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Abstract Arctic cyclones are a fundamental component of Arctic climate, influencing atmospheric heat and
moisture transport into the region and surface energy, moisture, and momentum fluxes. Arctic cyclones can also
drive changes in sea ice and energize ocean waves. Here we investigate a record low sea level pressure (SLP)
Arctic cyclone which formed in East Greenland and tracked NE over the Barents and Kara seas between 21 and
27 January 2022. At its peak intensity on 24 January, the cyclone reached an estimated depth of 932.2 mb at
79.5°N 20°E. North of 70°N, this is the lowest SLP in the ERA-5 reanalysis over 1979 to present. The cyclone
resulted in a record (over the period 1979-2022) weekly loss of regional sea ice area and surface wind speeds,
and generated ocean waves exceeding 8 m that impinged on sea ice in the Barents sea, observed via satellite
altimetry as large waves-in-sea ice up to 2 m in amplitude more than 100 km into the ice pack. Surface heat
fluxes were strongly impacted by the cyclone, with record atmosphere-to-surface turbulent fluxes. However,

the direct atmospheric thermodynamic impact on sea ice loss was modest, and the record sea ice changes were
likely mainly driven by dynamical and/or ocean processes. While the storm was well predicted up to 8 days

in advance, subsequent changes in sea ice cover were not, likely due to biases in the forecasts' sea ice initial
conditions and missing physics in the forecast model such as wave-sea ice interaction.

Plain Language Summary The strongest recorded storm in the Arctic took place in January 2022.
This storm was characterized by record wind speeds, sea ice loss and turbulent fluxes, and anomalous but less
extreme temperature anomalies. We learned that some of this storm's record-breaking characteristics were
predicted well by model forecasts. However, the effects of this storm on the Arctic sea ice cover were not well
predicted. Forecasts underestimated the decrease in sea ice thickness and area from the storm. Satellite data
showed large waves traveling into the icepack, which may have contributed to the sea-ice loss. Such processes
may be poorly represented in the model, which hinder its ability to accurately forecast sea-ice conditions.
Improving initial conditions and the representation of interactions between the atmosphere, sea ice, and ocean
in models may help improve forecasts of weather and sea ice.

1. Introduction

Cyclones are fundamental to Arctic climate, impacting atmospheric heat and moisture transport into the region
(e.g., Sorteberg & Walsh, 2008) and surface energy and moisture fluxes (e.g., Boisvertet al., 2016). Arctic cyclones
can also force significant changes in sea ice (e.g., Clancy et al., 2022; Schreiber & Serreze, 2020) and ocean waves
(e.g., Waseda et al., 2021), which can themselves break up sea ice (e.g., Asplin et al., 2012; Marko, 2003; Stopa
et al., 2016) and may contribute to enhanced sea ice variability (e.g., Blanchard-Wrigglesworth et al., 2021).
While the changing magnitude and frequency of Arctic cyclones under climate change is still a subject of debate
(e.g., Neu et al., 2013), the reduction in the underlying sea ice cover with warming is likely to result in changes
on the impacts of cyclones on Arctic sea ice, while changes in sea ice can themselves impact Arctic cyclones
(e.g., Koyama et al., 2017). The predictability of Arctic cyclones shows reasonable skill, with current forecast
models able to provide skillful predictions of cyclone location and depth up to 6 days in advance (Yamagami
et al., 2018). On 21 January 2022, a cyclone formed over East Greenland before tracking in a NE direction and
reaching an Arctic record-low depth of 932.2 mb east of Svalbard at 79.5°N 20°E on 24 January. The cyclone
was accompanied by a record weekly loss of sea ice area (SIA) for the month of January in the Barents/Kara/
West Laptev seas, a region that is a key contributor to pan-Arctic winter sea ice variability. Extreme events such
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as this offer an opportunity to test our predictive models and understanding of underlying mechanisms that lead
to erroneous predictions. In this paper, we characterize the record January 2022 Arctic cyclone, its atmospheric
features, its impact on the ocean wave state and sea ice conditions, and the predictability of the cyclone and its
impacts on sea ice.

