is a systematic bias between the modeled sea ice
distribution and the observations, in both sea ice thickness and wintertime extent.
Some of the model biases, for example in sea ice extent, can be attributed to
atmospheric and oceanic forcing. Persistent biases in thickness are also a result of
model physics. In our comparison with satellite data, the model consistently

underestimates ice thickness probably because there is too little ice to start with after
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too much summertime melting. In almost all cases, however, the ice thickness falls
within the estimated errors of the satellited data and the seasonal cycle matches the
observations.

The simulated summer sea ice extent is generally consistent with the AMSR data
with a tendency to underestimate the sea ice concentration (Figure 5). In 2012 and
2016, this ice area underestimation is stronger leading to too low ice extent and
spurious features such as an ice tongue in 2012 and disjunct areas of sea ice in 2016.
The overly strong melting in 2012 and 2016 may be attributed to the use of a
zero-layer thermodynamic model without heat capacity. This model is known to
exaggerate the seasonal cycle of ice thickness and to lead to a too early onset of
melting (Semtner, 1976; Losch et al., 2010). Strong meteorological events are likely
to amplify this effect. This implies a connection between strong winds and too much
melting, for example, when strong winds increase the turbulent heat fluxes. Once the
ice is too thin, the ice strength is too low leading to additional deformation, which in
convergence may reduce the ice extent even further. The general underestimation of
sea ice concentration in the model will exaggerate the kinematic response of the sea
ice to wind forcing, potentially amplify the sea ice loss due to ridging process. The
negative ice thickness bias at the onset of melting season results in open water
probably appearing earlier in summertime in the model than in observations. This
may amplify the contribution of the air-ocean heat flux in sea ice area loss.

Our conclusions are drawn from differences between experiments so that the

effect of the model bias is reduced. Still, the problem is nonlinear and a thin ice bias
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may exaggerate some effects. Keeping this in mind, our conclusions may provide
some insight into the future sea ice evolution. Keen et al. (2021) pointed out that there
is probably a lack of diversity in implemented sea ice model physics, at least in most
of the CMIP6 models. If more sophisticated sea ice model physics and a larger range
of different model physics were available this could enhance our confidence in
predicting Arctic sea ice extreme event. Meanwhile it is worth noting that the Arctic
sea ice is an element in global climate system, and its evolution is intimately linked to
the tropics and mid-latitudes (Tietsche et al., 2011; Winton, 2011; Swart et al., 2015;
Baxter et al., 2019; Wang et al., 2020; Bi et al., 2021). Predicting the Arctic sea ice
extreme event also relies on numerical models being able to simulate large climate

variability on local and large scales.
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Figure Captions

Figure 1. Observed September sea ice edge. The red, blue, orange, green, purple and
black lines represent the sea ice edge of 2012, 2020, 2019, 2016, 2007 and the
1987-2019 mean, respectively. The sea ice edge of 2020 is derived from the UB
AMSR ASI data. Others are derived from the NSIDC passive microwave sea ice
concentration climate data record. UB = University of Bremen. AMSR = Advanced
Microwave Scanning Radiometer. ASI = ARTIST Sea Ice. NSIDC = National Snow

and Ice Data Center.

Figure 2. The AD time series in melting seasons (May-September) from 2000 to 2020.
The solid line denotes the AD time series. The dashed line denotes one standard
deviation of the AD time series. The AD index is calculated as the time series of the
2nd leading mode from the Empirical Orthogonal Function analysis applied to the
monthly mean sea level pressure in the regions north of 60 °N in the JRASS5 data.

JRASS = Japanese 55-year Reanalysis.

Figure 3. Evolution of basin mean (a) upper 200-m averaged ocean temperature in ‘C

and (b) sea ice concentration in the CTRLRUN run.

Figure 4. (a) Evolution of sea ice extent from 2002 to 2020 in 10° km?. The black
solid, red solid and red dashed lines represent the sea ice extent in the CTRLRUN run,

the AMSR ESA-CCI and AMSR ASI data, respectively (b) Evolution of monthly
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865

mean sea ice thickness in the cold season from 2002 to 2020 in meters. The black
diamond, red square, red “x” and red triangle represent the sea ice thickness in the
CTRLRUN run, ENVISAT ESA-CCI, CRYOSAT2 ESA-CCI and CRYOSAT2
SIRAL data, respectively. The red bars represent the observational uncertainty. AMSR
= Advanced Microwave Scanning Radiometer. ESA-CCI = European Space
Agency-Climate Change Initiative. ASI = ARTIST Sea Ice. SIRAL = AWI Sea Ice

Radar Altimetry.

Figure 5. Modeled and observed sea ice concentration on 24 September. (a, d), (b, e),
(c, 1), (g, 1) and (h, j) show the (modeled, observed) sea ice concentration of 2012,
2020, 2019, 2016 and 2007, respectively. The observations are derived from the
AMSR sea ice concentration data. AMSR = Advanced Microwave Scanning

Radiometer.

Figure 6. Domain of the control region used in sea ice budget analysis. The red lines

represent the boundaries of the control region.

Figure 7. Evolution of sea ice (a) area in 10° km? and (b) volume in 10° km? in the
control region in the CTRLRUN run. The cyan, red, black, green and blue lines
represent the growth-decay evolution during 2006-2007, 2011-2012, 2015-2016,

2018-2019 and 2019-2020, respectively.
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Figure 8. Daily increments of sea ice (a) area in 10* km? and (b) volume in km? in the
control region from September 2011 to September 2012 in the CTRLRUN run. The
blue, green, magenta, red, cyan, and black lines in the top panel represent the <w;,>,
<Wai>, <Wao™>, <OWadv/OX+OWadn/0y>, <@Wridging™, and A4 term, respectively. The blue,
green, magenta, yellow, red, and black lines in the bottom panel represent the <8;,>,

<0ui>, <Ouo>, <Op1>, <OPadv/OX+O0Paary/0y>, and AV term, respectively.

