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ABSTRACT

Atmospheric data from the Atmospheric Infrared Sounder (AIRS) were used to study an extreme warm
and humid air mass transported over the Barents—Kara Seas region by an Arctic cyclone at the end of
December 2015. Temperature and humidity in the region was ~10°C (>30 above the 2003-14 mean) warmer
and ~1.4gkg™! (>40 above the 2003-14 mean) wetter than normal during the peak of this event. This
anomalous air mass resulted in a large and positive flux of energy into the surface via the residual of the
surface energy balance (SEB), compared to the weakly negative SEB from the surface to the atmosphere
expected for that time of year. The magnitude of the downwelling longwave radiation during the event
was unprecedented compared to all other events detected by AIRS in December/January since 2003. An
approximate budget scaling suggests that this anomalous SEB could have resulted in up to 10 cm of ice melt.
Thinning of the ice pack in the region was supported by remotely sensed and modeled estimates of ice
thickness change. Understanding the impact of this anomalous air mass on a thinner, weakened sea ice state
is imperative for understanding future sea ice—atmosphere interactions in a warming Arctic.

1. Introduction

The 2015/16 December-February period was the
warmest winter since 1880 (http://www.ncdc.noaa.gov/
sotc/summary-info/global/201602) with surface tempera-
ture anomalies from NASA’s Goddard Institute for Space
Studies Surface Temperature Analysis (GISSTEMP)
suggesting much of this warming occurred within the
Arcticregion (http://www.giss.nasa.gov/research/features/
201603_gistemp/). It is well documented that the Arctic
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has warmed faster than the global average over recent
decades; a phenomenon known as Arctic amplification
(e.g., Serreze et al. 2009; Screen and Simmonds 2010;
Cohen et al. 2014). Accompanying this warming has
been rapid declines in Arctic sea ice extent and thick-
ness (e.g., Stroeve et al. 2012; Lindsay and Schweiger
2015; Serreze and Stroeve 2015; Kwok 2015). In 2016,
Arctic sea ice experienced the lowest January, February,
and maximum extent recorded since 1979 (http:/nsidc.
org/arcticseaicenews/2016/03/another-record-low-for-
arctic-sea-ice-maximum-winter-extent/). These record low
ice conditions were largely driven by anomalous low ice
conditions in the Barents and Kara Seas, a region that
drives most of the pan-Arctic winter sea ice variability
(Fig. 1a).

In winter, cyclones are thought to be the main trans-
porter of heat and moisture into the Arctic (Sorteberg
and Walsh 2008), and could, therefore, contribute to sea
ice melt in the absence of solar radiation. The changing
magnitude and frequency of winter cyclone events in the
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FIG. 1. (a) Mean January sea ice extent 1980-2016, in the Arctic (black line) and Barents—Kara
Seas (BaKa) region (red line). Corresponding colored values are the linear trends of sea ice
extent and the numbers in blue represent the correlation between the sea ice extent in the BaKa
region versus the entire Arctic. (b),(c) The BaKa region is given by the dashed black box. (b) Sea
ice extent for 1 Jan 2016 and (c) sea ice extent for January 2016 (monthly mean of daily extent).
The magenta line in (b) and (c) indicates the median sea ice extent for 1981-2010.

Arctic remains uncertain, however, with some studies
suggesting increased activity (Sorteberg and Walsh 2008;
Simmonds et al. 2008; Bengtsson et al. 2006) and others
suggesting no trends (Gitelman et al. 1997; Stephenson
and Held 1993; Komayo et al. 2016, manuscript submitted
to J. Climate). Late December 2015, the National Centers
for Environmental Prediction (NCEP) Global Forecast
System (GFS) measured above-freezing temperatures
around the North Pole, driven by a strong Arctic cyclone
that transported anomalously warm air from lower lati-
tudes. The impact of this cyclone, together with the record
warm winter, low sea ice extent, and the uncertainty sur-
rounding the impact of winter cyclones on Arctic climate,
warrant a more detailed examination. Here we investigate
the atmosphere—surface forcing in the Barents—Kara Seas
(BaKa) region (as shown in Fig. 1b) before, during, and
after the cyclone (28 December 20154 January 2016).

