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Abstract The intraseasonal atmospheric responses to winter sea ice decline over the Barents-Kara
Seas are examined by dividing rapid sea ice decline events into two categories, based on the direction
(upward vs. downward) of the anomalous surface turbulent heat flux (ASTHF) after the sea ice loss.

The upward ASTHF events, which could potentially have a large impact on the overlying atmosphere,
are characterized by anomalously negative total column water and surface air temperature minus skin
temperature, and anomalously positive surface wind speed following the sea ice loss. The downward
ASTHF events show opposite features. Both types of events are linked to the Madden-Julian Oscillation
and subsequent circulation anomalies. This result indicates that on the intraseasonal time scale, not all
sea ice decline events influence the atmosphere, and caution is called for when designing transient model
experiments using observed sea ice decline.

Plain Language Summary Wintertime Arctic sea ice has undergone a rapid decline during
the past few decades. The question of whether sea ice decline has an influence on the atmosphere is
explored at intraseasonal time scales during the winter season by dividing rapid sea ice decline events into
two categories based on the direction (upward vs. downward) of the anomalous surface turbulent heat flux
(ASTHF) over the Barents-Kara Seas after sea ice loss. Only the upward ASTHF events have the potential
to have a large impact on the atmosphere. This difference in the direction of the ASTHF after the sea ice
loss is found to be linked to different properties of surface air temperature, skin temperature, moisture
and wind speed over the BKS for the two types of events. Furthermore, it is found that the direction of the
ASTHEF is also related to the tropical Madden-Julian Oscillation and wind anomalies that follow. Modeling
studies often employ observed/simulated sea ice loss as a boundary forcing to evaluate their impact on the
atmosphere. The result of this study can be used to refine such a modeling approach.

1. Introduction

There has been a large body of literature that investigates whether a large seasonal-mean and interan-
nual decline in Arctic sea ice can have a marked impact on the atmosphere (e.g., Backport et al., 2019;
Deser et al., 2004; Honda et al., 2009; Inoue et al., 2012; Kug et al., 2015; Liptak & Strong, 2014; Magnus-
dottir et al., 2014; Peings & Magnusdottir, 2014; Perlwitz et al., 2015; Petoukhov & Semenov, 2010; Rigor
et al., 2002; Rinke et al., 2006; Screen et al., 2012; Sorokina et al., 2016). Other studies have examined wheth-
er the atmosphere has played an important role in driving seasonal-mean and interannual sea ice declines
(e.g., Blackport et al., 2019; Francis & Hunter, 2006; Sorteberg & Kvingedal, 2006). The same question is
addressed as to whether intraseasonal sea ice loss has had a large impact on the atmosphere (e.g., Deser
et al., 2007; Honda et al., 1999; Gong et al., 2020), and vice versa (e.g., B. H. Luo et al., 2017, 2019; Blackport
et al., 2019; Chen et al., 2018; Fang & Wallace, 1994; Gong & Luo, 2017; D. H. Luo et al., 2016a, 2016b; D-S.
R. Park et al., 2015; H-S. Park, Lee, Kosaka, et al., 2015; Tyrlis et al., 2020; Woods & Caballero, 2016; Zhong
et al., 2018).

In a recent study, Blackport et al. (2019) examined the two-way interaction between the atmosphere and
sea ice when the sea ice concentration (SIC) is anomalously low over the Barents-Kara Seas (BKS) and the
Chukchi and Bering Seas. They found that about half of reduced SIC seasons/months are characterized
by a downward surface turbulent heat flux (STHF, surface sensible heat flux plus surface latent heat flux)
anomaly, and the other remaining seasons/months are dominated by an upward STHF anomaly.
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The question of whether the anomalous STHF (ASTHF) is upward or downward after the loss of sea ice is
important. If the ASTHF is upward, there is the potential for the sea ice loss to have a large impact on the
atmosphere because Rossby waves can be excited which propagate vertically and equatorward into midlati-
tudes (e.g., Alexander et al., 2004; Deser et al., 2004; Honda et al., 2009; Rinke et al., 2006). However, if the
ASTHF is downward, the reduced sea ice has minimal influence on the atmosphere (Blackport et al., 2019;
Gong et al., 2020).