Figure 9. Accumulated sea ice area increments in 10° km? from 1 May due to (a) 44,
(b) <wiv>, (¢) <wwi>, (d) <>, (€) <OWadv/OX+O0Waany/0y>, and (f) <wriaging™> 1n the
control region in the CTRLRUN run. The cyan, red, black, green, and blue lines
represent the decay evolution during 2006-2007, 2011-2012, 2015-2016, 2018-2019,

and 2019-2020, respectively.

Figure 10. Accumulated sea ice volume increments in 10° km? from 1 September of
the previous year to (a) 1 May and (b) 1 September. The cyan, red, black, green, and
blue bars represent the sea ice volume budget terms in 2006-2007, 2011-2012,
2015-2016, 2018-2019 and 2019-2020, respectively. The snow flooding terms are not

shown because they are negligible.

Figure 11. Comparison of the modeled sea ice extent evolution from 1 May in 10° km?
in the control region between the baseline and sensitivity runs. The black line denotes

the evolution in 2012 in the CTRLRUN run. The blue, green, purple, orange, red,
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889  respectively.
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Figure 1. Observed September sea ice edge. The red, blue, orange, green, purple and
black lines represent the sea ice edge of 2012, 2020, 2019, 2016, 2007 and the
1987-2019 mean, respectively. The sea ice edge of 2020 is derived from the UB
AMSR ASI data. Others are derived from the NSIDC passive microwave sea ice
concentration climate data record. UB = University of Bremen. AMSR = Advanced

Microwave Scanning Radiometer. ASI = ARTIST Sea Ice. NSIDC = National Snow

and Ice Data Center.
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Figure 2. The AD time series in melting seasons (May-September) from 2000 to 2020.
The solid line denotes the AD time series. The dashed line denotes one standard
deviation of the AD time series. The AD index is calculated as the time series of the
2nd leading mode from the Empirical Orthogonal Function analysis applied to the
monthly mean sea level pressure in the regions north of 60 °N in the JRASS5 data.

JRASS = Japanese 55-year Reanalysis.
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Figure 4. (a) Evolution of sea ice extent from 2002 to 2020 in 10° km?. The black
solid, red solid and red dashed lines represent the sea ice extent in the CTRLRUN run,
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mean sea ice thickness in the cold season from 2002 to 2020 in meters. The black
diamond, red square, red “x” and red triangle represent the sea ice thickness in the
CTRLRUN run, ENVISAT ESA-CCI, CRYOSAT2 ESA-CCI and CRYOSAT2
SIRAL data, respectively. The red bars represent the observational uncertainty. AMSR
= Advanced Microwave Scanning Radiometer. ESA-CCI = European Space

Agency-Climate Change Initiative. ASI = ARTIST Sea Ice. SIRAL = AWI Sea Ice

Radar Altimetry.
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Figure 8. Daily increments of sea ice (a) area in 10* km? and (b) volume in km? in the
control region from September 2011 to September 2012 in the CTRLRUN run. The
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Figure 9. Accumulated sea ice area increments in 10° km? from 1 May due to (a) 44,

(b) <wiv>, (¢) <wwi>, (d) <>, (€) <OWadv/OX+OWaany/0y>, and (f) <wriaging™> 1n the
control region in the CTRLRUN run. The cyan, red, black, green, and blue lines
represent the decay evolution during 2006-2007, 2011-2012, 2015-2016, 2018-2019,

and 2019-2020, respectively.
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Figure 10. Accumulated sea ice volume increments in 10° km? from 1 September of
the previous year to (a) 1 May and (b) 1 September. The cyan, red, black, green, and
blue bars represent the sea ice volume budget terms in 2006-2007, 2011-2012,
2015-2016, 2018-2019 and 2019-2020, respectively. The snow flooding terms are not

shown because they are negligible.
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Figure 11. Comparison of the modeled sea ice extent evolution from 1 May in 10° km?
in the control region between the baseline and sensitivity runs. The black line denotes
the evolution in 2012 in the CTRLRUN run. The blue, green, purple, orange, red,
brown, pink and gray lines represent the evolution in the sensitivity run 01 to 08,

respectively.
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970  Table 1. Experiment details. AFMS = Atmospheric Forcing Mean State between 2007
971  and 2012; RFCS = Restart File Climatological State; RFO7 = Restart File on 1 May
972 2007; RF12 = Restart File on 1 May 2012; RF20 = Restart File on 1 May 2020;

973 JRASS = Japanese 55-year Reanalysis.

Atmospheric Forcing (3-hourly JRASS
Experiment ID | Data Length | Initial Field

reanalysis) data period

CTRLRUN 41 years RFCS 1980.01.01-2020.12.31
SENSRO1 5 months RF07 2012.05.01-2012.10.01
SENSRO02 5 months RF20 2012.05.01-2012.10.01
SENSRO03 5 months RF12 2007.05.01-2007.10.01
SENSR04 5 months RF20 2007.05.01-2007.10.01
SENSRO05 5 months RF12 2020.05.01-2020.10.01

2012.05.01-2012.10.01 but data in 1-15

SENSR06 5 months RF12
August is replaced by that in AFMS.
2020.05.01-2020.10.01 but data in 1-15
SENSRO07 5 months RF20
August is replaced by that in 2012
2012.05.01-2012.10.01 but data in 1-15
SENSRO08 5 months RF20

August is replaced by that in AFMS.
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