2. Data

For atmospheric and ocean wave variables over 1979-2022 we use the ERA-5 reanalysis (Hersbach et al., 2020) at
hourly and 0.25° resolution. We use the Melbourne University Cyclone Tracking Scheme (Simmonds et al., 2008;
Webster et al., 2019) to track the January 2022 and previous extreme cyclones. Given higher uncertainty in
reanalysis estimates of radiative variables (e.g., Lindsay et al., 2014), we also use satellite estimates of radiative
fluxes at the surface (longwave) from NASA's Clouds and Earth's Radiant Energy System 1° resolution (CERES)
CERES-SYNI1DEG product, available over 2001-2022 (Wielicki et al., 1996), and turbulent fluxes (latent and
sensible) derived from NASA's Atmospheric Infrared Sounder (AIRS) instrument, available over 2003-2022
(Susskind et al., 2014) at a 25 km resolution using the bulk aerodynamic method which has been adapted for areas
covered with sea ice (e.g., L. N. Boisvert et al., 2013; L. Boisvert et al., 2015; Taylor et al., 2018). Uncertainties
in AIRS-derived turbulent fluxes are 20% (Taylor et al., 2018), while uncertainties in the CERES derived net
longwave over Arctic sea ice is around ~20 W/m? (Huang et al., 2022). For sea ice concentration (SIC) obser-
vations, we use daily 25 km resolution SIC from the National Snow and Ice Data Center (NSIDC) near real time
product for January 2022, and the climate data record version of satellite-derived observations of daily SIC from
the NSIDC passive microwave data set (Meier et al., 2013) from 1979 to 2021. We calculate SIA by multiplying
SIC with individual grid-cell areas and then summing over a region. For sea ice thickness up to a depth of approx-
imately 1 m we use ESA's Soil Mapping Observing System (SMOS) level 3 sea ice thickness product at a 12.5 km
resolution (Kaleschke et al., 2012; Tian-Kunze et al., 2014). To detect waves-in-sea ice using the ICESat-2
altimeter, we follow the methodology in Horvat et al. (2020) and utilize the L3A along-track sea ice height and
type version 5 product (ATLO7, Kwok et al., 2020) derived from Level 2A ATLO03 photon heights (Neumann
et al., 2019). The precision of sea ice height retrievals from ICESat-2 is about 2 cm (Kwok et al., 2019). For
forecast output of both atmospheric and sea ice variables we use the ECMWF high-resolution (9 km) operational
10-day deterministic forecasts from its current IFS Cycle 47r3 model version. We focus on the ECMWF's forecast
model for two reasons: Its Arctic atmospheric forecasts are consistently the highest skilled forecasts among global
operational forecasts (Yamagami et al., 2018), and its current version includes sea ice forecasts derived from a sea
ice model (the LIM3 model, Rousset et al., 2015).

3. Results

Figure 1 shows sea level pressure (SLP), SIC, significant wave height and direction at the time of the cyclone's
peak intensity on 13 UTC 24 January 2022, together with the monthly minimum hourly SLP value over
1979-2022 (for all months) in ERAS north of 70°N and 80°N. SLP reached a minimum value of 932.2 mb at
79.25°N 37.75°E just to the east of Svalbard and over sea ice cover (SIC >80%, Figure 1a). Large waves greater
than 8 m in height are observed over the open ocean, with the swell direction propagating toward the sea ice
edge over most of the Barents Sea (Figure 1b). The estimated SLP minimum value is the lowest SLP value in
the ERA-5 reanalysis north of 70°N over its full record (January 1979 to March 2022, Figure 1c), surpassing the
previous record of 933 mb from December 1990. Even more noteworthy is the northern latitude of the January
2022 low at its peak intensity—over the 80°N-90°N domain, the lowest SLP value of the January 2022 cyclone
was 933.4 mb, significantly lower than the previous minimum SLP record over this domain of 938 mb from
January 2002 (Figure 1d). Inspecting minimum SLP values over both domains shows no trends over 1979-2021,
suggesting that recent climate change has not resulted in lower SLP extreme cyclones over the Arctic. Figure
S1 in Supporting Information S1 shows the timeseries of the January 2022 cyclone's minimum SLP throughout
its lifetime over 21-28 January, its storm track, and the storm track of the previous 10 record low SLP Arctic
cyclones north of 70°N.
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Figure 1. Conditions on 24 January at 13:00 UTC, showing SLP (contours) and SIC (shading), panel (a) and significant wave height and direction (panel b). Monthly
minimum hourly SLP over 70°N-90°N and 80°N-90°N (panels ¢ and d) for all months, January 1979-January 2022. The minimum values during the January 2022
cyclone are shown by the dashed horizontal lines in (c and d). The asterisks denote the 10 extreme cyclones in each domain prior to January 2022.