Several recent papers have found this two-way interaction between the atmosphere and sea ice in daily data.
In these papers, most of the sea ice decline takes place over a time period of 1 week. The overall picture from
studies such as D-S. R. Park et al. 2015, H-S. Park, Lee, Son, et al. (2015), Lee et al. (2017), Gong et al. (2017),
and Woods and Caballero (2016) is that the melting of BKS sea ice is preceded several days earlier by the in-
trusion of warm, moist air from the midlatitudes into the Arctic, and an increase in the downward infrared
radiation (DIR) at the surface and a downward ASTHF. These studies found that the increase in surface DIR
is the main driver of the sea ice melting, but that wind-driven sea ice motion also plays an important role
(D-S. R. Park et al., 2015; H-S. Park, Lee, Son, et al., 2015). After the ocean surface is exposed, they found
upward STHF and DIR anomalies.

Gong and Luo (2017), B. H. Luo et al. (2017, 2019), Chen et al. (2018), and Tyrlis et al. (2020) examined the
impact of Ural blocking on BKS sea ice loss. The general picture from these studies matches those men-
tioned above. In one particular study (Chen et al., 2018), in which Ural blocks with different longitudes
were examined, it was found that the ASTHF is always downward prior to the melting of the sea ice, but
that the ASTHF either switches to being upward or remained downward following the reduction in sea ice,
depending upon the longitude of the block.

In this study, we address the question of what factors determine the direction of the ASTHF after the sea
ice decline by examining the daily variation of the ASTHF. Selecting from the top and bottom bins of the
probability density function of the ASTHF, one category is characterized by an upward ASTHF following
the sea ice decline and the other category by a downward ASTHF.

2. Data and Method

The daily (0000 UTC) ERA-Interim reanalysis data set of the European Center for Medium-Range Weather
Forecasts (ECMWF) is used for the years 1979-2017 (Dee et al., 2011). The variables examined here include
Arctic SIC with a 1.0° X 1.0° latitude/longitude resolution, and surface air temperature (SAT), skin temper-
ature (SKT), sea level pressure (SLP), 10-m wind speed (V10 m), 500-hPa geopotential height (GP500), 300-
hPa streamfunction, total column water (TCW), surface downward IR (DIR), vertical integral of moisture
flux and moisture flux divergence (MFD), and the surface sensible and latent heat flux (SSHF and SLHF),
with a 2.5° x 2.5° latitude/longitude spatial resolution. For the forecasted variables, such as DIR, SSHF and
SLHF, the difference between the daily accumulated values at time steps 6 and 3 for 0000 UTC is calculated,
and then divided by the time interval in seconds to find the values for that day. As shown by D-S. R. Park
et al. (2015), the ERA-Interim SIC data show good agreement with the SIC data from the National Snow and
Ice Data Center (NSIDC; Cavalieri et al., 1996). However, NSIDC SIC data are available every two days from
the year 1979 to 1989, and then daily starting 1990. Because the daily variation of SIC needs to be examined
in this study, ERA-Interim SIC data are used. We also use the NSIDC daily 25-km EASE-Grid sea ice motion
data set (Tschudi et al., 2019) and sea-ice thickness data from the coupled Pan-Arctic Ice Ocean Modeling
and Assimilation System (PIOMAS; Zhang & Rothrock, 2003).

Anomalies of variables are calculated by subtracting the seasonal cycle at each grid point, where the sea-
sonal cycle is represented by the first four harmonics of the calendar-day mean annual cycle. For each of
the above variables (SAT, SKT, TCW, DIR, MFD, STHF, SSHF, and SLHF), indices are defined by averag-
ing the corresponding anomalies weighted by cosine (latitude) over the BKS (30°-70°E, 70°-80°N) (Kug
et al., 2015). Some of the variables are standardized, as indicated in the corresponding figure caption. (The
standard deviations of each variable are listed in the supplementary section as Table S1.) To test the sen-
sitivity of our results to the boundaries of the BKS domain, calculations are performed for the domain of
(30°-90°E, 65°-80°N). The results are very similar to those presented in this study, and our conclusions
remain unchanged.
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In order to identify sea ice decline events, we use a daily SIC tendency index, which is based on the forward
difference of the daily SIC anomaly averaged over the BKS between two adjacent days. A sea ice decline
event is identified if the SIC tendency index exceeds —1.0 standard deviation for at least three consecutive
days. If the beginning of an event occurs within 4 days of the end of the preceding one, then the latter
event is discarded. This analysis is limited to events that take place within the winter period, that is De-
cember-February (DJF), although a few days in November and March are included for compositing days
that occur either before, or after, an event, respectively. During the 39 boreal winters of 1979-2017, 64 rapid
sea ice decline events are identified. Lag zero is defined as the onset day of sea ice decline, where onset
day is defined as the first day when the SIC tendency index exceeds the above threshold value. (The start
date and duration for these events are listed in Table S2 of the supplementary section.) For the composite
calculations, Monte Carlo bootstrapping, as in Jiang et al. (2017), and Student’s-t tests are used to evaluate
the statistical significance.