2. Data and methods

a. Atmospheric data

Atmospheric data are taken from NASA’s Atmo-
spheric Infrared Sounder (AIRS) instrument. AIRS

version 6 level 3 data products (AIRS Science Team/
J. Texeira 2013; Susskind et al. 2014) are processed
within 2 days of the data being collected, making them
ideal for studying near-real-time (NRT) weather events.
We use daily cloud fraction, surface pressure, near-
surface air temperature, and specific humidity (see text
S1in the online supplemental material) along with 8-day
skin temperature data products between 2003 and 2016
(December and January).

Hourly near-surface (10m) wind speeds are taken
from the Modern-Era Retrospective Analysis for Research
and Applications, version 2 (MERRA-2) reanalysis
(Rienecker et al. 2011), which are then averaged daily.

b. Sea ice data

The satellite passive microwave record provides esti-
mates of Arctic sea ice concentration (SIC) from Oc-
tober 1978 to 2015 derived from the NASA Team sea ice
algorithm (Cavalieri et al. 1996) and NRT daily data for
the 2015/16 winter (Maslanik et al. 1999).

Sea ice drift estimates are produced by the Centre
ERS d’Archivage et de Traitement (CERSAT/)/Institut
Frangais de Recherché pour I’Exploitation de la Mer
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FIG. 2. MERRA-2 winds (vectors) and AIRS cloud fraction for 30 Dec 2015-1 Jan 2016, during the height of the cyclone. The center of the
cyclone is designated by the green “X” in each image.

(IFREMER) (Girard-Ardhiun and Ezraty 2012). Here
we use the NRT daily drift data produced through the
merging of both horizontal and vertical polarizations of
the Advanced Microwave Scanning Radiometer (AMSR?2)
(see details in text S2 in the online supplemental
material).

c. Surface energy balance

Using data from AIRS and MERRA-2, we solve for
all terms in the surface energy balance (SEB) (text S3 in
the online supplemental material provides more detail):

F,+F, —F,+F, +F, =SEB, (1)

where F, is the net shortwave radiation, F; is the
downwelling longwave radiation (LWD), Fr is the
emitted longwave radiation, and F; and F, are the sen-
sible and latent heat fluxes, respectively.

3. Results and discussion

Figure 2 shows the location of the cyclone center and
hourly wind vectors (midday) from MERRA-2 overlaid
on the daily AIRS cloud fraction. This cyclone formed
on 28 December 2015 (990hPa) in the middle of the
North Atlantic (43°N). It then traveled northeast toward
the United Kingdom as the pressure slowly dropped. On
29 December (960hPa) it turned northwest toward
Iceland, rapidly intensifying on 30 December (930 hPa).
It then moved northward along the coast of Greenland
into the central Arctic near 90°N on 31 December
(970 hPa), where it weakened slightly. On 1 January
(975 hPa), the cyclone moved to the north of Severnaya
Zemlya Island. During this time a warm, moist,
southerly air mass was transported over the BaKa

region. Figure S2 (in the online supplemental material)
demonstrates the northeastern progression of the
anomalous warm (above freezing) and moist air mass
by the cyclone, from the East Greenland Sea on
28 December, which extended into the BaKa region
on 30 December and lingered for several days after.
Figure 3 shows the daily near-surface air temperature
and specific humidity anomalies (compared to the 2003—
14 mean) during the period of the storm (28 December
2015-4 January 2016), where temperatures experienced
in the BaKa were, in places, up to ~20°C (>60) and
~3gkg ! (~90) above average (2003-14) for that time
of year. During the peak of this cyclone (30 December
2015-1 January 2016), the mean BaKa air tempera-
tures were ~10°C (>30) warmer and the specific hu-
midity was ~1.4gkg ' (>40) higher than the 2003-14
average (see Fig. S1 in the online supplemental mate-
rial). Atmospheric anomalies over the BaKa region re-
mained higher than average from 2 to 6 January [a mean
of 6.6°C (>20) and 0.5gkg ' (>10), Fig. 3]. Before the
cyclone entered the Arctic (15-27 December 2015), the
BaKa air temperature and humidity was only slightly
warmer [~0.8°C (<lo)] and ~02gkg ' (<lo) more
humid than the 2003-2014 mean (not shown), suggesting
this cyclone had a large impact on the SEB in the region.