3.1. Cyclone Evolution 19-28 January 2022

Figure 2 shows daily (at 12UTC) values of SLP, windspeed, and the sea ice edge (defined by the SIC = 15%
concentration threshold) over 20-28 January, and six-hourly from 23 January 12 UTC to 24 January 12 UTC,
the period leading to the cyclone's peak intensity and minimum SLP. In Figures S2 and S3 in Supporting Infor-
mation S1 we show the equivalent analysis for significant wave height, wave direction, and 300-hPa winds.
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Figure 2. SLP (contours), 10-m wind speeds (colored shading) and 15% SIC contour (magenta), 2028 January 2022.

Figure 3 shows the potential temperature on the 2 PVU surface and SLP from 19 January to 24 January. While
the cyclone tracking only detects the formation of the closed low on 21 January over Greenland (Figure S1 in
Supporting Information S1), Figure 3 shows that on 19 January, a surface low was present over the Labrador/
Baffin bay region. On 20 January, SLPs over the East Greenland sea were 1,010-1,015 mb (Figure 2) with an
upper level ridge aloft (Figure 3) around which a strong zonal jet set over East Greenland (Figure S3 in Support-
ing Information S1). On the same day, to the west and southwest, an upper level trough with a coherent feature
characteristic of a weak tropopause polar vortex (TPV, e.g., Hakim & Canavan, 2005; Cavallo & Hakim, 2009)
approached southern Greenland and a surface low started developing off southernmost Greenland between 20
and 21 January (Figure 3). While SLP values over Greenland need to be assessed with caution (given the high
surface elevation), the upper level trough and the surface low over the Labrador on 19/20 January likely played a
role in the development of the quickly deepening low over the East Greenland Sea by 21 January (SLPs around
970 mb), perhaps also aided by lee cyclogenesis supported by the upper level jet over East Greenland during 20
January. The low on 21 January over the East Greenland sea subsequently drifted NE over the next two days, with
a central pressure that oscillated around 955-960 mb and generally tracked the sea ice edge (Figure 2). On 23
January, a secondary low started to develop to the east of Iceland, supported by a strong upper level jet (Figure
S3 in Supporting Information S1) and a well-defined upper level vorticity anomaly (likely a TPV which can be
tracked back to at least January 19, labeled with a magenta X in Figure 3). This secondary low quickly intensified
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Figure 3. Potential Temperature on the 2 PVU surface (shading, in Kelvin), SLP (black contours, for clarity only plotted for SLP values below 1,000 mb), and 15% SIC
contour (magenta), 19-24 January 2022. The magenta X labels the upper level TPV that interacts with the secondary cyclone formation during 23 January.

and traveled NE, and during 24 January was entrained within the main circulation and became the principal low
of the cyclone system. After reaching its lowest pressure at 13 UTC 24 January, the low quickly filled in and by
26 January reached an SLP value of 960 mb and kept traveling in a ENE direction (Figure 2). On 28 January the
low exited the region via the northern Laptev Sea, filling in to 995 mb, and dissipated completely by 29 January.
Based on results from the cyclone Tracking Scheme (Simmonds et al., 2008; Webster et al., 2019), the previous
10 record low cyclones north of 70°N all occurred in the Atlantic and Nordic sea region (Figure S1 in Supporting
Information S1), with cyclone formation generally occurring over the ocean.

During the lifetime of the cyclone, surface wind speeds were regularly over 12 m/s over the ocean and sea ice,
peaking during 23-24 January over the Fram Strait and over the northern Barents sea to the south and east of the
cyclone low, where winds were in excess of 24 m/s (Figure 2). The largest 1 hr wind speeds over the Barents Sea
reached 28 m/s (100 km/hr) on 24 January, which for the location was a record maximum wind speed in ERA-5
for all months over 1979-2022 (Figure S4 in Supporting Information S1).