3. Results
3.1. Characteristics of Selected Meteorological Variables During Rapid Sea Ice Decline Events

We first examine the temporal relationship between SIC and ASTHF for the rapid sea ice decline events. As
can be seen in Figure 1a, the upward ASTHF is strongest at lag +11 days, 10 days after the maximum SIC
tendency, which is consistent with previous studies (D-S. R. Park et al., 2015). (Note that the ECMWF sign
convention for STHF is that positive [negative] values indicate a downward [upward] STHF.) The anom-
alous BKS sea ice remains negative until lag +30 days (the total SIC decline from lag 0 to lag +7 days is
approximately 15%).

To further investigate the relationship between sea ice decline and the ASTHF, rapid sea ice decline events
are divided into 3 bins, based on the value of the STHF index at lag +11 days (The upward and downward
bins, or categories, are described in Section 1). Following this approach, 26 upward (25 downward) ASTHF
events are identified based on BKS STHF index values at lag +11 days being less than —0.6 (greater than
0.1). The threshold value is different because the probability density function of the STHF index at lag
+11 days is skewed (Figure 2), with a relatively weak upward ASTHF being most typical after rapid sea ice
decline.

Lagged composites of all indices relative to the onset day for upward (downward) ASTHF events are shown
in Figures 1b, 1d, 1f, and 1h (Figures 1c, le, 1g, and 1i). For the upward ASTHF events (Figure 1b), the
largest negative sea ice tendency peaks at lag +1 day and has a magnitude a little greater than that for the
downward ASTHF events (Figure 1c). The sea ice anomaly for the upward ASTHF events declines rapidly
and reaches its minimum value at about lag +7 days and persists until at least lag +30 days. In contrast, the
sea ice anomaly for the downward ASTHF events declines more gradually and reaches its minimum value
at about lag +18 days.

The ASTHF shows marked differences between the two types of events (Figures 1d and 1e). For the up-
ward ASTHF events, near lag 0 days when the sea ice decline is most rapid, the STHF index is positive (a
downward ASTHF) and statistically significant. After lag +6 days, following most of the sea ice decline, the
STHF index becomes negative (an upward ASTHF), reaching its minimum at lag +11 days and remain-
ing statistically significant until lag +14 days. The SSHF index is stronger than the SLHF index, both of
which follow the same general patterns as the STHF index (Figure 1d). For the downward ASTHF events,
the STHF index is again positive (a downward ASTHF) near lag 0 days when the sea ice is declining most
rapidly, with the ASTHF strengthening over the next several days, remaining large and downward until lag
+15 days (Figure 1e).

The differences in the STHF, SLHF, and SSHF indices between the upward and downward categories are
statistically significant from lag +4 to lag 413 days. Also, separate SSHF and SLHF indices are calculated for
the open-water and ice-covered parts of the BKS. It is found that the open-water and ice-covered indices ex-
hibit a similar evolution with time lag, for both the upward and downward ASTHF events, with the open-wa-
ter indices exhibiting larger amplitudes than the ice-covered indices (not shown). In addition, even though
the DIR index is mostly positive for both events at positive lags, compared to the upward ASTHF events,
the DIR index for the downward ASTHF events is larger, and more persistent, with statistically significant
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S S S T S S values for the difference being seen from lag +4 to lag +15 days (Note
— that the ECMWF sign convection is that surface DIR fluxes are positive).

There are marked differences in the TCW, MFD, and V10 m indices be-
tween the upward and downward ASTHF events (Figures 1f and 1g). The
TCW index for both events has a similar temporal evolution as the DIR
index, again being stronger and more persistent at positive lags for the
M u downward ASTHF events. Furthermore, it is found that the moisture flux
convergence (negative values for MFD) for the downward ASTHF events
is also stronger and more persistent than that for the upward ASTHF
events. Lastly, a comparison of V10 m shows that the wind near the sur-
face for the upward ASTHF events is stronger and more persistent than
— 1= that for the downward ASTHF events, with statistically significant posi-
tive values from lag 0 to lag +11 days for the upward ASTHF events.