a. Surface energy budget during the cyclone

Figure 4 (top) shows daily maps of the SEB from
28 December 2015 to 4 January 2016. Over most of the
Arctic the SEB is small, dominated by the upwelling
longwave heat flux and LWD opposing each other. The
turbulent heat fluxes are predominantly negligible
through winter (based on climatology), except in the
North Atlantic where the warm ocean surface loses heat
and moisture to the cold atmosphere (a negative SEB
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FI1G. 3. (top) Near-surface specific humidity anomalies and (bottom) near-surface temperature anomalies from 28 Dec 2015 to 4 Jan
2016, compared to the 2003-14 mean. Red temperatures signify positive anomalies. White areas have no data. The BaKa region is

highlighted by the black dashed boxes.

contribution). Before the cyclone transported this air mass
into the BaKa region (~28 December), the SEB was
negative (i.e., the ocean surface was losing energy to the
atmosphere), favoring ice formation/growth. After the air
mass entered the BaKa region, the SEB became positive
(i.e., the surface was gaining energy from the atmosphere).

Figure 4 (bottom) shows the daily mean SEB for the
BaKa region during the cyclone and for the 2003-14
mean. From 30 December 2015 to 1 January 2016, the

SEB was positive instead of negative, and was roughly
the same magnitude, but in the opposite direction
compared to the 2003-14 mean (~45 W m ™ ?). The daily
SEB peaked on 31 December 2015, dominated by in-
creases in sensible heat (~60 W m ™2 increase), followed
by LWD (~50Wm 2 increase) and latent heat
(~20 W m ™ ? increase).

Figure 4 (bottom) additionally shows values for the
SEB over the BaKa sea ice areas only (>50% SIC,
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FIG. 4. (top) Surface energy balance over the Arctic from 28 Dec 2015 to 4 Jan 2016. The data
over land have been masked. (bottom) Net surface energy balance and respective terms from
28 Dec 2015 to 6 Jan 2016 (solid bars) and for the 2003-14 mean (light shaded bars). Hatched
bars (both solid and light shaded) represent the net surface energy balance over sea ice (>50%
ice concentration). Values shown for all variables are for the BaKa region.

hatched bars). Compared to the 2003-14 mean, the SEB
over the sea ice areas during the cyclone showed
anomalous LWD (~40Wm™?) and turbulent heat
fluxes (~120Wm™?) into the surface, resulting in an
increase in the SEB over sea ice to ~110Wm ™ 2.
Following this peak, the SEB declined but remained

mostly positive, especially over the ice-covered areas.

The 2003-14 mean suggests the SEB normally remains
negative at this time of year. The positive SEB after the
cyclone was driven by stronger-than-normal LWD and
sensible heat fluxes, and suggests a stalling of ice for-
mation in the region. While the SEB for the later part of
January 2016, was not a part of this study, the lack of sea
ice recovery in the BaKa region (the mean January sea



4284

ice extent shown in Figs. 1b and 1c) also suggests the
surface did not lose enough heat for sea ice formation to
occur, at least at amounts significant enough to be de-
tected by the NASA Team sea ice algorithm. The effects
of this increased SEB on the sea ice in the BaKa region
will be discussed more in section 3b.

How DOES THE DECEMBER 2015 CYCLONE
COMPARE TO OTHER EVENTS IN THE AIRS
RECORD?

The air mass associated with this cyclone was extreme
when compared to average conditions, but was this un-
usual when compared to other anomalous events in
winter [December—January (DJ)] during the AIRS re-
cord? To detect and compare this event with other
anomalous “‘elevated events” (that may or may not have
been the result of a cyclone), we follow Park et al. (2015)
and use LWD to assess the presence of an elevated
event. LWD is used because normally the winter Arctic
boundary layer is stable (limiting turbulent fluxes) and
there is no solar radiation in DJ for the majority of the
Arctic; thus the winter Arctic SEB is near zero and
dominated by LWD variability (Serreze et al. 2007).
Morrison et al. (2011) discussed how changes in the at-
mosphere from dry and clear, to moist and cloudy, could
significantly alter the LWD.

