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5. THE ARCTIC

J. Richter-Menge and M. L. Druckenmiller, Eds.

a. Overview—M. L. Druckenmiller and J. Richter-Menge

Mean annual Arctic surface air temperatures (SAT) over land have increased more than twice
as fast as the global mean since the mid-1980s. Observations from 2019 continue to highlight
prolonged changes across key and connected features of the Arctic’s land, ice, ocean, and atmo-
sphere. Through these connections, the changing Arctic environment has a magnified impact
on ecosystems and societies on regional and global scales.

Central to observed changes throughout the Arctic system is the persistent and pronounced
increase in Arctic SAT, which in 2019 was the second highest in the 120-year observational record.
In particular, the southward displacement of the polar vortex over North America—a repeat of
conditions from 2018 —brought record-high SATs to Alaska and northwest Canada. These condi-
tions contributed to the second winter in a row when sea ice coverage in the Bering Sea was by
far the lowest in observed or reconstructed records dating back to 1850 (Richter-Menge et al.
2019; Walsh et al. 2019). More generally, warming air temperatures are linked to the continued
Arctic-wide decline in the extent and thickness of the sea ice cover. In March 2019, when the ice
reached its maximum extent for the year, thin, first-year ice predominated at ~77%, compared to
about 55% in the 1980s. This transformation toward thinner and more mobile ice makes the sea
ice cover more vulnerable to melting out in summer and, therefore, diminishes the ice cover’s role
in cooling the Arctic region by reflecting incoming solar radiation back to space. In September
2019, the minimum sea ice extent at the end of summer was tied with 2007 and 2016 for the second
smallest in the 41-year satellite record.

The declining trend in the extent of the sea ice cover is driving changes in sea surface tem-
peratures (SSTs) in the Arctic Ocean and adjacent seas, largely caused by direct solar heating of
exposed, ice-free—and thus darker (i.e., lower albedo)—Arctic waters. A warmer ocean, in turn,
melts more sea ice. This feedback, known as the ice—albedo feedback, contributes to the continued
and accelerated warming of the Arctic region. August mean SSTs show significant warming for
1982-2019 in most regions of the Arctic Ocean that are ice-free in August. On a regional scale, the
Chukchi and Bering Seas continue to exhibit larger warming trends in August than the Arctic-wide
August mean, with the Chukchi Sea mean SSTs in August 2019 being the second highest on record.

Increased ocean temperatures and reduced sea ice in the Bering Sea are leading to shifts in fish
distributions within some of the most valuable fisheries in the world. On the Bering Sea shelf, the
summer distribution of fishes living on the seafloor is closely tied to the extent of the cold pool
(bottom water temperatures < 2°C), which forms during autumn freeze-up when cold dense water
sinks to the seafloor where it persists throughout the following summer. As this cold pool was
considerably reduced during summers 2018 and 2019 in association with the record low winter sea
ice coverage, southern fish species expanded northward. As a result, larger and more abundant
boreal (southern Bering Sea) species, as opposed to smaller and less abundant Arctic species,
dominated a large portion of the shelf in 2018 and 2019. These shifts in populations present chal-
lenges for the management of commercial and subsistence fisheries alike, while illuminating the
potential for further cascading changes to the ecosystem.

On land, the increasing SATs are causing a decrease in the extent of the Arctic spring snow
cover, an increase in the overall amount of Arctic vegetation, and the warming and thawing of
perennially-frozen ground, known as permafrost. These components of the Arctic environment
interconnect to influence hydrology, surface stability, wildlife, infrastructure, and the livelihoods
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of Indigenous Peoples. Permafrost thaw also promotes the release of carbon dioxide and methane
from soils to the atmosphere through the microbial conversion of permafrost carbon that has
accumulated over hundreds to thousands of years. New evidence suggests that the increasing
release of these sequestered greenhouse gases may be shifting permafrost soils from being a net
carbon sink to being a net carbon source, thereby further accelerating global climate warming.

Land-based ice across the Arctic is similarly responding to the persistent rise of SATs. Melt
across the Greenland ice sheet (GrIS) is contributing to global average sea level rise at a current
rate of about 0.7 mm yr~'. During the 2019 melt season, the extent and magnitude of ice loss over
the GrIS rivaled 2012, the previous year of record ice loss. Observations from 2018 and 2019 reveal
a continuing trend of significant ice loss from glaciers and ice caps across the Arctic, especially
in Alaska and Arctic Canada. The Arctic-wide mass loss from glaciers and ice caps outside of
Greenland is estimated to contribute approximately 0.4 mm yr ' to global sea level rise, which, if
normalized by area, represents more melt water per area than the GrIS.

Long-term observing in the Arctic has revealed a region undergoing sustained and often rapid
change. Yet, throughout this chapter, observations are also often marked by regional differences
(e.g., continental-scale differences in snow cover and terrestrial greening), indicating a complex
and variable system, tied in part to its global connections via the ocean and atmosphere. The
Arctic plays a critical role in regulating global climate, primarily through the reflective properties
of sea ice, land ice, and snow. As these features diminish in extent, the Arctic will increasingly
exert its influence on the rest of Earth in other ways, too. Through global sea level rise, the re-
lease of permafrost carbon, and its role in steering global weather patterns, the Arctic is vitally
connected to people worldwide.

(This chapter includes a focus on glaciers and ice caps outside Greenland, section f, which
alternates yearly with a section on Arctic river discharge, as the scales of regular observation for
both of these climate components are best suited for reporting every two years.)

b. Surface air temperature—)J. E. Overland, T. J. Ballinger, E. Hanna, I. Hanssen-Bauer, S.-J. Kim, J. E. Walsh,

M. Wang, U. S. Bhatt, and R. L. Thoman

Arctic surface air temperature (SAT) is a leading indicator of global climate change. Although
there are year-to-year and regional differences in SATs that are driven by natural variability, the
magnitude, persistence, and Arctic-wide patterns of recent temperature increases are indicators
of global climate warming due to increasing concentrations of atmospheric greenhouse gases
(Overland 2009; Notz and Stroeve 2016). Increasing atmospheric temperatures also act as a driver
of Arctic changes in the ocean and on land. For instance, a linear relationship between global
temperature change and Arctic sea ice cover decline (section 5d) suggests a direct climate forcing
(Mahlstein and Knutti 2012). Similarly, tundra greening (section 5i), especially along coastlines,
and glacier mass loss (sections 5e,f) are also results of air temperature increases (Box et al. 2019).

Highlights from 2019 include a mean annual SAT over Arctic land that was the second highest
in the observational record (1900—present). On the regional scale, Alaska experienced higher-
than-normal air temperatures throughout the year, especially in winter, that were associated
with unusual southerly winds and a lack of sea ice in the Bering Sea (section 5d). West Greenland
experienced especially warm localized air temperatures during spring and summer, which sup-
ported extensive ice sheet melt events (section 5e) and early regional snow melt. In autumn, a major
northward jet stream displacement resulted in extreme high temperatures in northern Greenland.

1) Mean annual land surface air temperature

At +1.7°C, the mean annual SAT anomaly for January—December 2019 for land weather stations north
of 60°N, relative to the 1981-2010 mean, is the second-highest value after 2016 in the observational
record starting in 1900. Since the mid-1980s, Arctic warming has consistently outpaced global mean
temperature increases, leading to an Arctic that has now warmed more than twice as much as the
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Fig. 5.1. Arctic (land stations north of 60°N; blue line) and global (red line) mean annual land SAT anomalies (in °C) for the
period 1900-2019 relative to the 1981-2010 mean value. Note that there were few stations in the Arctic, particularly in
northern Canada, before 1940. (Source: CRUTEM4 dataset.)

globe—a phenomenon known as Arctic amplification (Fig. 5.1). While there is currently no consensus
on the relative importance of several factors contributing to Arctic amplification, mechanisms include:
reduced summer albedo due to sea ice and snow cover loss (Pithan and Mauritsen 2014); the increase
of water vapor and clouds in the Arctic atmosphere (Dufour et al. 2016; Kim et al. 2017); lapse-rate feed-
back (decreases in tropospheric temperature with height [Stuecker et al. 2018]); ocean heat transport
(Langenbrunner 2020); and decreased air pollution (Acosta Navarro et al. 2016).

2) Air temperature variation

Seasonal air temperature variations during 2019 are divided into winter (January, February,
March [JFM]); spring (April, May, June [AM]]); summer (July, August, September [JAS]); and au-
tumn (October, November, December [OND])
(Fig. 5.2). These SAT divisions are chosen to
coincide with the seasonal cycles of key Arctic
variables. For instance, the summer sea ice
minimum extent occurs in September and
autumn cooling continues through December.

Winter 2019 (JFM). A major Arctic warm-
ing event in winter (Fig. 5.2a) was observed in
Alaska and its adjacent seas, where monthly
temperature anomalies reached more than 6°C
above normal. Over the Bering Sea, this event
was similar, yet even warmer than the event
observed in winter 2018, and contributed to low
sea ice extent and ecological impacts to fisher-
ies (Sidebar 5.1) and marine mammals (Richter-
Menge et al. 2019). In both cases, this pattern of
SAT was supported by the displacement of the
stratospheric polar vortex to over North Amer-
ica (Fig. 5.3b). March was exceptionally warm
over much of Alaska, the Yukon, and western

Northwest Territories, where most places set % =5 =i =5 = =8 T 2 8 4 % @
all-time record high monthly means, in some Anomaly (°C)
cases 3°C higher than any previous March. Fig. 5.2. Seasonal anomaly patterns during 2019 for near-SAT

In February and March 2019 (Fig 5.3a), as (in °C) relative to the baseline period 1981-2010 in (a) winter,
. . . ’ (b) spring, (c) summer, and (d) autumn. Temperature anoma-
in winter 2018, strong, warm winds from the . .

. lies are from slightly above the surface layer (at 925 hPa
south over the Bering Sea greatly delayed sea level) to emphasize large spatial patterns rather than local

ice advances (section 5d) and moved warm air  features. (Source: NCAR/NCEP reanalysis via NOAA/ESRL.)
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Fig. 5.3. The geopotential height pattern (m) (a), (c),
(d) at 700 hPa and (b) 100 hPa for selected 2019 time
periods that also reflect Arctic-wide wind patterns.
The 700-hPa geopotential height field is used to char-
acterize atmospheric wind circulation about a third of
the way up in the troposphere; winds tend to follow
the contours of geopotential heights anticlockwise
around low values. (a) Feb-Mar 2019 and (b) the
polar vortex at 100 hPa in Feb—Mar 2019, which sup-
ported the winter wind pattern shown in Fig. 5.3a.
(c) May-Aug geopotential height at 700 hPa. There
is a low geopotential height center and cyclonic flow
near the Kara Sea and Canadian Arctic Archipelago
and high geopotential heights and anticyclonic winds
over Greenland, which acted in tandem to trans-
port warm air from lower latitudes into the central
Arctic. The persistent ridges over the Pacific Arctic
and Greenland caused southerly winds and warm air
temperatures over Alaska and the southern Yukon
Territory and over areas to the north and west of
Greenland, respectively. (d) Rare displacement of
the jet stream over the Canadian Arctic Archipelago
and Baffin Bay in Oct-Dec 2019 led to extremely high
northern Greenland temperatures. (Source: NCAR/
NCEP reanalysis via NOAA/ESRL.)

northward along the date line into the central Arctic. The lower-level atmospheric wind pattern
(Fig. 5.3a) was connected to patterns higher in the atmosphere (i.e., the polar vortex; Fig. 5.3b)
that contributed to the persistence of the wind pattern over Alaska and the rest of North America.