The SAT and SKT indices also exhibit larger amplitudes and more persis-

’/ tence in the downward ASTHF events compared to those in the upward

ASTHF events (Figures 1h and 1i). The most striking difference occurs

Figure 2. The probability density functions of the STHF index at lag

+11 days for all events.

L T T near lag +11 days, where it can be seen that the difference between the
2.0 0.0 SAT and SKT is negative for the upward ASTHF events and vice versa for
the downward ASTHF events. This sign difference can explain the oppo-
site direction of the anomalous SSHF between the two events at positive
lags. In addition, at lag +11 days, the anomalous TCW is negative and the
anomalous 10-m wind is positive for the upward ASTHF events, and vice
versa for the downward ASTHF events, which can account for the oppo-
site direction of the anomalous SLHF for the two events. This relationship between SLHF and total column
water is consistent with the local and external moisture sources proposed by Zhong et al. (2018).

3.2. Relative Importance of Atmospheric Thermal Processes Versus Wind-Driven Sea Ice
Motion for Rapid Sea Ice Decline

To gain insight into the processes that determine the direction of the ASTHF that follows the sea ice loss,
we will examine mechanisms which have been shown in previous studies to drive rapid sea ice decline. As
we will see, the processes that drive sea ice loss are linked to the direction of the ASTHF following the de-
cline in sea ice. We consider three mechanisms. These are (1) the decline of sea ice due to wind-driven sea
ice motion (e.g., Deser et al., 2000; Fang & Wallace, 1994; Rigor et al., 2002; Sorteberg & Kvingedal, 2006),
(2) the melting of sea ice due to enhanced DIR (e.g., D. H. Luo et al., 2016a, 2016b, 2017; D-S. R. Park
et al., 2015; Francis & Hunter, 2006; H-S. Park, Lee, Kosaka, et al., 2015, H-S. Park, Lee, Son, et al., 2015;
Gong & Luo, 2017; Zhong et al., 2018), and (3) the melting of sea ice arising from downward anomalous
SSHF (Chen et al., 2018; Lee et al., 2017; Luo et al, 2017, 2019; Gong & Luo, 2017; Gong et al., 2017). The lat-
ter two processes are associated with the intrusion of warm, moist air that originates in midlatitudes which
leads to an increase in DIR and SSHF (Chen et al., 2018; D-S. R. Park et al., 2015; Sorokina et al., 2016). If
mechanism (1) dominates the driving of the sea ice decline, it would be expected that the ASTHF following
the sea ice loss would be upward, whereas if mechanisms (2) and/or (3) dominate, a downward, rather than
an upward, ASTHF may be expected following the loss of sea ice.

As can be seen in Figure 3, for the upward ASTHF events, there exists strong northeastward sea ice motion
over the northeastern BKS with a maximum amplitude of about 6 cm s™" from lag 0 to +2 days, when the
negative sea ice tendency is strongest. In contrast, for the downward ASTHF events, although there is still

Figure 1. Lagged composites of various indices based on the sea ice tendency index for (a) all events; (b, d, f, and h) upward anomalous surface turbulent heat
flux (ASTHF) events; (c, €, g, and i) downward ASTHF events, which include sea ice concentration (SIC), SIC tendency, surface air temperature (SAT), surface
skin temperature (SKT), 500 hPa geopotential height (GP500), 10-m wind speed (V10 m), total column water (TCW), surface downward infrared radiation
(DIR), vertical integral of divergence of moisture flux (MFD), surface sensible heat flux (SSHF), surface latent heat flux (SLHF), and surface turbulent heat
flux (STHF). The open circles indicate statistically significance (p < 0.05) using Monte Carlo bootstrapping, and the crosses indicate statistically significance

(p < 0.05) of difference using Student's-t test.
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Figure 3. Lagged composites of the anomalous sea ice motion vectors (cm s™") for (a) upward anomalous surface turbulent heat flux (ASTHF) events and (b)
downward ASTHF events. The vectors indicate statistically significance (p < 0.2), and the yellow shaded indicate statistically significance (p < 0.1) of difference

using Student's-t test.

northeastward sea ice motion, its maximum amplitude over the BKS is smaller during the same time inter-
val. These results support the view that wind-driven sea ice motion is indeed playing a more important role
for the sea ice decline during upward ASTHF events.