In this study, an elevated event is one where the daily
mean LWD in the BaKa region is greater than one
standard deviation (1) from the 2003-15 mean (aver-
aged over December-January) and remains higher than
1o for three or more consecutive days. Using these cri-
teria, 15 elevated events were found in the BaKa region
since 2003 (Fig. 5). The 2015/16 event had a mean LWD of
~250 Wm™? (~20 from the mean), which was ~8 Wm 2
greater than the average of all other elevated events
(~242Wm?) (see text S4 in the online supplemental
material). The maximum LWD (31 December 2015) was
the largest on record (>3¢) and was ~40 W m % greater than
the mean of all other event maxima. Only one other elevated
event was detected with a maximum LWD greater than 2o
(in January 2012). Woods and Caballero (2016) found LWD
anomalies of ~30Wm ™2 during winter moisture intrusion
events in the central Arctic, similar to our results.

b. Exploring the sea ice response

As shown in Fig. 1, the ice extent within the BaKa
region was anomalously low during the cyclone time
period, and remained low for the month of January.
Figure 6a shows the daily SIC in the BaKa region from
20 December to 30 January for 2003-16. Between
30 December 2015 and 6 January 2016, the SIC de-
creased by ~10% (from 40% to 30%). Similar to the
conclusions from Zhang et al. (2013), it takes around
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FI1G. 5. Elevated downwelling longwave radiation events de-
tected in the BaKa region for January and December, 2003-16.
Events that occurred in December are in red and those that oc-
curred in January are in green. The circles indicate the mean
downwelling longwave radiation of all days during the elevated
event, while the lines indicate the maximum and minimum daily
downwelling longwave radiation of each elevated event. The size of
the circles denotes the length of each event, with the larger the size
pertaining to more days.

2 weeks (from ~28 December to 14 January) for the sea
ice extent to return to what we might have expected from
linear trend persistence. Although the SIC increased to
~45% during the middle of January, it decreased again
(to ~40%) toward the end of the month. Interestingly,
the 2011/12 SIC showed a similar decline (albeit later, in
the middle of January), which coincides with the January
2012 LWD elevated event shown in Fig. 5. The longest
elevated event (12 days, late December 2011) also
shows a decline in SIC, but this is weaker than the 2015/16
decline, likely due to the smaller LWD anomaly. The
most pronounced SIC decline occurred during January
2006, and was attributed to unusually strong and warm
southerly winds (Comiso 2006).

As Fig. 1c shows, large parts of the BaKa region re-
mained ice free during January. Freeze-up occurred
later than average over much of the Arctic in 2015 (see
Fig. S3 and text S5 in the online supplemental material),
but was especially noticeable in the BaKa region, where
freeze-up across the northern BaKa region occurred in
December (roughly 2 months later than the 2003-14 av-
erage), or not at all. We hypothesize that this late freeze-up
resulted in a thinner and weaker ice pack, which was
susceptible to a dynamical retreat of the ice edge. The
anomalous (positive) SEB may have also resulted in sur-
face melt during the storm, further weakening the ice pack.

Here we explore the potential dynamic/thermodynamic
forcing of the observed concentration decline, but
acknowledge that ocean forcing (see text S6 in the
online supplemental material) is likely a significant
contributor to the decline over the longer winter
period.
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FIG. 6. (a) Daily sea ice concentration in the BaKa region from 20 Dec to 31 Jan for years 2003/04-2015/16. The bold purple (yellow/
green, blue) line is the ice concentration for 2015/16 (2005/06, 2011/12). The dates of the 2015/16 event are shown by the dashed vertical
lines. (b) Daily ice edge (colored lines), where the ice concentration is greater than 15%, for 20 Dec 2015-20 Jan 2016, and mean
CERSAT/AMSR? sea ice drift vectors (black arrows) over the same time period. (c) The surface energy balance over the sea ice
(concentration >50%) during the cyclone (red bars, 28 Dec 2015-6 Jan 2016) and the amount of melt it accounts for in the BaKa region
starting out at 0.64 m (black line). The blue line is the daily thickness for the BaKa region from PIOMAS. (d) PIOMAS ice thickness maps
for the BaKa region on 28 Dec 2015 and 6 Jan 2016 and the ice thickness difference between the 2 days.