Spring 2019 (AM]). Spring (Fig. 5.2b) showed warm temperature anomalies, especially in the
East Siberian Sea extending into the central Arctic where temperatures were 5°C above average
and were associated with offshore winds, as also seen during 2017 and 2018. In April, record high
temperatures occurred at several sites in Scandinavia and in many parts of Iceland. Localized
extreme temperatures off the west coast of Greenland triggered an early and extensive snow melt
season (sections 5e,g). Stations along the Greenland coast, especially the west and northwest
coasts, had near-record high temperature maxima of ~22°C in June due to localized southerly
winds (Fig. 5.3c). Similar high temperatures continued into the summer.

Summer 2019 (JAS). Unlike summers 2016, 2017, and 2018, summer 2019 returned to the
relatively warm conditions observed in much of the previous decade (Fig. 5.2c). Low surface pres-
sures, particularly over the Canadian Archipelago and Kara Sea, combined with high pressure
over Greenland to advect warm, southerly air into the central Arctic, causing early summer melt-
ing (section 5d). June and especially July were very warm over much of Alaska and the southern
Yukon (+4°C anomalies). At Anchorage, all three months were the warmest on record over the
last 69 years, caused by a persistent ridge of high pressure and southerly winds over the Pacific
Arctic (Fig. 5.3c). Similarly, July was the warmest month on record in Reykjavik, Iceland, since
records began there in 1871 (Trausti Jonsson, Icelandic Met. Office, personal communication).

Autumn 2019 (OND). Positive temperature anomalies stretched across the central Arctic with
the largest temperature anomalies (+3°C) in the Chukchi Sea and north Greenland (Fig. 5.2d). Like
autumn 2017 and 2018, the sustained warming pattern in the Chukchi Sea during 2019 was as-
sociated with a delayed autumn sea ice freeze-up (section 5d). During autumn 2019, the Northern
Hemisphere jet stream pattern was relatively zonal and well to the south of Arctic regions, with
strong westerly winds over North America and Europe and little penetration of Arctic air toward
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the south. The exception was the location of low 700-hPa geopotential heights displaced from the
North Pole to northern Canada, centered in the Canadian Arctic Archipelago, which created the
strongest high-pressure Greenland blocking episode (above-average mid-tropospheric geopotential
heights and anticyclonic winds over Greenland) in October since 2006 (Fig. 5.3d). This blocking
pattern led to southerly winds advecting relatively warm air to northern Greenland, resulting in
the observed large temperature anomalies.

c. Sea surface temperature—M.-L. Timmermans, Z. Labe, and C. Ladd

Summer sea surface temperatures (SSTs) in the Arctic Ocean are driven mainly by the amount of
incoming solar radiation absorbed by the sea surface. Solar warming of the Arctic surface ocean is
influenced by the distribution of sea ice (with greater warming occurring in ice-free regions), cloud
cover, ocean optical properties, and upper-ocean stratification. In the Barents and Chukchi Seas,
there is an additional source of ocean heat contributed by the advection of warm water from the
North Atlantic and North Pacific Oceans, respectively. Arctic SSTs are an essential indicator of the
role of the ice—albedo feedback mechanism in any given summer melt season. As the area of sea ice
cover decreases (section 5d), more incoming solar radiation is absorbed by the ocean and, in turn,
the warmer ocean melts more sea ice. In addition, higher SSTs are associated with delayed autumn
freeze-up and increased ocean heat storage throughout the year. Marine ecosystems are influenced
by SST, which affects the timing and development of primary and secondary production cycles, as
well as available habitat for upper-trophic and temperature-sensitive species.

Sea surface temperature data presented in this section are a blend of in situ and satellite mea-
surements from December 1981 to present, taken from the OISSTv2 (Reynolds et al. 2002, 2007).
Compared to purely in situ temperature measurements, the OISSTv2 product explains about 80%
of the variance, with an overall cold bias via its tendency to underestimate SST by —0.02°C (Stroh
et al. 2015). The OISSTv2 product uses a linear relationship with sea ice concentration to infer SST,
with SST constrained to —1.8°C (the freezing point of seawater with a salinity of 33 g kg™ at the sea
surface) where ice concentration is 100% (Reynolds et al. 2007). Variations in freezing temperature
as a result of variations in sea surface salinity (not accounted for in the algorithm) imply that OIS-
STv2 SSTs under sea ice can be too cool by up to 0.2°C, with the highest errors in the fresher surface
waters of the Canada Basin (see Timmermans and Proshutinsky 2015). August mean SSTs provide
the most appropriate representation of Arctic Ocean summer SSTs, because they are not affected by
the cooling and subsequent sea ice growth that typically takes place in the latter half of September.
The period 1982-2010 is used as a climatological reference mean.

August 2019 mean SSTs ranged from 8° to 9°C in the southern Chukchi and Barents Seas to
approximately 1°C in the interior Arctic Ocean near the mean sea ice edge for that month (Fig.
5.4a). Sea surface temperatures in August 2019 were consistent with sustained mean August SST

Fig. 5.4. (a) Mean SST (°C) in Aug 2019. White
shading is the Aug 2019 mean sea ice extent, and
black contours indicate the 10°C SST isotherm. (b)
Linear SST trend (°C yr") for Aug of each year from
1982-2019. The trend is shown only for values that
are statistically significant at the 95% confidence in-
terval; the region is gray otherwise. The yellow line
indicates the median ice edge for Aug 1982-2010.
White shading is the Aug 2019 mean sea ice extent.
(Sources: SST data are from the NOAA OISSTv2; sea
ice extent and ice-edge data are from NOAA/NSIDC
Climate Data Record of Passive Microwave Sea Ice
Concentration, Version 3; Peng et al. 2013; Meier
et al. 2017.)

-0.05 0 0.05 0.1
SST Linear Trend (°C yr'™")
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Fig. 5.5. SST anomalies (°C) in (a) Aug 2019 and (b)
Aug 2018 relative to the Aug 1982-2010 mean. The
yellow line indicates the median ice edge for Aug
1982-2010 and white shading indicates the mean
sea ice extent in (a) Aug 2019 and (b) Aug 2018. The
two regions marked by black boxes relate to data
presented in Figs. 5.6 and 5.7. (Sources: SST data are
from the NOAA OISSTv2; sea ice extent and ice-edge
data are from NOAA/NSIDC Climate Data Record of
Passive Microwave Sea Ice Concentration, Version 3;
Peng et al. 2013; Meier et al. 2017.)
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Anomaly (°C)
warming trends from 1982 to 2019 over much of @ 3-
the Arctic Ocean, with statistically significant 2.

(at the 95% confidence interval) linear warming
trends of up to +1°C decade™ (Fig. 5.4b). A notable
exception was the cooling trend in the northern
Barents Sea region, discussed later.
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o

August 2019 mean SSTs were around 1°-7°C -2
higher than the 1982-2010 August mean in the g J o At 67N 003+ 001°C v
Beaufort, Chukchi, and Laptev Seas and Baf- 1982 1988 1994 2000 2006 2012 2018
fin Bay (Fig. 5.5a). The anomalously high SSTs ® - 1
in the vicinity of the August 2019 mean sea ice 2- /

edge are linked to anomalously low sea ice extent
throughout summer, which allowed for direct
solar heating of the exposed surface waters (Fig.
5.5a). Conversely, the entire Barents Sea region
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was marked by anomalously low August 2019 21 $
SSTs that were around 0.5°-2°C lower than the o] T 0'0'“0'?3“0“: E———
1982-2010 mean. Relative to August 2018, August fes2 1888 1994 2000 2006 2012 2018
2019 SSTs were up to 4°C higher in the Beaufort © 34
Sea and Baffin Bay, while SSTs were a few de- 24
grees lower in the Barents Sea in August 2019 5 1
compared to August 2018 (Fig. 5.5b). % .
The Chukchi Sea region continues to exhibit 5
larger warming trends than the Arctic mean <M
(Figs. 5.6a,b), with August 2019 mean SSTs in -2
the region being the second highest on record Ly J T2 Bemng 05 = 002Gy

(Fig. 5.6b). The Bering Sea exhibits a similar lesz 1988 1994 2000 2006 2012 2018
warming trend to the Chukchi Sea in August Fig. 5.6. Area-averaged SST anomalies (°C) for Aug of
(Fig. 5.6¢c; see Thoman et al. 2019). A marked each year (1982-2019) relative to the 1982-2010 Aug
exception to the prevalent August SST warm- mean for (a) the Arctic Ocean north of 67°N; (b) the

. . . . Chukchi Sea region shown by black box in Fig. 5.5; and
ing trends across the Arctic is the cooling trend (c) the Bering Sea domain bounded by 54°-64°N and

(-0.06 + 0.03°Cyr”) in the northern Barents Sea 180°-200°E (see Thoman et al. 2019). The dotted lines
(Fig. 5.7a). The statistically significant northern show the linear SST anomaly trends over the period
Barents Sea cooling trend is not observed in all shown. Numbers in the legends correspond to linear
months; annually-averaged northern Barents trends in °C yr™' (with 95% confidence intervals).
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Sea SSTs exhibit a warming trend, which has
been attributed to changes in Atlantic water
influence in the region (e.g., see Barton et al.
2018). August mean sea ice extent over the en-
tire Barents Sea domain has been generally
declining over 1982-2019 (Fig. 5.7b). If only
the northern Barents Sea is considered, there
has been little-to-no August sea ice for most
years in the past two decades. The interplay
between sea ice cover, solar absorption, and
lateral ocean heat transport that results in

Anomaly (°C)

i =8= Northern Barents: -0.06 + 0.03°C yr’

I ) L) 1 ) | I
1082 1988 1994 2000 2006 2012 2018

lower August SSTs in the Barents Sea region
. (b) Barents: Mean Sea Ice Extent
requires further study. Y
£ o015
& 01
Z 005
0
1982 1988 1994 2000 2006 2012 2018

Fig. 5.7. (a) Area-averaged SST anomalies (°C) for Aug of each
year (1982-2019) relative to the 1982-2010 Aug mean for the
northern Barents Sea region shown by black box in Fig. 5.5.
The dotted line shows the linear SST anomaly trend over the
period shown. Numbers in the legend indicate the statisti-
cally significant linear cooling trend in °C year™ (with 95%
confidence interval). (b) Aug sea ice extent calculated over the
entire Barents Sea domain. Sea ice extent data are from NSIDC
Sea Ice Index, Version 3 (Fetterer et al. 2017) using a regional
mask introduced by Meier et al. (2007), available at nsidc.org.

d. Sea ice—D. Perovich, W., Meier, M. Tschudi, K. Wood, S. Farrell, S. Hendricks, S. Gerland, L. Kaleschke, R. Ricker,
X. Tian-Kunze, and M. Webster

1) Sea ice extent

Sea ice is an important component of the Arctic system, because it limits the amount of absorbed
solar energy due to its high albedo, acts as a barrier between the underlying ocean and the atmo-
sphere, provides a habitat for biological activity, and serves as a platform for Indigenous community
hunting and travel. The extent of the Arctic sea ice cover varies substantially during the year, with
the end-of-winter ice cover generally being two to three times as large as that at the end of summer.
Sea ice extent has been continuously monitored by passive microwave instruments on satellite
platforms since 1979, providing a consistent long-term perspective on changing coverage over the
last four decades. The sea ice extent estimates used in this report are based on products from the
National Snow and Ice Data Center (NSIDC) Sea Ice Index (Fetterer et al. 2017), derived from NASA’s
gridded sea ice concentration fields (Cavalieri et al. 1996; Maslanik and Stroeve 1999). Other similar
products exist and, while absolute numbers vary, they all show general consistency in trends and
variability (e.g., Meier and Stewart 2019).