To further examine the relative contributions by sea ice motion, DIR, and SSHF to sea ice decline, we esti-
mate the cumulative changes in sea ice thickness due to these processes by following the method used in
H-S. Park, Lee, Son, et al. (2015) wherein the impact of DIR was computed using the “toy model” of Eisen-
man (2012). We use the same model to estimate the impact of both anomalous DIR and SSHF. An implicit
assumption in this calculation is that the processes that change sea ice thickness over the BKS also account
for the decline in SIC. The time evolution of sea ice thickness change averaged over the BKS (Figure S1)
during the time period of the largest sea ice decline, i.e., from lag 0 to +4 days, indicates that sea-ice motion,
enhanced DIR and downward SSHF make similar contributions to the sea ice thickness decline for the
downward ASTHF events. In contrast, for the upward ASTHF events, sea ice motion dominates, followed
by a strengthened DIR, with the anomalous SSHF playing the smallest role. These results show that when
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the loss of sea ice is due to wind-driven sea-ice motion, the ASTHFs that follow are upward, and when the
sea ice decline is due to sea-ice motion, anomalous DIR and SSHF, the subsequent ASTHFs are downward.

3.3. Characteristics of the Atmospheric Circulation During the Rapid Sea Ice Decline Events

The results hitherto suggest that there is a difference in the atmospheric circulation beyond the BKS be-
tween the upward and downward ASTHF events. Figure 4a shows that the upward ASTHF events are as-
sociated with a westward propagating zonal wavenumber 1 disturbance at high latitudes, which includes
a blocking high over northern Europe (B. H. Luo et al., 2019). Between lag —2 and lag +6 days, there is a
wave train that extends from the subtropical western Pacific, across the North Pacific, southern Canada, and
the northern United States, the North Atlantic, and the Norwegian Sea, toward the BKS. The location and
direction of propagation of this wave train is most apparent from the wave activity flux vectors in Figure 4a
(Takaya & Nakamura, 2001). The anomalous SLP pattern at high latitudes mirrors the anomalous 300-hPa
streamfunction pattern (Figure S2a), indicating that the circulation pattern is barotropic. This barotropic
structure suggests that the high latitude circulation is driven remotely.

The above wave train, for the upward ASTHF events, is found to be preceded by Madden Julian Oscilla-
tion (MJO)-like convection that corresponds to MJO phases 5-6, based on the Wheeler and Hendon (2004)
RMM1 and RMM2 indices (these indices are statistically significant as far back as lag —8 days) (Figure S3a).
Consistent with many studies which show that tropical convection can excite a poleward propagating Ross-
by wave train (Hoskins & Karoly, 1981), between lag —2 to lag 0 days, the upstream positive anomaly over
the northeast Pacific weakens and the downstream negative anomaly over northern Canada amplifies (Fig-
ure 4a). At lag —2 days, a positive anomaly is centered over the BKS. This anomaly reaches its maximum
amplitude at lag 0 days. The anomalous V10 m (Figure S4a) indicates that the direction and strength of the
sea ice motion is consistent with the 10-m wind. The above sequence describes a linkage between tropical
convection, a poleward propagating Rossby wave train, surface circulation anomalies induced by the upper
tropospheric Rossby wave train, which in turn drive sea ice motion over the BKS.

For the downward ASTHF events (Figure 4b), between lags —4 and 0 days, a synoptic-scale wave train prop-
agates across North America, the North Atlantic, toward the Ural Mountains and the southern BKS. This di-
rection of propagation can also be seen in the wave activity flux vectors. At lag 0 days, a zonal wavenumber
1 disturbance develops poleward of 60°N. Throughout lags 2-6 days, the trough centered over Greenland
propagates eastward and weakens, while the ridge centered over Kara Sea and northern Ural Mountains
remains stationary and amplifies. The anomalous ridge closely resembles a Ural block. This ridge building,
which is preceded by the upstream synoptic-scale wave train, also supports the perspective that the ridge is
likely to be a Ural block (Luo, 2005a, 2005b).