1) ICE DYNAMICS

The CERSAT/AMSR?2 ice drift vectors (Fig. 6b)
suggest a clear cyclonic (anticlockwise) ice circulation in
the BaKa region during the cyclone. The strongest ice
drifts appear in the Kara Sea, transporting ice from
north of Novaya Zemlya Island to the west of Severnaya
Zemlya Island. Some of this ice was transported west-
ward, toward Fram Strait, and some eastward, farther
into the Kara Sea. Figure 6b shows the drift vectors
overlaid on the daily ice edge during the cyclone, sug-
gesting an eastward ice edge retreat in the eastern
Barents Sea and a more variable ice edge in the western
Barents Sea.

After the storm, weather conditions returned to more
normal conditions for January, albeit warmer than aver-
age, with high pressure and the majority of the wind flow
northerly. The high air temperature and humidity that
remained in the region even after the cyclone passed
(3.75K and 0.5gkg ™!, both 30% higher than the 2003-
15 January average) could have hindered the ice from

recovering (cf. Figs. 1b and 1c). The anomalously low
January ice extent was dominated by the low ice extent in
this BaKa region (Fig. 1a), and this small retreat and lack
of recovery/growth appear to be a contributor.

2) ICE THERMODYNAMICS

To explore the potential thermodynamic response of
the sea ice—covered BaKa region to the estimated SEB
variability during the cyclone, we employ a simple ap-
proximate scaling of budgets to estimate the resultant
sea ice thickness change in the region (see text S7 in the
online supplemental material). We use the mean thick-
ness of ice in the BaKa region on 28 December 2015
(~64 cm) from the Pan-Arctic Ice-Ocean Modeling and
Assimilation System, version 2.1 (PIOMAS) to initialize
the thickness change estimate and compare it with the
estimated change from this more sophisticated model
(Schweiger et al. 2011). Figure 6¢ shows that the budget
scaling suggests ~8 cm of ice melt for the 10 days of SEB
forcing (28 December—6 January). While this is far from
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sufficient to suggest a complete melt out of sea ice in the
northern BaKa region, it does suggest the potential for
melting out of the thinner sea ice toward the BaKa ice
edge. The PIOMAS model estimates a mean decrease of
~8cm over this same time period (Fig. 6¢), while maps
of the PIOMAS thickness change suggest decreases of
up to 40-50cm in some regions (Fig. 6d). The daily
thickness changes/variability (Fig. 6c) estimated from
the budget scaling method closely match PIOMAS, and
areas where the SEB are large and positive (Fig. 4, top),
are similar to those regions where PIOMAS indicates
decreases in ice thickness (Fig. 6d). We further analyzed
thin ice thickness estimates from ESA’s Soil Moisture
and Ocean Salinity (SMOS) satellite (Tian-Kunze et al.
2013) (see text S7 in the online supplemental material),
which corroborates the potential regional decreases of
up to 40-50 cm in some regions, as well as small regions
of thickness increase (see Fig. S4 in the online supple-
mental material).

4. Conclusions

Daily atmospheric data from AIRS were used to study
an extreme warm and humid air mass that was trans-
ported over the BaKa region by an Arctic cyclone, be-
tween late December 2015 and early January 2016.
During the peak of the event, the temperature and hu-
midity in the BaKa region was ~10°C (>30) warmer
and ~1.4gkg ' (>40) wetter than normal (2003-14).
This air mass had a significant impact on the local SEB,
contrasting starkly with the small and negative SEB
expected for that time period. Since this air mass
transported by this storm was unlike any recorded dur-
ing the winter AIRS record, studying the effects on the
SEB and its impact on the sea ice is crucial, especially
considering the strong sea ice declines experienced in
recent decades.

Daily SIC in the BaKa region also shows a decrease
and ice drift vectors also highlight a northeastern dy-
namical retreat of the edge during the time period of the
cyclone. A simple model of sea ice melt suggests the
anomalous SEB could have also resulted in an average
of ~10cm of ice melt. Although this forcing appears
insufficient to have caused ice to melt out across the
entire BaKa region, there may have been significant
amounts of localized thermodynamic ice loss. Future
projections of Arctic sea ice imply continued declines in
thickness over the coming decades (e.g., Holland et al.
2006), meaning the impact of similar elevated events
could be significantly greater.
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