March and September are of particular interest in sea ice time series because Arctic sea ice maximum
and minimum extents, respectively, typically occur during these months. Figure 5.8 shows monthly
average ice extents in March and September 2019. The sea ice cover reached a winter maximum extent
0f 14.78 million km” on 13 March 2019. This tied with 2007 as the seventh-lowest maximum extent in the
41-year satellite record and was 5.9% below the 1981-2010 average. The previous four years (2015-18)
are the four lowest years in the record. From year to year, the regions with a reduced winter sea ice
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cover extent are not consistent. For example, in
March 2019, the winter maximum sea ice extent
in some marginal seas was near normal, such
as in the Sea of Okhotsk, while the Bering Sea
was 70%-80% lower than normal.

The sea ice cover reached a summer mini-
mum extent of 4.15 million km” on 18 Septem-
ber 2019. This tied with 2007 and 2016 as the
second-lowest extent of the satellite record
and was 2.04 million km? (33%) less than
the 1981-2010 average minimum ice extent.
The September minimum ice extent has not
returned to pre-2007 levels; the 13 lowest ex-
tents in the satellite record have all occurred
in the last 13 years (2007-19).

Observations of Arctic sea ice extent have
shown decreasing trends in all months and
virtually all regions (Meier et al. 2014). The
September monthly average trend for the en-
tire Arctic Ocean is now —12.9 + 2.2% decade™

Russia

Alaska

" . Greenland~

Canada

Median ice edge 1981-2010

Fig. 5.8. Average monthly sea ice extent in Mar 2019 (left)
and Sep 2019 (right) illustrate the respective monthly winter
maximum and summer minimum extents. The magenta line
indicates the median ice extents in Mar and Sep, respectively,
during the period 1981-2010. Maps are from NSIDC at http:/
nsidc.org/data/seaice_index/ (Fetterer et al. 2017).

relative to the 1981-2010 average (Fig. 5.9), statistically significant at the 99% confidence level.
Trends are smaller during March (-2.7% decade ™), but the decrease is also statistically significant.
In 2019, the seasonal reduction between the March maximum and September minimum extent
was 10.63 million km?, a change of roughly 72%. The difference between maximum and minimum
extents in the satellite record has increased in recent years.

—— Mar
—a— Sep

2) Sea ice age

Fig. 5.9. Time series of sea ice extent anomalies in Mar (the
month of maximum ice extent, in black) and Sep (the month of
minimum ice extent, in red). The anomaly value for each year is
the difference (in %) in ice extent relative to the mean values for
the period 1981-2010. The black and red dashed lines are least-
squares linear regression lines. The slopes of these lines indicate
ice losses of -2.7 = 0.4% and -12.9 + 2.2% decade™ in Mar and
Sep, respectively. Both trends are statistically significant at the
99% confidence level. (Source: NSIDC Sea Ice Index [Fetterer et
al. 2017].)

The age of sea ice is also a key descriptor of the state of the sea ice cover. It serves as an indicator for
ice physical properties including snow cover, surface roughness, optical properties, melt pond cover-
age, salinity, and thickness (Tschudi et al. 2016). Older ice tends to be thicker and thus more resilient
to changes in atmospheric and oceanic forcing compared to younger ice. The age of the ice has been
determined using satellite observations and drifting buoy records that track ice parcels over several
years (Maslanik et al. 2011). This method has been used to provide a record of the age of the ice since

the mid-1980s (Tschudi et al. 2019 a,b).

The area of the oldest ice (>4 years old) was a substantial fraction of the winter sea ice cover
within the Arctic Ocean in the mid-1980s (2.52 million km?, 33% of the ice pack in March 1985). In
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contrast, in 2019 the >4 year-old ice category made
up just a small fraction (90 000 km?, 1.2% in March
2019) of the Arctic Ocean ice pack (Fig. 5.10). First-
year ice now dominates the sea ice cover, compris-
ing ~70% of the March 2019 ice pack, compared to
approximately 35%-50% in the 1980s. Given that
older ice tends to be thicker and stronger, the seaice
cover has transformed from a strong, thick ice mass
in the 1980s to a younger, more fragile, and thinner
ice mass in recent years. The distribution of ice age
in March 2019 was generally similar to that in March
of the previous year.

3) Chukchi Sea

The Chukchi Sea has experienced particularly
large changes in sea ice coverage and is a represen-
tative example of extreme sea ice conditions in the
Arctic. The September 2019 Arctic sea ice minimum
extent was characterized by profound sea ice loss
in the Chukchi Sea (Fig. 5.11), due to multiple fac-
tors. First, the Bering Sea had extremely low ice
cover for much of the winter 2019 (see Sidebar 5.1),
which may have acted as a precursor to the sum-
mer Chukchi Sea conditions. In spring 2019, melt
onset across the Chukchi Sea occurred 20-35 days
earlier than the 1981-2010 average. Sea ice began
a rapid and accelerating retreat from the south in
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Fig. 5.10. Late winter sea ice age coverage map for the
week of (a) 12-18 Mar 1985 (b) and 12-18 Mar 2019 (c)
Sea ice age percentage within the Arctic Ocean region
(purple shaded region in inset image) for the week of
12-18 Mar 1985 and 2019. (Source: NSIDC [Tschudi et
al. 2019a,b].)

early May, leading to a record low sea ice extent in the Chukchi Sea that lasted until early August,
with negative sea ice concentration anomalies of 50%. A combination of anomalously warm air
temperatures (1°-5°C above the 1981-2010 average) and southerly winds promoted this precipitous
loss of ice (section 5b). As the sea ice retreated northward, exposed open water areas warmed,
leading to anomalous SSTs in summer 2019 greater than 5°C above average (section 5c).

The dearth of sea ice continued into the autumn season, accompanied by anomalously warm air
temperatures of 4° to 5°C above the 1981-2010 average during October and November 2019 (section 5b).
The warm air temperatures were partly due to very warm ocean waters, with SSTs remaining at 5°C or
more above average in the Chukchi Sea well into November. The Chukchi Sea did not fully freeze over
until 24 December, about a month later than average, with only 2007 and 2016 showing similarly late
freeze-up dates since modern satellite observations began in 1979.
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Fig. 5.11. Time series of 2019 sea ice extent in the Chukchi Sea
(see inset) through 12 Nov (red line) compared to the previous
year (2018; yellow line); the record minimum year (2012, blue
line), and the climatological median (1981-2010; black line),
derived from satellite passive-microwave data. The gray shaded
areas show the maximum range of variability of sea ice extent
for the first decade of the satellite era (1979-88) and the most
recent decade (2008-17), illustrating the long-term change in
sea ice extent over the entire period since 1979. (Source: NSIDC
Sea Ice Index, version 3 [Fetterer et al. 2017].)

Unauthenticated | Down?daggloEoe‘/Bg/ﬂ %8:2(§;l§3JTC



sIDEBAR 5.1: Shifting fish distributions in the Bering Sea—J. M. MARSH, F. J. MUETER,

J. . THORSON, L. BRITT, AND S. ZADOR

The eastern Bering Sea is a highly productive ecosystem that
supports many subsistence and commercial fisheries. These
commercial fisheries are some of the most valuable in the world,
with annual wholesale revenue exceeding $1 billion (U.S. dol-
lars; Fissel et al. 2019). To support sustainable management and
assess overall ecosystem health, yearly summer bottom-trawl
surveys in the southeastern Bering Sea have monitored the
abundance and biomass of demersal (living on the seafloor)
fishes and invertebrates since 1982 (NPFMC 2018). To study
impacts of the loss of seasonal sea ice on the Bering Sea eco-
system, the surveys were expanded in 2010 and 2017-19 to
include the northern Bering Sea, a transitional zone between
the North Pacific Ocean and the Arctic Chukchi Sea.

On the Bering Sea shelf, the summer distribution
of demersal fishes and invertebrates is tied to the
extent of the cold pool (bottom water temperatures
< 2°C). The cold pool forms during autumn freeze-up
when cold dense water sinks to the seafloor where it
persists throughout the following summer, even as
the surface waters undergo seasonal warming. The
size of the cold pool is dependent on the extent of
sea ice in the Bering Sea during the preceding winter
(Wyllie-Echeverria and Wooster 1998), and it can
serve as a thermal barrier to boreal (southern Bering

conditions by shifting their spatial distributions to track changes
in ocean temperatures (Pinsky et al. 2013). Therefore, within a
warming marine environment, boreal fish populations in the
Bering Sea are expected to expand northward into new areas
(Hollowed et al. 2013), while cold-adapted species may contract.

We compare the spatial distribution of five assemblages
(groups of co-occurring species) in the Bering Sea during the
2017-19 warm period, relative to the cooler conditions of 2010
(Fig. SB5.1). These assemblages represent three boreal fish
communities from the outer, middle, and inner shelf, a mixed
community in Norton Sound, and an Arctic community on the
northern shelf. Following a drastic reduction in the size of the

2017

i

Sea) fish expansion into the Arctic. Until recently, it
was expected that sea ice would continue to persist
throughout the winter over the shallow northern
Bering Sea and southern Chukchi Sea shelf, enabling
the formation of the cold pool (Stabeno et al. 2012).
However, latent heat in the water column from the
warm conditions of summer 2016, combined with less
sea ice formation in the 2016/17 winter (Thoman et
al. 2020), resulted in an unusually narrow cold pool
on the eastern Bering Sea shelf during summer 2017.
Sea ice extent was further reduced in the 2017/18 and

2018/19 winters with the lowest coverage on record
for February and March, respectively (<40% of aver-
age conditions; Stabeno and Bell 2019; Stabeno et al.
2019). This led to a considerable reduction (>75%) in
the size of the cold pool during the summers of 2018
and 2019 (Fig. SB5.1).

These changes in the physical environment are
expected to affect the distribution of fish and inver-
tebrate communities. In general, fish populations are
expected to remain within their preferred thermal

AUGUST 2020 | State of the Climate in 2019

BAMS

170°W  165°W  160°W 175°W  170°W  165°W  160°W

Fig. SB5.1. Distribution of major species assemblages identified in the
eastern Bering Sea during the summers of 2010, 2017, 2018, and 2019,
including three boreal assemblages on the southern inner shelf (red),
middle shelf (orange), and outer shelf/slope region (yellow), as well
as a mixed Norton Sound (light blue) and an Arctic/northern shelf
assemblage (dark blue). See Thorson et al. (2019) for a description
of clustering methods used on catch-per-unit-effort (kg ha™) of 44
common species caught in 1983 hauls. The contour (black) denotes
the 2°C isotherm of bottom water temperature, which marks the
boundary of the cold pool.
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cold pool in 2018 and 2019, the middle-shelf (boreal) assem-
blage expanded northward while the northern shelf (Arctic)
assemblage retracted. At the same time, the inner shelf and
Norton Sound assemblages expanded offshore in 2018 and
2019, coinciding with warmer coastal water temperatures,
particularly in 2019. These community-level shifts, which reflect
changes in the distribution of individual species, result in a large
portion of the shelf transitioning from an Arctic community,
dominated by relatively smaller and less abundant species
(e.g., Arctic cod; Boregadus saida), to a community dominated
by larger and more abundant boreal species (e.g., Pacific cod;
Gadus macrocephalus).