3.1.1. Temperature and Surface Fluxes

Figure 4 shows the surface (2 m) air temperature together with the SLP and sea ice edge for 20-28 January
(Figure 4a), along with the timeseries of the average temperature over a Barents Sea domain (averaged over
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Figure 4. SLP (contours) and surface temperature (shading), 20-28 January 2022 (top panel) and evolution of the mean temperature in the Barents Sea and BKL
domain (shown in the red and green dashed boxes, note that the western and southern boundaries of the Barents Sea overlap with the BKL domain boundaries) with a
PDF of January 1979-2021 hourly temperatures for those domains, highlighting the maximum value during the January 2022 storm with the black vertical lines. The

thin horizontal lines represent the January 1979-2021 climatology for the domains.
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72°N-83°N and 10°E—60°E, Figure 4b) and a larger Barents/Kara and western Laptev Sea (BKL) domain (aver-
aged only over the ocean domain over 72°N—-84°N and 10°E—120°E, Figure 4c), and the histogram of hourly
January temperatures for these domains in the ERA-5 record over 1979-2021. Figure S5 in Supporting Infor-
mation S1 shows the surface air temperature anomalies with respect to the 1979-2021 January climatology.
Temperatures in the region were close to climatology during 20-21 January, before quickly rising on 22 January
as the cyclone approached and south/southwesterly flow set up over the region. Temperatures in the Barents Sea
peaked to just below freezing on 23 January (Figures 4a and 4b) and temperature anomalies were widely over
10°C warmer than average over the sea ice covered regions in the north Barents, Kara, and Laptev seas (Figure
S5 in Supporting Information S1). From 24 January onward a slow cooling trend set up in the Barents Sea as the
cyclone traveled in a E/NE direction and northerly flow returned to the Barents Sea, yet temperatures remained
anomalously warm further east over the Kara and western Laptev seas until 28 January (Figures 4a and 4c). While
temperatures averaged over the Barents Sea and the wider BKL domain were about 9°C above climatology at
their peak they were not record-breaking—the record maximum 1979-2021 January temperatures are 2°C in the
Barents region and —8°C in the BKL domain, and the maximum January 2022 value is around the 95th percentile
of the 1979-2021 temperature distribution (Figures 4b and 4c). Figure S6 in Supporting Information S1 shows
the same analysis as Figure 4 for 850 hPa temperatures which show a similar pattern.

Following Boisvert et al. (2016), we next focus on the net longwave (NLW) and turbulent (sensible plus latent)
fluxes, and the net surface energy budget (SEB), defined as:

Fy + F;+ F, — F, — F; = SEB, (1)
Fy — FL =NLW, )

where F, is the upwelling (emitted) longwave radiation, F and F, are the sensible and latent heat fluxes, F, is
the net shortwave radiation and F, is the downwelling longwave radiation respectively (negative values denote
into the surface from the atmosphere, and therefore ocean/sea ice warming). Shortwave fluxes are negligible in
January in this region and are omitted from the analysis. Figure 5 shows the daily mean SEB and individual fluxes
averaged over the Barents/Kara/West Laptev region (over 72°N—-84°N and 10°E—120°E, averaged only over the
ocean domain where mean SIC over 21-27 January 2022 is greater than 50%) for 20-28 January and for the
2003-2021 climatology for these dates as estimated both in ERA-5 and satellite (CERES and AIRS, Figures S5a
and 5b), and the anomalous (with respect to climatology) fluxes (Figures 5c and 5d). Using ERA-5, climatolog-
ical January SEB fluxes are ~60 W/m?, partitioned into ~40 W/m? in the net longwave and ~10 W/m? each in
the latent and sensible fluxes (Figure 5a). The cyclone resulted in reduced fluxes from the surface to the atmos-
phere. On 23 January, the SEB was around zero, and the 21-27 January average was ~23 W/m? (an anomaly of
~=37 W/m?). The anomaly was dominated by the sensible fluxes (about ~—20 W/m?), followed by the longwave
and latent (~—15 W/m? and ~—5 W/m? respectively). Using CERES/AIRS, climatological January SEB fluxes
are close to zero (~3 W/m?), which results from ~31 W/m? in the net longwave and ~—28 W/m? in the turbulent
fluxes (Figure 5b). Turbulent fluxes from the atmosphere to the surface peaked over 24-26 January, when turbu-
lent heat fluxes reached ~—90 W/m? (an anomaly of ~—60 W/m?). Longwave fluxes during the cyclone are about
~25 W/m?, an anomaly of ~—7 W/m? with respect to climatology.