The wave train for the downward ASTHF events is found to be preceded by MJO-like convection that cor-
responds to MJO phases 4-6 (these indices are statistically significant as far back as lag —20 days) (Fig-
ure S3b). Compared to the upward ASTHF events, the anomalous V10 m over the BKS are noticeably weak-
er in the downward ASTHF events during lag 0 days to lag 2 days (Figure S4b). Also, the moisture fluxes for
the downward ASTHF events come from farther south over Norwegian Sea and western Europe, compared
to the upward ASTHF events where the moisture fluxes come from west of the BKS and Greenland Sea
(Figure S5). This difference likely accounts for the much warmer and moister air entering the Arctic in the
downward ASTHF events. Consistently, for the downward ASTHF events, this long-lasting Ural block is
favorable for the transport of warm, moist air into the BKS, as has been shown by Gong and Luo (2017), D.
H. Luo et al. (2016a, 2016b) and Chen et al. (2018).

These features relating the circulation anomalies, SIC and STHF can be summarized by comparing the
temporal evolution of the corresponding circulation indices. As can be seen in Figures 1f and 1g, for both
events, the circulation anomalies GP500 (averaged over 40°-80°E, 55°-75°N, the domain with the key cir-
culation anomaly at lag 0 days in Figure 4), are in phase with the sea ice tendency, implying that the circu-
lation anomalies lead the SIC anomalies by a few days (Gong & Luo, 2017; D-S. R. Park et al., 2015), and
the circulation anomalies lead the ASTHF by 10 days for the upward ASTHF events and by 6 days for the
downward ASTHF events.
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Figure 4. Lagged composites of the anomalous 300-hPa streamfunction field (shaded, m* s™) and wave activity fluxes for (a) upward anomalous surface
turbulent heat flux (ASTHF) events and (b) downward ASTHF events. The dots indicate statistically significance (p < 0.1) of streamfunction differences using
Student's-t test.
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4. Conclusions and Discussion

In this study, we have investigated atmospheric conditions before and after sea ice loss over the BKS for two
types of events, distinguished by the sign of the ASTHF at lag +11 days, when the ASTHF averaged over all
events is largest after the rapid sea ice decline. For the upward ASTHF events, the loss of sea ice has the poten-
tial to impact the atmosphere. In contrast, for the downward ASTHF events, the impact of sea ice loss on the
atmosphere would be minimal. In the upward ASTHF events, the anomalous SAT is lower than the anoma-
lous surface skin temperature, the surface wind is stronger and the air is drier, allowing for anomalous upward
sensible and latent heat fluxes after the sea ice decline. For the downward ASTHF events, the anomalous SAT
is higher than the anomalous skin temperature, and the air is relatively warm and humid, with weaker winds,
resulting in anomalous downward surface sensible and latent heat fluxes after the loss of sea ice. In addition,
statistically significant MJO index anomalies are found to precede both ASTHF events, and these are followed
by upper tropospheric circulation anomalies that extend from low latitudes to the Arctic. These results suggest
that direction of the ASTHF after the sea ice decline is linked to the circulation, temperature and moisture
anomalies that are initially excited by the MJO. These results are insensitive to the threshold amplitude of the
SIC tendency index (—0.5 instead of —1.0), persistence criterion (1 day instead of 3 days), and the time for cate-
gorizing the STHF index for the two types of events (average from lag +11 to +13 days instead of lag +11 days).

Finally, the results of this study raise a question on the common approach adopted in climate model studies
in which the atmospheric response to sea ice loss is examined by prescribing a sea ice boundary condition
that mimics the observed sea ice loss in the BKS (Deser et al., 2004, 2007; Honda et al., 2009; Peings & Mag-
nusdottir, 2014). We show that only a subset of rapid sea ice decline events has the potential to influence the
atmosphere on the intraseasonal time scale, since the anomalous STHF during these events can be either up-
ward or downward. Therefore, when designing numerical model experiments to investigate the transient at-
mospheric response to sea ice loss, if observed SIC anomalies are to be prescribed, it would be best to use SIC
anomalies only from those time periods when the anomalous STHF is upward. In doing so, it would be also
important to use the corresponding atmospheric state, e.g., wind and temperature, as the initial condition.

Data Availability Statement

The authors acknowledge the European Centre for Medium-Range Weather Forecasts and the National
Snow and Ice Data Center for providing the ERA-interim reanalysis data (http://apps.ecmwf.int/datasets/
data/interim-full-daily/), daily sea ice motion data (https://nsidc.org/data/nsidc-0116) and sea ice thickness
data (http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data/), respectively.
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