Changing distributions are also illustrated by mapping the
density (biomass per unit area) of four individual gadid (cod
family) species in the Bering Sea (Fig. SB5.2). We selected
two boreal species that support high-value commercial fisher-
ies, walleye pollock (Gadus chalcogrammus) and Pacific cod,
and two smaller gadids, Arctic cod and saffron cod (Eleginus
gracilis), which are key indicator species for the northern shelf
(Arctic) and Norton Sound assemblages, respectively. Both
walleye pollock and Pacific cod shifted northward between
bottom-trawl surveys conducted in 2010 and repeated in 2017,
2018, and 2019. Hotspots of increased density in the later
years are apparent for Pacific cod south of St. Lawrence Island
(63°N, 170°W) and for pollock south of the Bering Strait (64°N,
172°W). The locations of these hotspots on the northern Bering
Sea shelf have contributed to a rapid northward shift in the
center of population for these commercially important species
(Stevenson and Lauth 2019). These results also show that the
areas with the greatest changes vary from species to species,
and that northward shifts in boreal species can occur even
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while their densities remain high within the southern portion of
their range. A similar “borealization” of the fish community has
occurred in the Barents Sea, as increasing water temperatures
and retreating ice cover have opened new feeding habitats for
Atlantic cod (Gadus morhua) and haddock (Melanogrammus
aeglefinus), two commercially important cod species (Fossheim
et al. 2015; Thorson et al. 2019).

Compared to these boreal species, Arctic taxa tend to be
more sensitive to habitat changes. Arctic cod in particular can
serve as a sentinel species that responds quickly to changes
in water temperature and sea ice extent (Alabia et al. 2018;
Marsh and Mueter 2019). Correspondingly, we saw roughly
92% and 78% reductions in the area occupied by Arctic cod
when comparing 2010 to 2018 and 2019, respectively (Figs.
SB5.2i—I), while saffron cod, an indicator for the Norton Sound
assemblage, has expanded westward and southward along the
coast (Figs. SB5.2m—p).

The expansion of nearshore “Norton Sound” and southern
shelf species into the northern Bering Sea is likely to have
profound effects from predation on the benthic ecology of the
northern Bering Sea—effects that are yet undocumented. The
observed high densities of fish in the Bering Strait suggest that
boreal species may shift their summer feeding migrations into
the Chukchi Sea, which has also seen large decreases in summer
and autumn sea ice extent (section 5d). Such potential move-
ment northward into the Chukchi Sea highlights the need for
additional fisheries surveys north of the Bering Strait, as well
as continued surveys in the Bering Strait region and a synthesis
of data from both the United States and Russian waters. In this
report, we have presented only a limited four years of survey
data from the U.S. Bering Sea.
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Fig. SB5.2. Density estimates (kg km™, log-scale) for four gadids (cod family) on the eastern and northern
Bering Sea shelf in 2010 and 2017-19, the only years with standardized bottom-trawl survey data for the
northern Bering Sea. The highest densities for each species are depicted in yellow, intermediate in green,
and the lowest are blue. Estimates are generated using a spatio-temporal delta-model (Thorson 2019 using
methods in Thorson et al. 2019).
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e. Greenland ice sheet—T. A. Moon, M. Tedesco, J. K. Andersen, J. E. Box, J. Cappelen, R. S. Fausto, X. Fettweis,
B. Loomis, K. D. Mankoff, T. Mote, C. H. Reijmer, C. J. P. P. Smeets, D. van As, R. S. W. van de Wal, and @. Winton
The Greenland ice sheet (GrIS) sits atop the largest island in the world and contains the equiva-

lent of 7.4 m of global mean sea level rise (Morlighem et al. 2017). While the GrIS was likely in

balance (i.e., ice mass gain was balancing ice mass loss) during the 1970s, 1980s, and early 1990s,
it began to lose mass in earnest in the mid- to late-1990s (Mouginot et al. 2019). As Greenland
loses ice, cold, fresh meltwater is added to the ocean, which increases sea levels and also impacts

ocean properties and circulation (e.g., Luo et al. 2016); alters nutrient and sediment fluxes (e.g.,

Cape et al. 2018; Overeem et al. 2017); and influences local ecosystems (e.g., Hopwood et al. 2018).

Observations of the GrIS over the “balance year” of accumulation and loss, from September 2018

through August 2019, reveal another year of dramatic ice melt. The extent and magnitude of ice

loss in 2019 rivaled 2012, the previous record year of ice loss.

1) Surface air temperatures, surface mass balance, and albedo

During September 2018—-August 2019, overall high air temperatures, low snow accumulation,
extensive ice melt, and low surface albedo led to strong deficits in ice sheet surface mass balance.
Measurements at 20 Danish Meteorological Institute (DMI) Program for Monitoring of the Greenland
Ice Sheet (PROMICE) weather stations near the ice sheet periphery indicated widespread above- or
near-average air temperatures during winter 2018/19 (December—February, DJF), spring 2019 (March-
May, MAM), and summer 2019 (June—August, JJA) (Cappelen 2020). At Summit Station, located in
the high-elevation ice cap interior (elevation 3162 m), autumn 2018 and winter 2018/19 were colder
than average, while spring and summer 2019 were warmer than average.

Roughly 95% of the GrIS surface experienced melting at some point during the 2019 melt season,
which is significantly greater than the 1981-2010 average melt extent of ~64%. While the maximum
daily extent of ice sheet surface melt in 2019 only reached 60.3% on 31 July (Fig. 5.12a), compared
to 90% in 2012 on 11 July, the cumulative 2019 summer melt extent matched the 2012 values (the
previous record melt year). Satellite-derived observations indicate that surface melt in 2019 started
in mid-April, six to eight weeks before the long-term average (1981-2010 average). Similar conditions
occurred in 2012, when melting started as early as the beginning of April. Except for a small area in
the southeast, melt duration in 2019 also exceeded the 1981-2010 mean across the ice sheet ablation
zone, the area of net surface ice loss around the ice sheet periphery (Fig. 5.12b).

(b)
(@)

100

= == = 1981-2010 Median
e 2012
s 2019
Interdecile Range
Interquartile Range

80

Melt Extent (%)

Apr May Jun Jul Aug Sep Oct 50 40 30 20 <10 0 10 20 30 40 50
Melt Anomaly (Days)

Fig. 5.12. (a) Surface melt area as a percentage of the ice sheet area during 2019 (solid red) and 2012 (solid purple). Also
shown are the 1981-2010 median (dashed blue) and interdecile and interquartile ranges (shaded). (b) Summer 2019 melt
anomaly (in number of melting days) with respect to the 1981-2010 period. (Source: Observations derived from brightness
temperatures measured by the SSMIS passive microwave radiometer [e.g., Mote 2007; Tedesco et al. 2013].)
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Fig. 5.13. (a) Net ablation in 2019 measured by PROMICE weather stations along the GrlS margin, following
van As et al. (2016; https:/www.promice.dk/). Circle size represents the ablation in meters of ice equivalent (m),
and color represents anomaly value (%). White circles indicate anomaly values not exceeding methodological and
measurement uncertainty. (b) 2019 Greenland surface mass balance anomaly (mm w.e. yr-') simulated by MARv3.10.
(c) Surface mass balance anomaly (Gt yr-1) for Sep-Aug balance year using MARv3.10 forced by the reanalysis NCEP-
NCARv1 climate data during 1948-2019. All plots are relative to 1981-2010 reference period.

Observations from the DMI-PROMICE ablation area weather stations provide additional evidence
of the high degree of surface melt during 2019 (Fausto and van As 2019). The 2019 net ice ablation
exceeded the 2008-19 PROMICE average at all 18 sites, as well as the 1981-2010 average; melting
was particularly notable in the southwest (+79 + 20%), northwest (+164 + 49%), and northeast
(+70 = 30%) (Fig. 5.13a).

Surface mass balance simulations from the Modéle Atmosphérique Régionale (MAR; Fettweis
2007) show that the September 2018—August 2019 total surface mass balance was the lowest since
1948, with a normalized anomaly of -3.2 with respect to the 1981-2010 mean. The normalized
anomaly is the anomaly divided by the 1981-2010 interannual variability (Figs. 5.13b,c), gauged
here by the standard deviation, and is considered statistically significant for values > +2 or < -2
(i.e., more than two times the interannual variability). Low surface mass balance is mainly due to
lower accumulation than average (normalized anomaly of —0.8) and significantly higher surface
melt than normal (normalized anomaly of +3.0; the second record high after 2012; Tedesco and
Fettweis 2019).

Surface albedo, which is the fraction of incident sunlight reflected by a surface, is estimated
from spaceborne Moderate Resolution Imaging Spectroradiometer (MODIS) measurements (after
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Box et al. 2017). The surface albedo in JJA 2019 averaged 77.7% over Greenland land ice, the second
lowest in the 20-year record (2000-19) after 2012 (76%). Especially low albedo along the western
and northern ice sheet margins is consistent with the thin snow cover and significant early melt
in 2019. The 2000-19 trend for summer broadband albedo from MODIS is -1.0% = 1.0 per yeatr,
although this is insignificant at the 5% level.

During JJA 2019, a mean normalized North Atlantic Oscillation (NAO) index value of —1.8 sug-
gests a dominance of anticyclonic atmospheric circulation, which favored (1) dry, sunny condi-
tions over the south and central part of the ice sheet, enhancing the surface melt-albedo feedback
(Tedesco and Fettweis 2019); and (2) advection of warm and moist air masses through the Baffin
Sea toward the northern ice sheet. The MAR regional climate simulations suggest a record loss in
the surface mass balance in 2019, although meltwater runoff was lower in 2019 than 2012 (Figs.
5.13b,c; section 5b). Exceptional northern melt was driven by anomalously high longwave down-
ward radiation due to clouds, while exceptional southern and central melt was a consequence of
lower albedo and higher solar incoming radiation due to reduced cloudiness (normalized anomaly
for JJA solar radiation was +3.0, which is statistically significant).

2) Glacier retreat and ice discharge

Along with losing ice mass via surface melt, Greenland also loses mass through the direct
discharge or loss (calving) of solid ice (icebergs) into the ocean from marine-terminating glaciers.
PROMICE estimates for the GrIS indicate that 2019 solid ice discharge averaged 498 + 50 Gt yr’,
~4% above the 1986-2010 average of 480 + 48 Gt yr''. The discharge from most regions has been
approximately steady or declining for the past decade, pointing to mass balance associated with
surface melting as the major source for increasing ice loss (Figs. 5.14a,c). The largest discharge
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Fig. 5.14. (a) Time series of ice discharge (Gt yr™') from the GrIS to the ocean via calving. Dots represent when observa-
tions occurred. Gray bars show +10% uncertainty range. (b) Cumulative annual net glacier area change (km?) at 47 major
marine-terminating glaciers of the GrlS ice sheet from 1999/2000 to 2018/19, measured using Sentinel-2, LANDSAT, and
ASTER satellite optical imagery (after Andersen et al. 2019). (c) GrlS map indicating the regions used for (a) with red
dashed border zones and red labels for the southeast (SE), southwest (SW), central west (CW), northwest (NW), north
(NO), northeast (NE), and central east (CE), and the 47 glaciers used for (b) with black dots and labels.
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is from the southeast, which discharged a high of 164 + 19 Gt in 2004, dropped to 145 + 18 Gt in
2016, and then increased to 158 + 18 Gt in 2019. The northwest exhibited a relatively persistent
increase in discharge from the 1990s through 2016, with a slight decrease during 2017-19. The
1998 discharge was ~89 Gt yr' compared to a 2019 discharge of 115 Gt yr (23% increase). The
discharge in the central west, which is dominated by Sermeq Kujalleq (Jakobshavn Isbrae), has
seen an almost 20% decrease over the past two years.