Comparing the anomalous fluxes in Figure 5 shows better agreement between ERA-5 and CERES/AIRS
(Figures 5¢ and 5d). The total SEB anomaly is strongly negative during the cyclone, peaking ~—60 W/m? in both
datasets. The mean SEB anomaly during 21-27 January is ~—35 W/m? in both datasets, and is mostly driven by
the anomaly in the turbulent fluxes, while the anomaly in the net longwave flux accounts for a slightly larger role
of the total 21-27 January SEB anomaly in ERA-5 compared to CERES/AIRS.

Inspecting the 6-day running means for the turbulent, net longwave and total SEB fluxes in both ERA-5 and
CERES/AIRS for January shows that the turbulent fluxes during the January 2022 cyclone were more extreme
than the net longwave radiation (cf. Figures 6a and 6b, Figures 6d and 6e), and both the 6-day mean turbulent
flux and total SEB fluxes over 22-27 January 2022 were the most negative in CERES/AIRS over 2003-2022
(average of —71 W/m? and —45 W/m?2, respectively). The more extreme character of turbulent fluxes compared
to longwave fluxes during the cyclone may be due to the combination of the anomalous (but not as extreme) air
temperatures (which dominate longwave fluxes) with the extreme surface winds (which enhance surface turbu-
lent fluxes) that characterized the cyclone.
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Figure 5. Daily turbulent, net longwave and total SEB surface fluxes from 21 January 2022 to 28 January 2022 and for the 2003-2022 January climatologies (shown
dashed) in ERA-5 (left panels) and CERES/AIRS (right panels). Values shown are area-weighted means for the BKL region for 72-84°N and 10-120°E over the ocean
domain where SIC is greater than 50% over 21-27 January 2022. Top panels show absolute values and bottom panels show anomalous values. Negative values denote

into the surface from the atmosphere.

3.2. Ocean Wave and Sea Ice Impacts

Figure S2 shows that the cyclone produced a large swell by 22 January just east of the East Greenland Sea, asso-
ciated with strong surface southwest winds shown in Figure 2. Over the following 2 days the swell propagated in
a northeasterly direction toward the Barents Sea, supported by continued southwest winds. In addition, a second
wave group grew in the Barents Sea on 23 January, a result of strong surface winds over the Barents Sea associ-
ated with the incoming cyclone. Large wave heights persisted in the Barents Sea until 26 January, peaking at 8 m
on 24 January. Waves have been previously observed to penetrate the sea ice pack during winter storms and can be
detected using satellite altimetry (e.g., Horvat et al., 2020). NASA's ICESat-2 obtained a surface height retrieval
from the sea ice covered Barents Sea region east of Svalbard on 23 January (Figure 7). Large (2 m) amplitude
waves-in-sea ice were observed close to the sea ice edge at ~77°N, dampening in a south-to-north direction over
1° latitude (~100 km). The SIC over which the waves are observed is close to 100% SIC.

Figures 8 and 9 show SIC and thickness respectively at the beginning (21 January) and end (27 January) of the
cyclone and the difference between the two dates. Figure 8 also shows the total SIA evolution in the BKL domain
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Figure 6. Histogram of 6-day mean turbulent fluxes (left panels), net longwave (middle panels) and SEB fluxes (right panels) over the BKL domain (72-84°N,

10-120°E over the ocean domain where SIC is greater than 50% over 21-27 January 2022) in CERES/AIRS over 2003-2022 (top row) and ERA-5 over 1979-2022
(bottom row), with the minimum 6-day mean values from January 2022 (which take place during the storm) in black.

and historical distribution of 6-day BKL SIA changes (defined as SIA , — SIA ;_; where d is day). On 21 January,
SIC was close to the 1979-2021 climatology, in contrast to recent years which have generally shown reduced sea
ice cover (Figure 8d). The northern Barents Sea was covered in sea ice, and a tongue of sea ice extended along
the western coast of Novaya Zemlya. The Kara and Laptev seas had close to 100% sea ice coverage on this date
(Figure 8a). By 27 January, sea ice cover had reduced drastically, especially in two areas, between northern Sval-
bard and Franz Josez, and along the sea ice edge to the north of Novaya Zemlya (Figures 8b and 8c). There was
also significant sea ice loss along the western Laptev Sea and in the vicinity of southern Novaya Zemlya. Over
large areas of the Kara and Barents seas SIC values dropped from close to 100% to 70%—80%. Sea ice area in the
BKL domain, south of 84°N and between 10°E—110°E, dropped by over 0.4 million km? between 21 January
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Figure 7. ICESat-2 retrieval on 23 January 2022 (left panel), with surface height in meters plotted against latitude (middle panel) and SIC (in %) along the ICESat-2
transect (right panel).