Satellite-derived measurements of annual advance or retreat at 47 marine-terminating glaciers
since 1999 (Figs. 5.14b,c) indicate that the 2018/19 average net area change was a loss of 87.2 + 1.7
km’ (i.e., glacier retreat) with a cumulative net area loss of 2125.6 + 42.5 km’. The 2018/19 area loss
is a slight uptick over year-to-year changes

during 2013-18.
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3) Total mass balance

NASA’s Gravity Recovery and Climate Ex-
periment (GRACE; 2002-17) and GRACE-Fol-
low-On (FO; 2018—present) satellite missions
have revolutionized our ability to monitor
ice loss by providing monthly estimates of
total ice sheet mass (surface mass balance
plus solid ice discharge). The GRACE-FO mis-
sion was launched on 22 May 2018, creating
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May 2018. The total ice mass loss trend for the Flg 5.15. Gravity-derived estimates (blue dots with yEIIOW
GRACE period (April 2002-June 2017) is —282 circles) of total mass change (Gt) of the GrIS between Apr 2002

+ 14 Gt yr' (Fig. 5.15). The updated mass loss

and Dec 2019 determined from GRACE (2002-17) and GRACE-
FO (2018-19) JPL RLO6 Level 2 solutions (using techniques from

trend for the combined GRACE and GRACE-FO  \yj3pyy et al. (1998); 2-std. dev. model fit uncertainties reported),
period (April 2002-December 2019) is -269 =+  with linear interpolation (blue dots). The following corrections
19 Gt yr'', indicating continuing substantial  have been applied: Geocenter (Technical Note 13); C20 and C30
ice loss equal to roughly 0.7 mm yr of global (Technical Note 14); glacial isostatic adjustment (ICE-6G_D).

average sea level rise. While there are no

GRACE measurements prior to 2002, a recent

study of Greenland mass loss during 1972-2000 (Mouginot et al. 2019) suggests that decadal mass
change rates during this time ranged from +47 + 21 Gt yr' (mass gain) during 1972-80 to 51 +
17 Gt yr'' (mass loss) during 1980-90. Across all metrics, 2019 has proved to be another year of
substantial Greenland ice loss.

f. Glaciers and ice caps outside Greenland—G. J. Wolken, B. Wouters, M. Sharp, L. M. Andreassen,

E. H. Baker, D. Burgess, J. Kohler, B. Luks, and S. O'Neel

Land areas in the Arctic, outside Greenland, host numerous glaciers and ice caps. Although
their potential, longer-term contribution to sea level rise is small compared to the ice sheets of
Antarctica and Greenland, these smaller land ice masses are sensitive to changes in climate and
have been a large contributor to recent sea level rise in response to continued atmospheric warming
(Gardner et al. 2011, 2013; Jacob et al. 2012; Millan et al. 2017; Wouters et al. 2019). Observations of
glaciers and ice caps from 2018 and 2019 show regional variations in mass change and a continu-
ing trend of significant ice loss throughout the Arctic and especially in Alaska and Arctic Canada.

Glaciers gain mass by snow accumulation and lose mass through surface melt and runoff as
well as iceberg calving, where they terminate in the ocean or a lake. The annual climatic mass
balance (B,;,,) is @ widely used index that describes the state, or health, of a glacier. B, is de-
fined as the difference between the annual mass gain by snow accumulation and the annual
mass loss by surface melting and runoff. The annual mass balance is traditionally measured over
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Fig. 5.16. Arctic glaciers and ice caps (red), including ice caps in Greenland separate from the ice sheet. Yellow shading
shows the GRACE- and GRACE-FO-derived mass anomaly domains used to estimate changes in regional annual glacier
mass balance for the heavily glacierized regions of the Arctic.

a “balance year” that, in the Arctic, is often operationally defined to extend from September to
August of the following year. Positive annual mass balance values indicate a gain in mass over
the balance year, whereas negative mass balance values indicate a loss in mass. The total mass
balance is given by the mass gain by snow accumulation plus the mass losses by runoff and
iceberg calving. Of the 27 glaciers currently monitored for mass balance across the Arctic (Fig.
5.16), only three (Kongsvegen, Hansbreen, and Devon Ice Cap) are tidewater glaciers, which lose
mass by iceberg calving into the ocean.

In this section, we report on B, , measurements for the mass balance year 2018/19 from 10 of the
27 monitored Arctic glaciers (three in Alaska, four in Svalbard, two in Norway, and one in Arctic
Canada). The limited data availability of measurements for 2018/19 is due to latency in seasonal
measurements at some glaciers and because some of these data are still provisional. To provide
a more complete picture, we also report on 25 glaciers for the mass balance year 2017/18 (World
Glacier Monitoring Service [WGMS] 2017; Kjgllmoen et al. 2019), building on observations for the
mass balance years 2015/16 and 2016/17, which were reported the last time this section appeared,
in State of the Climate in 2017 (Sharp et al. 2018). For the Arctic as a whole, the mean B_. _ values
for 2017/18 and 2018/19 were negative, indicating overall mass loss.

In 2017/18, 16 of the 25 glaciers (64%) registered negative balances (in Alaska, Svalbard, and
northern Scandinavia) and nine (36%) registered positive balances (in Arctic Canada and Iceland).
Relative to the long-term (1985-2015) mean values of B, 12 of the 25 were more negative and
13 were more positive than the mean. The B, values reported for glaciers in 2018/19 (Alaska,
Svalbard, Norway, and Arctic Canada) were all more negative than the long-term mean, with mass

clim
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balance data from Alaska showing extremely
negative values. This was the seventh con-
secutive year of strongly negative anomalies
in the Alaska region. The positive anomalies
observed for the nine individual glaciers dur-
ing 2017/18 contrast with the mainly negative
annual mass balance anomalies that have
driven the current trend of continued mass
loss observed throughout the Arctic since
the mid-1950s (Fig. 5.17). With the exception
of the Svalbard region (where there has been
no obvious recent acceleration of mass loss
rates), rapid mass loss across the five regions
generally began during the 1990s (van Pelt et
al. 2019; Zemp et al. 2019).

Air temperature exerts a strong control on
surface mass balance in the Arctic. Positive
balance anomalies in Arctic Canada and Ice-
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Fig. 5.17. Cumulative B, in meters of water equivalent (m
w.e.) for monitored glaciers in five regions of the Arctic and
for the Arctic as a whole (Pan-Arctic). Mean balances are
calculated for glaciers monitored in each region in each year
and these means are summed over the period of record.

Note that monitoring periods vary between regions and
that the number and identity of glaciers monitored in a
given region may vary between years. (Source: WGMS 2017.)

land during 2017/18 were likely influenced by
frequent low-pressure systems in the central
Arctic generating persistent cloud cover that
reduced solar heating during summer (Overland et al. 2019). The negative balances of glaciers in
Alaska, northern Scandinavia, and Svalbard in 2017/18 were most likely linked to melt increases
caused by positive air temperature anomalies during autumn from the surface to 850 hPa, relative
to the 1981-2010 climatology (data from NCEP-NCAR Reanalysis; Overland et al. 2019). Negative
balance values reported for glaciers in Alaska, Arctic Canada, and Svalbard in 2018/19 were also
associated with anomalously high air temperatures at 850 hPa and persistent ridges of high pres-
sure over Arctic Russia, Arctic Canada, and Alaska. Strongly positive air temperature anomalies
(2.5°-3.5°C at 1000-850 hPa) in 2018/19, associated with southerly winds and warm air (section
5b), produced the most negative mass balance year on record for the combined Alaska glaciers. For
example, the 2019 average summer air temperature at Wolverine Glacier in south-central Alaska
was 11.1°C, marking the hottest summer in the 52-year record and 3.2°C higher than the 1981-2010
climatological mean (Fig. 5.18). Over the period of record at Wolverine Glacier (1967-2019), mean
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Fig. 5.18. Summer air temperatures at Wolverine Glacier, Alaska, from 1967 to 2019, at 990-m a.s.l. The summer season is
defined as Jun, Jul, and Aug following Bieniek (2017). (a) Distribution of mean summer temperatures, shown with a his-
togram (bar plot) and kernel density estimate (smoothed curve). Small vertical lines show each individual year’'s summer
temperature. Summer 2019 is labeled for emphasis. (b) Time series of mean summer temperature, with the 10 warmest
years shown as red dots and the 10 coldest years shown as blue dots. An ordinary least squares trend line is fit through
all data and is shown in purple (p < 0.02 for Kendall-tau trend test). Light purple shading indicates uncertainty.

AUGUST 2020 | State of the Climate in 2019 BAMS

Unauthenticated | Down?daggloEoe‘/Bg/y %8:2&2!92”0



o
1

summer temperatures have increased 1°C, at
a rate of 0.02°C yr' (p < 0.02 for Kendall-tau
trend test; O’Neel et al. 2019).

Time series of cumulative regional mass
anomalies, derived using GRACE (2002-17)
and GRACE-FO (2018—present) satellite gra-
vimetry (see also section 5e), can be used to
estimate changes in regional annual glacier
mass balance for the heavily glacierized .
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dominated largely by ice mass loss from  ¢5,2902-19 (Gt), derived using GRACE and GRACE-FO satellite
Alaska and Arctic Canada (Fig. 5.19). The es-  gravimetry. A measurement gap exists between the GRACE
timated mass loss trends during this period and GRACE-FO missions from Jul 2017 to May 2018 through

for five regions in the Arctic are: -66 + 10 Gt ~ which linear interpolation is applied.

yr' (Alaska); —63 + 8.2 Gt yr ' (Arctic Canada);

-9 + 1.8 Gt yr' (Iceland); —14 + 3.2 Gt yr' (Arctic Russia); and -12 + 0.6 Gt yr' (Svalbard), with
estimated uncertainties (at 2 std. dev.) including corrections for glacial isostatic adjustment and
terrestrial hydrology. The Arctic-wide estimate for mass loss from glaciers and ice caps outside
of Greenland is equal to a global sea level rise contribution of approximately 0.4 mm yr. By
comparison, Greenland currently contributes about 0.7 mm yr' (section 5e). If normalized by
area, glaciers and ice caps outside Greenland are currently producing more melt per area than
Greenland itself. For the Arctic as a whole (glaciers and ice caps plus the Greenland ice sheet),
the current rate of contribution to global sea level rise is 1.1 mm yr.

g. Terrestrial snow cover—L. Mudryk, R. Brown, C. Derksen, K. Luojus, and B. Decharme

Snow covers the Arctic land surface (areas north of 60°N) for up to nine months each year, influenc-
ing the surface energy budget, ground thermal regime, and freshwater budget of the Arctic (Brown et
al. 2017). Snow also impacts terrestrial and aquatic ecosystems through interactions with vegetation,
influences on biogeochemical cycles, and effects on migration and access to forage for wildlife (Cal-
laghan et al. 2011). Pan-Arctic monitoring of snow cover extent, duration, depth, and water equivalent
provides a suite of indicators broadly relevant across physical and ecological systems. All of these
indicators exhibit negative trends over long time periods (e.g., three decades or more), albeit with
varying levels of interannual variability consistent with a strong response to increasing temperatures
(Mudryk et al. 2020).

Figure 5.20 shows May and June snow cover extent (SCE) anomalies (difference from 1981-2010
average) for the North American and Eurasian sectors of the Arctic. After two years of above- or near-
average anomalies, spring 2019 saw a return in both sectors to the below-average SCE anomalies that
were predominant over the 2005-16 time period. In particular, North American Arctic SCE anomalies
were the fifth lowest in May and third lowest in June, in the 53-year record.

Snow cover onset (Fig. 5.21a) was earlier than normal over the eastern Canadian Arctic and later
than normal over the Eurasian Arctic and Alaska, relative to the 1998-2017 average. These deviations
from the average correspond to a pattern of warm surface temperature anomalies over Eurasia and
cold anomalies over eastern Canada during September and October. Snow-off dates (Fig. 5.21b) were
near normal over most of the Eurasian Arctic. Over North America, earlier-than-usual melt occurred
in March across northwestern Canada and Alaska and in May and June over northeastern Canada
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(Baffin Island and northern Quebec). These patterns are linked to warm air advection from over
the North Pacific and North Atlantic, respectively (section 5b).

Snow depths over the 2019 spring season were near normal over Eurasia, relative to the 1999-2017
average. Over North America, unusually early and rapid snowmelt, driven by above-average tempera-
tures in March over northwestern Canada and Alaska, resulted in below-average snow depth starting
in March (Fig. 5.21c) and continuing through June (Fig. 5.21d), consistent with the shorter-than-average
spring snow cover duration (SCD) observed in the region (Fig. 5.21b). Lower-than-normal June snow
depth was also observed across Baffin Island, northern Quebec, and eastern Siberia (Fig. 5.21d).

Figure 5.22 shows a time series of April snow water equivalent (SWE) anomalies. The SWE provides
a measure of how much water is stored in solid form by the snowpack. April 2019 SWE estimates
indicate near-normal snow accumulation over the Eurasian Arctic relative to the 1981-2010 av-
erage. Lower-than-normal SWE is observed across the North American Arctic, consistent with
negative snow depth anomalies that emerged in March (Fig. 5.21c). Note that snow conditions
over the North American Arctic (north of 60°N) were in contrast to the North American midlati-
tude regions, which experienced an unusually deep March snowpack (Fig. 5.21c) and associated
longer SCD (Fig. 5.21b).

In summary, snow accumulation during the 2018/19 winter was close to normal over the Eur-
asian Arctic. Over the North American Arctic, earlier-than-normal snow melt in northwestern
Canada and Alaska resulted in below-average April SWE and below-average snow depth from
March through June. Earlier-than-normal snow melt also occurred over Baffin Island during May
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Fig. 5.21. Snow cover duration (SCD) anomaly (days, difference from 1998-2017 mean; red = shorter SCD than average;
blue = longer SCD than average) for the 2018/19 snow year’s (a) snow onset period (Aug-Jan) and (b) snow melt period
(Feb-Jul); and snow depth anomaly (%, difference from the 1999-2017 average) for (c) Mar and (d) Jun 2019. Gray circles
mark the latitude 60°N. (Source: [a,b] NOAA IMS data record [Helfrich et al. 2007; U.S. National Ice Center 2008] and [c,d]
CMC snow depth analysis [Brasnett 1999].)
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Fig. 5.22. Mean Apr snow water equivalent (SWE) anomalies
for Arctic land areas calculated for North American (black) and
Eurasian (red) sectors. Anomalies are relative to the average
for 1981-2010 and standardized (each observation differenced
from the mean and divided by the std. dev. and thus unitless).
Filled circles are used to highlight 2019 anomalies. Solid black
and red lines depict 5-year running means for North America
and Eurasia, respectively. The spread among the running means
for individual datasets is shown in shading. (Source: Suite of
four independent analyses: [1] modern atmospheric reanalysis
[MERRA-2; Reichle et al. 2017]; [2] reconstructed snow accumula-
tion driven by ERA-interim meteorology with the temperature
index model described by Brown et al. [2003]; [3] the physical
e) snowpack model Crocus [Brun et al. 2013]; and [4] the European
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for 2019 so SWE estimates for this year are calculated from only
three sources.)

and June. These anomalies over the western and eastern sectors of the North American Arctic
combined to cause the fifth- and third-lowest SCE in May and June, respectively, since 1967.

h. Terrestrial permafrost—V. E. Romanovsky, S. L. Smith, K. Isaksen, K. E. Nyland, A. L. Kholodov, N. I. Shiklomanov,

D. A. Streletskiy, L. M. Farquharson, D. S. Drozdov, G. V. Malkova, and H. H. Christiansen

Permafrost refers to Earth materials (e.g., bedrock, mineral soil, organic matter) that remain at or
below 0°C for two years or longer. Overlying the permafrost is the active layer, which thaws and refreezes
annually. Permafrost underlies extensive regions of the high-latitude landscape and can be found within
24% of the landmass in the Northern Hemisphere (NH; Brown et al. 1997). The presence of permafrost,
especially where it contains large volumes of ground ice, can play a critical role in the stability of Arctic
landscapes. Permafrost warming, active layer thickening, and ground ice melt cause changes in surface
topography, hydrology, and landscape stability, posing a major threat to Arctic infrastructure, such
as buildings, roads, pipelines, and airports, as well as ecosystem integrity (Romanovsky et al. 2017;
Bjella 2019). Changes in permafrost-laden regions also affect the rate of release of CO, and CH, to the
atmosphere, with the potential to accelerate global climate warming (see Sidebar 5.2).

Permafrost conditions respond to shifts in the surface energy balance through a combination of
interrelated changes in ground temperature and active layer thickness (ALT). Close to the surface,
ground temperatures fluctuate seasonally, while below the depth of seasonal temperature variation,
ground temperature reflects longer-term changes in climate. Monitoring sites across the Arctic have
been recording ground temperature in the upper 30 m for up to half a century (Fig. 5.23), providing
critical data on changes in permafrost stability. Observed changes in the thickness of the active layer
relate to shorter-term fluctuations in climate and are especially sensitive to changes in summer air
temperature and precipitation.
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Fig. 5.23. Location of the permafrost temperature-monitoring sites, for which data are shown in Fig. 5.24, superimposed
on average SAT anomalies during 2000-19 (with respect to the 1981-2010 mean) from the NCEP-reanalysis (Kalnay et al.
1996). Reanalysis data provided by the NOAA/ESRL Physical Sciences Division, Boulder, CO (www.esrl.noaa.gov/psd/).
Sites shown in Fig. 5.24 are: a) Barrow (Ba), West Dock (WD), KC-07 (KC), Duvany Yar (DY), Deadhorse (De), Franklin
Bluffs (FB), Galbraith Lake (GL), Happy Valley (HV), Norris Ck (No); b) College Peat (CP), Old Man (OM), Chandalar Shelf
(CS), Birch Lake (BL), Coldfoot (Co), Norman Wells (NW), Wrigley 2 (Wr), Healy (He), Gulakana (Gu), Wrigley 1 (Wr); c)
Eureka EUK4 (Eu), Alert BH2 (Al), Alert BH5 (Al), Resolute (Re), Alert BH1 (Al), Arctic Bay (AB), Pond Inlet (PI), Pangnir-
tung (Pa); d) Janssonhaugen (Ja), Bayelva (Bay), Kapp Linne 1 (KL), Urengoy #15-10 (Ur), Juvvasshge (Ju), Tarfalaryggen
(Ta), Polar Ural (ZS), Bolvansky #59 (Bo), Bolvansky #65 (Bo), Urengoy #15-06 (Ur), Bolvansky #56 (Bo), Iskoras Is-B-2
(Is). Information about these sites is available at: http:/gtnpdatabase.org/, http:/permafrost.gi.alaska.edu/sites_map,
https:/www2.gwu.edu/~calm/data/data-links.html.

1) Permafrost temperatures

Recent long-term trends in permafrost temperatures are driven mostly by long-term air tem-
perature changes (Romanovsky et al. 2017). In general, the increase in permafrost temperatures
observed since the 1980s is more significant in the relatively colder permafrost at higher latitudes,
where the largest increase in air temperature is observed (Fig. 5.23). Permafrost temperature trends
also show local variability, due to other important influences such as snow depth, density, and
timing (snow-on/snow-off date and duration; section 5g); vegetation characteristics; and soil
moisture. Observed changes in mean annual permafrost temperatures through 2019 are presented
for sites throughout the Arctic in Fig. 5.24. Table 5.1 summarizes the rate of change for each region.

In 2019, record high permafrost temperatures were observed at a majority of the observation
sites (Table 5.1). For example, in northern Alaska, temperatures in 2019 were 0.1°-0.2°C higher than
in 2018 and in the Alaskan interior, the 2019 temperature at one site (Old Man) was 0.26°C higher
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than in 2018 (Fig. 5.24b). At sites on Svalbard, a significant temperature increase in recent years
was detected down to 80-m depth (not shown), reflecting a multi-decadal permafrost warming,
with 2019 clearly the warmest year in the observational record.

Also widely observed are recent increases in the rate of permafrost warming (Fig. 5.24, Table 5.1).
For example, in the Canadian High Arctic, warming rates in the twenty-first century are almost twice
those for the entire 40-year record. It is worth noting that throughout the Arctic, the response of
permafrost with temperatures close to 0°C (i.e., warm permafrost sites) is slower than in permafrost
with lower temperatures due to latent heat effects related to melting ground ice. For instance, at cold
continuous permafrost sites in the Beaufort-Chukchi region, records of more than four decades in
northern Alaska indicate that permafrost temperatures have increased by 0.3°-0.8°C decade™ (Fig.
5.24a). Shorter records of about a decade for northwest Canada and northeastern Siberia show
cold permafrost temperatures have increased by 0.4°-0.8°C decade ™, similar to the twenty-first-
century rate for northern Alaska. On Svalbard, at the Janssonhaugen site (Fig. 5.24d), cold per-
mafrost has warmed by 0.8°C decade™ since 1998. In contrast, at sites farther south in the warm
discontinuous permafrost of interior Alaska and the central Mackenzie Valley, permafrost over
the last three to four decades has warmed at a lower rate, generally less than 0.3°C decade™ (Fig.
5.24b). Lower rates of warming are also observed at sites in the warm discontinuous permafrost
regions of Scandinavia (e.g., Iskoras) and Russia (e.g., Bovansky #56; Fig. 5.24d).
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Fig. 5.24. Time series of mean annual ground temperature (°C) at depths of 9-26 m below the surface at selected measure-
ment sites that fall roughly into priority regions of the Adaptation Actions for a Changing Arctic Project (AMAP 2015):
(a) cold continuous permafrost of NW North America and NE East Siberia (Beaufort-Chukchi region); (b) discontinuous
permafrostin Alaska and northwestern Canada; (c) cold continuous permafrost of eastern and High Arctic Canada (Baffin
Davis Strait); (d) continuous to discontinuous permafrost in Scandinavia, Svalbard, and Russia/Siberia (Barents region).
Temperatures are measured at or near the depth of zero annual amplitude where the seasonal variations of ground tem-
perature are less than 0.1°C. The locations of each borehole are shown in Fig. 5.23. Data are updated from Christiansen
et al. 2010; Romanovksy et al. 2017; Smith et al. 2019, 2018; Ednie and Smith 2015; Boike et al. 2017.
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Table 5.1. Change in mean annual ground temperature (°C decade™) for permafrost monitoring sites shown in
Fig. 5.24. For sites where measurements began prior to 2000, the rate of change for the entire available record is
provided as well as the rate for the period after 2000. The periods of records are shown in parenthesis below the
rates of change. The names of the stations with record high temperatures in 2018/19 are shown in red.
Beaufort-Chukchi Region
- +0.37
North of East Siberia Duvany Yar (DY) NA (2009-19)
Alaskan Arctic plain West Dock (WD), Deadhorse (De), +0.39 to +0.83 +0.46 to +0.72
P Franklin Bluffs (FB), Barrow (Ba) (1978-2019) (2000-19)
Northern foothills of the Brooks ~ Happy Valley (HV), Galbraith Lake +0.33 to +0.44 +0.37 to +0.48
Range, Alaska (GL) (1983-2019) (2000-19)
. . +0.6 to +0.8
Northern Mackenzie Valley Norris Ck (No), KC-07(KC) NA (2008-19)
Discontinuous Permafrost Alaska and NW Canada
Southern foothills of the Brooks  Coldfoot (Co), Chandalar Shelf (CS), +0.08 to +0.36 +0.14 to +0.41
Range, Alaska Old Man (OM) (1983-2019) (2000-19)
Interior Alaska College Peat (CP), Birch Lake (BL), +0.09 to +0.28 +0.04 to +0.27
Gulkana (Gu), Healy (He) (1983-2019) (2000-19)
. . Up to +0.1 <+0.1 to +0.2
Central Mackenzie Valley Norman Wells (NW), Wrigley (Wr) (1984-2019) (2000-19)
Baffin Davis Strait Region
Baffin Island Pangnirtung (Pa), Pond Inlet (PI) NA s
g g (rFa), (2009-19)
High Canadian Arctic Resolute (Re) NA Ly
g (2009-18)
Alert (Al) +0.6 +1.1
High Canadian Arctic @ 15m +0.4 +0.6
@24m (1979-2019) (2000-19)
Barents Region
S +0.31 to +0.47 +0.1 to +0.19
North of West Siberia Urengoy 15-06 and 15-08 (Ur) (1974-2019) (2000-19)
. +0.18 to +0.46 +0.1 to +0.83
Russian European North Bolvansky 56, and 65 (Bo) (1984-2019) (2000-19)
svalbard Janssonhaugen (Ja), Bayelva (Bay), +0.8 +0.6 to +0.8
Kapp Linne 1 (KL) (1998-2019) (2000-19)
. +0.1 to +0.5
Northern Scandinavia Tarfalarggen (Ta), Iskoras Is-B-2 (Is) NA (2000-19)
+0.2 +0.2
Southern Norway Juvvasshge (Ju) (1999-2019) (2000-19)
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2) Active layer thickness