and 27 January (Figure 8d). This is the largest recorded 6-day SIA loss in January in this region over 1979-2022,
and is 30% greater than the previous record 6-day January SIA loss (Figure 8e). Extending analysis of the 6-day
SIA changes in the BKL domain throughout the year shows the extreme character of the January 2022 SIA loss
(Figure S7 in Supporting Information S1 shows histograms of 6-day of BKL SIA, SIA anomaly, and normalized
SIA changes throughout the year and in winter).

Sea ice thickness on 21 January was estimated to be thin in the Barents Sea (less than 1 m), while thicker ice
over 1 m was common in the Kara and Laptev seas (Figure 9a). Sea ice thickness in the northern SIC loss region
(between North Svalbard and Franz Josef) was thin on 21 January (mostly less than 0.5 m). By 27 January
most of the region experienced a reduction in sea ice thickness (Figure 9b). To the east of Svalbard and Novaya
Zemlya, there were remarkable reductions in sea ice thickness of up to 1 m, and even regions that did not expe-
rience a significant loss in SIC, such as the northern Kara Sea, experienced a thickness reduction of 0.25-0.5 m
(Figure 9c). Considering the changes both in SIC and SIT over this period, this was a remarkable event of sea
ice loss.

How much of the estimated sea ice thickness loss may be due to the thermodynamic forcing from the atmosphere?
To answer this question we use the CERES/AIRS mean 21-27 January SEB fluxes of ~—35 W/m? (note that
the mean SEB fluxes in ERA-5 still imply a net loss from the surface to the atmosphere and thus no sea ice melt
forced by the atmosphere) and following Boisvert et al. (2016), we use a simple thermodynamic approach to
calculate the amount of sea ice melt caused by a negative SEB, given

6h=0/(p*cy), 3

where Sh is the change in sea ice thickness, Q is the SEB, p is the density of sea ice (930 kg/m?®) and ¢ is the
latent heat of fusion of sea ice (3.2 X 10° J/kg). This simple approximation neglects sea ice heat capacity and
assumes negligible heat conduction through sea ice, and thus can be used to estimate an upper bound of sea ice
melt resulting from the SEB (i.e., sea ice is already at the melting point, and all the SEB goes to melting sea ice).
For Q = =35 W/m?, 5h = —0.87 cm of ice per day. Thus, over the course of the cyclone, we might expect no more
than ~—5 cm of sea ice thickness change from thermodynamic forcing averaged over the BKL domain, a small
fraction of the estimated sea ice thickness loss shown in Figure 9.

3.3. Predictability of the Cyclone and Sea Ice Impacts

The above analysis shows that the January 2022 cyclone was an extreme event, both in terms of atmospheric
dynamics (SLP and surface winds) and its impacts on sea ice and ocean waves. We next investigate the predictive
capability of the state-of-the-art ECMWF high resolution operational model on the cyclone and its impacts on
sea ice.

Figure 10 shows the 0-8 days leadtime forecasts of SLP and surface wind speed for 24 January 12UTC, and
Figure 11 shows the 0-10 days leadtime forecasts of minimum SLP and maximum windspeed in the vicinity of
the 24 January 12UTC cyclone center (76°N—-82°N, 15°E—45°E, Figures 11a and 11b), area-averaged 2 m air
temperature over the Barents Sea and the BKL domain (Figures 11c and 11d), and the forecast central low position
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Figure 8. Observed sea ice concentration on 21 January 2022, 27 January 2022, and the difference (top row), total SIA in the BKL domain (shown by the black dashed
box) January timeseries over 1979-2022 (bottom row left panel), and histogram of historic 6-day changes over 1979-2021 for all Januaries using the full month to
calculate the SIA changes (bottom row right panel).