In 2019, standardized, mechanical probing of ALT was conducted at 64 Circumpolar Active
Layer Monitoring (CALM) program sites in Alaska, Greenland, Svalbard, and Russia (Fig. 5.25).
Sites consist of a spatial grid varying from 0.01 km” (1 ha) to 1 km” in size in landscapes representa-
tive of the region (Shiklomanov et al. 2012). Additional active-layer observations are available for
25 sites in the Mackenzie Valley, northwestern Canada, where ALT is obtained from thaw tubes
(Duchesne et al. 2015). The thaw tube ALT record is complete through 2018 and some of the thaw
tube data are in the CALM data archive.

In all regions, as described in Fig. 5.25, the average ALT in 2019 was above the mean value for
the 10-year reference period 2003-12. All regions have also experienced an overall increase in
ALT over the period of record. However, there is significant variability in the magnitude of the
deviation above the mean and the rate of increase. For instance, for the North Slope of Alaska,
the average ALT in 2019 was 0.04 m above the 2003-12 mean. At sites in interior Alaska, which
have experienced a more pronounced ALT increase, the average ALT was 0.30 m above the
mean and set a new record of 0.84 m for the 23-year record. A new mean ALT maximum was also
reached in southern Greenland, which was at least 0.07 m higher than the 2003-12 mean. At sites
in Svalbard, where the summer of 2019 was particularly warm, ALT values were similar to the
maximum recorded in 2016.

As a result of long-term permafrost warming and relatively mild and snowy winters in 2017/18
and 2018/19, the active layer did not freeze completely down to the underlying permafrost table
by the end of these winters at 26 sites in interior Alaska and the Seward Peninsula. This marks the
first time in the observational record that the active layer did not freeze completely in this region.
Similarly, the summer thawed layer has not been refreezing completely during the last several
winters at more than 10 study sites in the Russian European North and western Siberian Arctic.
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Fig. 5.25. Long-term change in the ALT in six different Arctic regions as observed by the CALM program at the end of the
thawing season. The data are presented as annual anomalies (m) relative to the mean value for the 10-year reference
period (2003-12). Positive and negative anomaly values indicate the active layer is thicker or thinner than these 10-year
means, respectively. Only sites with at least 20 years of continuous thaw depth observations are included in this analysis.
The number of sites used for each region varies and is shown in the figure. Site-specific data are available at www.gwu

.edu/~calm.
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SIDEBAR 5.2: Permafrost carbon—E.A.G. SCHUUR

Permafrost carbon is the remnants of plants, animals, and
microbes that have lived and died in tundra and boreal eco-
systems, accumulating over hundreds to thousands of years
in frozen soils (Schuur et al. 2008). The northern permafrost
region holds almost twice as much carbon as is currently in
the atmosphere, representing a climate-sensitive organic car-
bon reservoir that is susceptible to release with warming air
and ground temperatures (Schuur et al. 2015). As permafrost
warms and thaws, additional net releases of CO, and CH, to
the atmosphere as a result of faster microbial decomposition of
this permafrost carbon have the potential to accelerate climate
warming. This summary focuses specifically on recent changes
in the exchange of CO, between tundra and boreal ecosystems
and the atmosphere. While the change in net releases of CH, is
also critical to understand, it is beyond the scope here.

The best mean estimate of the amount of organic carbon
stored in the northern circumpolar permafrost region is 1460—
1600 petagrams (Pg; 1 Pg = 1 billion metric tons; Schuur et al.
2015; Hugelius et al. 2014). Of this inventory, 65%—70% (1035 +
150 Pg) of the carbon is within the surface layer (0—3 m depth;
Fig. SB5.3). Soils in the top 3 m of the rest of Earth's biomes
(excluding Arctic and boreal biomes) contain 2050
Pg of organic carbon (Jobbagy and Jackson 2000).
Thus, the soil carbon from the northern permafrost
region adds another 50% to this 3-m inventory, even
though it occupies only 15% of the total global soil
area (Schuur et al. 2015).

A significant amount of permafrost carbon
(25%—30%) is also stored deeper (>3 m depth) due
to unique processes that bury carbon in permafrost
region soils. In particular, the Yedoma region of
Siberia and Alaska remained ice-free during the
last ice age and accumulated silt (loess) soils, which
buried large quantities of organic matter deep into
the permafrost (Strauss et al. 2013). Recent work has
reconciled several estimates for the Yedoma region,
placing 327-466 Pg C in these deep loess deposits,
which can be tens of meters thick (Anthony et al.

2014; Strauss et al. 2017; Schuur et al. 2018). i ez
Northern tundra and boreal ecosystems have — r*®

0 q q . . 100
historically gained carbon (carbon sink). Carbon is | .

stored in plant biomass and new soil organic matter >
during the short summer growing season, when plant 01
photosynthesis and growth is greater than carbon
respired by plants and soil back to the atmosphere.
In any given year, individual ecosystems can have
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gains or losses in net carbon due to changes in the physical
and biological environment, and also depending on the succes-
sional stage of the ecosystem. However, what matters to future
climate is the aggregate response across the permafrost region
over years to decades.

Recent measurements of atmospheric greenhouse gas con-
centrations over Alaska by NASA aircraft have estimated the
net regional impact on the atmosphere by Arctic tundra and
boreal forest ecosystems (Commane et al. 2017). This NASA
campaign, conducted during different parts of the year from
2012 to 2014, provided important insight into the aggregate
influence of the carbon exchange for the Alaska permafrost
region, across tundra, boreal forests, and wetland/lake/fresh-
water ecosystems as a whole. During this three-year period,
the tundra region of Alaska was found to be a consistent net
CO, source to the atmosphere, whereas the boreal forest region
was either neutral or a net CO, sink. The boreal forest region
exhibited larger interannual variability due both to changes in
the balance of photosynthesis and respiration and to the amount
of combustion emissions by wildfire.

Fig. SB5.3. Soil organic carbon pools (kg m™; 0-3 m depth) for the
northern circumpolar permafrost region. (Modified from Scientific
American, Nov 2016.)
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The Alaska study region as a whole was esti-
mated to be a net carbon source of 0.025 + 0.014
Pg C per year, averaged over the land area of both
tundra and boreal forest regions for the three-year
study period. If this Alaskan region (1.6 x 10° km?)
was representative of the entire northern circum-
polar permafrost region soil area (17.8 x 10° km?),
this amount would be equivalent to a circumpolar
net source of 0.3 Pg C per year. For comparison,
recent estimates of annual CO, emissions from land
use change (largely tropical deforestation) are 1.5
+ 0.7 Gt C (Le Quere et al. 2018). Historically (over
hundreds to thousands of years), the Arctic region
was accumulating carbon in soils and vegetation
and thus was acting as a net sink of atmospheric
CO,. Assuming this three-year snapshot provided
by NASA aircraft monitoring is indicative of the
Arctic's current physical and biological environment,
a significant and major threshold has been crossed

in the high latitude region whereas the aggregate
effect of terrestrial ecosystems is now contributing
to, rather than slowing, climate change.

Aircraft measurements of atmospheric green-
house gas concentrations help to describe the
combined regional impact of changing permafrost
region ecosystems. However, the long cold Arctic
winter (or non-summer) season limits observations
from the air, just as it has limited ground-based observations in
the past due to the difficult operating conditions. The summer
growing season is typically a time when net carbon is stored
within growing ecosystems acting as a seasonal carbon sink.
However, summer carbon sequestration is partially offset by
carbon losses in autumn, winter, and spring when microbes
remain metabolically active and release CO, during a period
where plants are largely dormant. While absolute levels of CO,
flux are low during the non-summer season, the long period
of more than 250 days can be enough to offset the net carbon
that accumulated during summer.

A new comprehensive synthesis study of non-summer ecosys-
tem CO, fluxes across the circumpolar region shows that carbon
release during the Arctic winter was two to three times higher
than previously estimated from ground-based measurements
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Fig. SB5.4. Non-summer season CO, flux rates for the permafrost
region, synthesized from individual study sites measured between 2003
and 2017 and extrapolated using environmental variables. (Figure from
Natali et al. 2019.)

(Fig.SB5.4; Natali et al. 2019). This circumpolar estimate sug-
gests that carbon release in the cold season offsets net carbon
uptake during the growing season (derived from models) such
that the region as a whole could already be a source of 0.6 Pg
C per year to the atmosphere. It was not possible to determine
whether these higher flux estimates were a result of changing
environmental conditions or the aggregation of more observa-
tions during this scarcely observed non-summer period. Regard-
less, similar to the regional extrapolation made by aircraft, this
winter flux synthesis supports the idea that the accelerating
feedback from changing permafrost ecosystems to climate
change may already be underway.