and pressure error metrics (Figure 11e, following the approach in Yamagami et al., 2018). The 10-to-6 days fore-
casts were skilled in forecasting a deep cyclone on 23-24 January in the vicinity of the northern Barents Sea,
but the forecasts of the low pressure's minimum were too high (forecast low of 950-960 mb) and the surface
winds too weak (Figure 10). Central position errors of the cyclone at these leadtimes are around 400-800 km
(Figure 11e). The timing of cyclone evolution for these 10-to-6 days forecasts also tends to be slightly earlier, with
minimum SLP values forecast for 23 January (Figure 11a). At 5 days and shorter leadtimes, the forecasts gain
skill and slowly converge toward the observed state, forecasting a deep cyclone and strong surface wind speeds
in the Fram Strait and in the south and east vicinity of the low, with remarkably skillful central position errors
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Figure 9. As shown in Figures 8a—8c, but for sea ice thickness. The black contours in panels (a and b) show the 15% SIC
contour for the date, and the blue and red contours in (c) show the 15% and 30% SIC losses and gains respectively between
the two dates. The white area around the North Pole is outside the satellite's sampling domain.

(<300 km, Figure 11e) and central pressure errors (<15mb). Forecasts of peak wind speeds however tended to
be biased low for forecasts initialized earlier than January 23 (Figure 10b). Forecasts of mean Barents Sea and
BKL domain 2 m air temperatures were rather skilled in forecasting the initial warm-up during 22 January, but
tended to cool down too quickly thereafter (Figures 11c and 11d). Overall, the forecast model shows remarkable
skill in forecasting a significant cyclone particularly at lead times of 5 days or less. The skill of the January 2022
forecast in terms of central position and pressure is comparable or better than the forecast skill for summer Arctic
cyclones, which is >500 km and 10-15 mb for 5-day leadtimes (see Figure 4 in Yamagami et al., 2018).

Figure 12a shows 0-10 days forecasts initialized over 14-24 January of SIA in the Barents/Kara/East Laptev
domain. Forecasts show a SIA loss between 21 January and 27 January of about 0.2 million km? from 2.1 million
km? to about 1.9 million km?, about half of the observed loss (Figure 8), and a small recovery in SIA after 27
January. As most of the observed SIA loss took place between 22 January and 27 January, we focus on forecasts
initialized on 21 January. Figure 12b shows SIC on 21 January (0 days leadtime) and its forecast of 27 January
(6 days leadtime). While the initialized SIC is close to observations (Figure 8a), the forecast for 27 January shows
more extensive sea ice cover than observed (Figure 8b), with high SIC values between north Svalbard and Franz
Josez. The forecast captures the spatial pattern in the observed SIC loss, as shown by the SIC differences between
21 and 27 January (Figures 8 and 12c) along the Barents Sea ice edge, in the southern vicinity of Novaya Zemlya,
and along the western Laptev Sea coast, albeit with a smaller amplitude. In contrast, the observed SIC loss along
north Svalbard to Franz Josez is not forecast. Figure 12c shows sea ice thickness from the same forecast. On 21
January, sea ice thickness tends to capture the large scale patterns in observations (Figure 9a), but is too thick in
the Barents Sea. The forecast for 27 January shows mostly small changes in sea ice thickness between the two
dates. While there is a region of larger forecast SIT loss just NE of Novaya Zemlya, these forecast changes are
much smaller than the observed estimates in SIT change in Figure 9c.

4. Discussion and Conclusions

An extreme Arctic cyclone developed over Greenland and tracked NE into the Barents Sea and high Arctic over
20-28 January 2022. At its peak intensity, the central pressure reached an estimated 932.2 mb, the lowest hourly
SLP value in the ERA-5 reanalysis north of 70°N over 1979-2022.

The cyclone had significant impacts on the atmosphere, sea ice and ocean waves. Air temperatures at the surface
and aloft peaked over 10°C above climatology over large sections of the Barents/Kara/East Laptev seas, accompa-
nied by extreme surface winds, with 1-hourly values that peaked at 100 km/hr over the north Barents Sea. Surface
energy fluxes were also anomalous with respect to climatology, with a mean 6-day net input of energy into the sea
ice from the atmosphere of ~35 W/m? as estimated using satellite data, dominated by extreme turbulent fluxes,
which were the largest for January over 2003-2022. While the SEB values are anomalous, they are smaller than
the ~60 W/m? estimated for the extreme cyclone of December 2015/January 2016 in the Barents/Kara seas, an
event that was dominated by extreme warmth and moisture anomalies (Boisvert et al., 2016). The January 2022
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Figure 10. SLP and surface wind forecasts of 24 January 12UTC at 0-8 days (192 hr) leadtimes.

cyclone temperature anomalies were also not record values, but were in the 95% percentile. Surface wind speeds
reached record values over a sea-ice covered sector of the Barents Sea, and large ocean waves over 6 m impinged
on the sea ice over several days, with significant waves-in-sea-ice of 2 m height detected by satellite altimetry up
to 100 km into the sea ice pack.

The sea ice cover was heavily affected by the cyclone, and the 6-day SIA loss in the region of 0.4 x 10® km? was
the most extreme January SIA loss over 1979-2022, surpassing the previous record loss by 30%. Sea ice thickness
was also strongly impacted, and over large regions sea ice thickness decreased by over 0.5 m. The losses in sea
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Figure 11. Forecasts of SLP minimum and wind speed maximum in a domain centered around the 24 January 12UTC cyclone center (76°N—82°N, 15°E—45°E),
panels (a and b), and forecasts of area-averaged 2 m-air temperature over the Barents Sea and the BKL domain (panels ¢ and d). Observed values from ERA-5 are
shown in black (top and middle rows). SLP forecast errors for 24 January 12 UTC as a function of leadtime, showing central pressure error (left axis) and central
location error (right axis, panel e).
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Figure 12. ECMWEF forecasts and observed SIA in the BKL domain (A, top panel), forecasts of SIC (middle row) and SIT (bottom row) initialized on 21 January
for 21 January (0 days leadtime) and 27 January (6 days leadtime) and the forecast differences between the two dates. Note that to be consistent with SMOS sea ice
thickness, we do not differentiate sea ice thickness categories thicker than 1.2 m.
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ice thickness are generally much larger than can be accounted for by the surface energy fluxes, which can only
explain ~5 cm of melt averaged across the region using the satellite flux estimates. This suggests that sea ice
dynamics and/or enhanced bottom melt due to upper ocean mixing were responsible for a significant amount of
sea ice loss, agreeing with previous studies of winter cyclones and their impact on sea ice in this region that have
highlighted the role of dynamics in driving sea ice loss (Park et al., 2015). The role of the large waves in sea ice
loss and their ability to break sea ice and mix heat vertically in the upper ocean is also unknown. We find no trend
over 1979-2021 in minimum SLP over 70°N-90°N, and 80°N-90°N domains, suggesting that the January 2022
cyclone event is, at least from an atmospheric dynamics perspective, unrelated to recent climate change. However,
its impacts on the sea ice may have been larger because of recent climate trends, as the large loss in sea ice cover
may have been pre-conditioned by thin sea ice prior to the cyclone.

Extreme events have an oversized footprint on socioeconomic impacts, but also serve as litmus tests for our
environmental system models and their predictive capabilities, and thus the predictability of extreme events is of
interest both in a scientific and social context. Our initial forecast validation of the January 2022 cyclone shows
that, while the cyclone and accompanying strong winds and warm temperatures were reasonably well predicted
especially at 5 days and shorter leadtimes, the changes in sea ice were not predicted with high skill, consistent
with the low forecast skill of extreme sea ice change events in current-generation sub-seasonal to seasonal fore-
casting models (McGraw et al., 2022). Forecasts consistently underestimated the loss in SIA and sea ice thick-
ness. The forecast's sea ice initial conditions showed biases, especially in sea ice thickness, and too-thick sea ice
in regions that lost sea ice cover in observations were a likely source of forecast bias. In addition, this event high-
lights the impact that ocean waves may have on the sea ice pack, via their influence on the floe size distribution,
lateral melt rates, and upper ocean mixing within the ice pack. Current forecast models do not include wave-sea
ice interactions, but this is an area of active research that may lead to improved simulation and forecasts of rapid
sea ice changes associated with extreme atmospheric and ocean wave conditions.
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Linette Boisvert (linette.n.boisvert@nasa.gov). CERES data (Wielicki et al., 1996) are available at https://asdc.
larc.nasa.gov/project/CERES. ICESat-2 L3A sea ice height data (Kwok et al., 2020) are available at https://nsidc.
org/data/icesat-2/data-sets. ECMWF forecast data are available at https://www.ecmwf.int/en/forecasts/dataset/
operational-archive, copyright 2022 European Centre for Medium-Range Weather Forecasts (ECMWF).
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