(Text in this essay was drawn from a longer 2019 Arctic
Report Card essay [Schuur 2019].)
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i. Tundra greenness—aG. V. Frost, U. S. Bhatt, H. E. Epstein, L. T. Berner, J. W. Bjerke, B. C. Forbes, S. J. Goetz,

M. J. Lara, M. J. Macander, G. K. Phoenix, M. K. Raynolds, H. Temmervik, and D. A. Walker

One of the most widespread and conspicuous manifestations of Arctic climatic and environ-
mental change has been an increase in the productivity and biomass of tundra vegetation, a
phenomenon commonly termed “the greening of the Arctic.” Trends in the productivity of tundra
ecosystems, however, have not been uniform in direction or magnitude across the circumpolar
Arctic, and there has been substantial inter-annual variability (Bhatt et al. 2013, 2017; National
Academies of Sciences, Engineering and Medicine 2019). This variability arises from a web of
interactions that link the vegetation, atmosphere, sea ice, seasonal snow cover, ground (soils,
permafrost, and topography), disturbance processes, and herbivores of the Arctic system (Duncan
et al. 2019; Piao et al. 2019; Myers-Smith et al. 2020).

Many of the changes observed in tundra ecosystems are producing a cascade of effects on
Earth’s subsurface, surface, and atmosphere within and beyond the far north (Post et al. 2019).
For example, changes in the composition and height of tundra vegetation impact the cycling of
carbon and nutrients (Blume-Werry et al. 2019; Hewitt et al. 2019; Mérsdorf et al. 2019; Salmon
et al. 2019; Treharne et al. 2019), as well as energy exchanges between the atmosphere and per-
mafrost (Wilcox et al. 2019). The latter has implications for permafrost stability, geomorphology,
and surface wetness, which, coupled with changing vegetation structure, strongly alters land-
scape properties important to wildlife (Cray and Pollard 2018; Tape et al. 2018; Taylor et al. 2018;
Ims et al. 2019; Farquharson et al. 2019; Andruko et al. 2020) and the subsistence activities of
Arctic peoples (Brinkman et al. 2016; Veldhuis et al. 2018; Herman-Mercer et al. 2019). Continued
monitoring of the Arctic tundra biome both from space and in situ field studies improves our
understanding of these complex interactions.

Since 1982, Earth-observing satellites have provided a continuous record of global vegetation
productivity using the Normalized Difference Vegetation Index (NDVI), a metric that exploits
the unique spectral properties of live vegetation. NDVI is strongly correlated with the quantity
of above-ground vegetation, or “greenness,” of Arctic tundra (Raynolds et al. 2012). The data re-
ported here come from the Global Inventory Modeling and Mapping Studies (GIMMS)-3g dataset
(Pinzon and Tucker 2014). Two metrics based on NDVI are used: (1) MaxNDVI, the peak annual
NDVI value that corresponds to the maximum above-ground biomass of vegetation reached in

| P |
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Fig. 5.26. Magnitude of the trend (calculated as the total change over a least squares, linear fit trend line) in (a) MaxNDVI
and (b) TI-NDVI for 1982-2019. (Source: GIMMS-3g, a biweekly, maximum-value composited dataset of the NDVI derived
from the AVHRR sensor with a spatial resolution of 1/12° [approximately 40 km; Pinzon and Tucker 2014].)
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midsummer; and (2) TI-NDVI, the time-integrated NDVI that is the sum of the biweekly NDVI values
for the growing season and is correlated with the total above-ground productivity of vegetation.

The GIMMS-3g dataset now provides a 38-year record (1982-2019) that indicates increasing
MaxNDVTI and TI-NDVTI across most of the Arctic tundra biome (Figs. 5.26a,b). The strongest
greening has occurred in northern Alaska, mainland Canada, and the Russian Far East. Tundra
greenness appears to have declined, however, in parts of western Alaska, the Canadian Arctic
Archipelago, northeastern Europe, and northwestern Siberia. In recent years, similar NDVI da-
tasets have been compiled from other satellite sensors, such as those on the Landsat satellites,

which can be used to corroborate the GIMMS-3g
record. These datasets suggest that Arctic greening
may be even more widespread than the GIMMS-
3g record indicates, albeit with a shorter period
of record. For example, a recent analysis of the
Landsat record indicates widespread increases in
MaxNDVI from 1985 to 2018; significant greening
was evident at 37% of sampling sites distributed
across the Pan-Arctic, and significant browning
occurred at only 5% of sampling sites (L. Berner,
personal communication, 2020).

In 2019, the mean MaxNDVI value for the cir-
cumpolar Arctic declined slightly from the previ-
ous year (Fig. 5.27a). This marks the third straight
year of declining MaxNDVI across the region,
following the record high value in 2016. However,
trends in MaxNDVI have differed strongly by
continent, especially over the last three years. In
the Eurasian Arctic, the 2019 value was similar
to the preceding four years, and was above the
1982-2019 mean. In the North American Arctic,
however, the 2019 value was the lowest in the
record since 1996 and fell below the long-term
mean. In contrast to MaxNDVI, TI-NDVI increased
substantially from the previous year (Fig. 5.27b)
for the circumpolar Arctic, and particularly in the
North American Arctic where late snowmelt and
relatively cool summer temperatures contributed
to record low TI-NDVI values in 2018 (Schmidt et
al. 2019). The increase in TI-NDVI from the previ-
ous year in the North American Arctic was the
third-largest single-year increase in the entire
record. Nonetheless, the 2019 TI-NDVI value for the
circumpolar region was well below the 1982-2019
mean and was the second-lowest value since 2009.
It should be noted that mean NDVI values for
North American tundra average lower than those
for Eurasian tundra because a much larger propor-
tion of the North American Arctic experiences a
cold, dry High Arctic climate (Walker et al. 2005).

Spaceborne observations of land surface temper-
ature—a key control of tundra productivity—provide
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context for understanding spatio-temporal patterns of tundra productivity and are available from
the same satellite sensors that record NDVI for the GIMMS-3g dataset. We summarize the land
surface temperature observations as the Summer Warmth Index (SWI), the sum of mean monthly
temperatures for all months with mean temperatures above freezing (>0°C). The 2019 growing season
was the warmest in the entire record; the mean SWI for the full circumpolar region (39.0°C-months)
broke the previous record set in 2016 (34.9°C-months). The tundra regions of both continents expe-
rienced record warmth (section 5b). The 2019 SWI exceeded previous highs set in North America
and Eurasia in 1994 and 2016, respectively. This warmth was not, however, accompanied by strong
increases in NDVI, possibly due to lag effects arising from the below-normal summer temperatures
experienced in 2018. Within the 38-year record, MaxNDVI values for 2019 ranked 19th, 9th, and
26th for the circumpolar Arctic, Eurasian Arctic, and North American Arctic, respectively. TI-NDVI
values ranked 31st, 26th, and 35th for the circumpolar Arctic, Eurasian Arctic, and North American
Arctic respectively.

j- Ozone and UV radiation—aG. Bernhard., V. Fioletov, J.-U. GrooB, I. lalongo, B. Johnsen, K. Lakkala,

G. Manney, and R. Miiller

Past emissions of chlorine-containing substances, such as chlorofluorocarbons (CFCs), have
substantially contributed to the chemical destruction of ozone in the atmosphere (WMO 2018).
The resulting ozone loss has led to increased ultraviolet (UV) radiation with adverse effects on
human health and Earth’s environment (EEAP 2019). The chemical destruction of polar ozone
occurs within a cold low-pressure system (i.e., cyclone) known as the polar vortex, which forms
over the North Pole every year during winter and spring (WMO 2018). Hence, the period of De-
cember 2018—-April 2019 is emphasized in this report. As explained in more detail below, unusual
conditions during this period enabled ozone concentrations in February and early March 2019 to
reach the highest values in at least the past 15 years of satellite observations. In March 2019, the
minimum Arctic daily total ozone column (TOC; i.e., ozone amounts integrated from the surface
to the top of the atmosphere) was the highest value since 1988, for years when a well-defined po-
lar vortex existed in March. With some exceptions, UV index (UVI) anomalies during this period
were generally within the typical range of variability.

1) Ozone

Chemical processes that drive ozone depletion in the polar stratosphere are initiated at tempera-
tures below about 195 K (-78°C) at altitudes of approximately 15 to 25 km. These low temperatures
lead to the formation of polar stratospheric clouds (PSCs), which act as a catalyst to transform
inactive forms of chlorine-containing substances to active, ozone-destroying chlorine species. At
the beginning of December 2018, temperatures in the lower Arctic stratosphere dropped below the
threshold for PSC formation and remained below this threshold and near the mean of the obser-
vational record (1979-2017) during the first three weeks of December. On 2 January 2019, a major
sudden stratospheric warming (SSW) occurred, which led to a rapid rise of polar stratospheric
temperatures over the course of a few days. During this event, the polar vortex split into three
“offspring” vortices. As a result, stratospheric temperatures rose above the threshold for PSCs
and remained well above this threshold for the remainder of the winter. The offspring vortices
recombined in early March such that the polar vortex observed on 12 March was the strongest of
the winter/spring 2018/19 period (Lee and Butler 2020). However, stratospheric temperatures at
this time were too high for PSC formation.

Because of the early SSW event, chemical destruction of ozone was unusually low over the winter/
spring period of 2018/19, as is confirmed by satellite-based observations. Measurements by the Micro-
wave Limb Sounder (MLS) show that chlorine activation started in mid-December, resulting in a small
decline in ozone concentrations, as expressed by the ozone mixing ratio (Fig. 5.28). Chlorine deactiva-
tion began in early January 2019 and was complete by late that month—consequently no chemical
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Fig. 5.29. Minimum of the daily average column ozone for Mar poleward
of 63°N equivalent latitude (Butchart and Remsberg 1986). Open circles
represent years in which the polar vortex was not well-defined in Mar,
resulting in relatively high values due to mixing with lower latitude air
masses and a lack of significant chemical ozone depletion. Red and blue
lines indicate the average TOC for 1979-2018 and 2005-18, respectively.
Ozone data for 1979-2016 are based on the combined total column ozone
database version 3.4 produced by Bodeker Scientific (www.bodeker-
scientific.com/data/total-column-ozone). Ozone data for 2017-19 are
from the OMI. The graph is adapted from Miiller et al. (2008) and WMO
(2018), updated using ERA-Interim reanalysis data (Dee et al. 2011) for
determining equivalent latitude.

ozone loss occurred after about mid-
January. This sequence of conditions
enabled ozone concentrations in
February and early March 2019 to
reach the highest values in at least
the past 15 years, the period of the
MLS observational record. The con-
ditions in 2018/19 were similar to
those in 2012/13 (Manney et al. 2015),
although the strong SSW started a
few days earlier in 2019 (Fig. 5.28).
Unlike December 2018, December
2012 temperatures in the lower Arctic
stratosphere were unusually cold, re-
sulting in greater chlorine activation
and much larger ozone loss in 2012/13
compared to 2018/19. The largest
chemical ozone loss observed to date
occurred in the winter of 2010/11 and
was associated with an unusually
prolonged cold period lasting through
early April 2011, with temperatures in
the lower stratosphere remaining low
enough for PSC formation (Manney
et al. 2011).

The evolution of Arctic TOC in
March 2019 is compared to the
satellite-derived observational re-
cord (1979-2018) in Fig. 5.29 using
the minimum of the daily averages
for March. March TOC is evaluated
because chemically-induced Arctic
ozone loss has the largest variabil-
ity in this month (Fig. 5.28; WMO
2018). In March 2019, the minimum
Arctic daily TOC was 421 Dobson
units (DU), which was the highest
value since 1988 for years when

a well-defined polar vortex existed in March. The value was 12.0% (45 DU) above the average
of the observational record (376 DU) and 14.6% (54 DU) above the average when MLS data are

available (2005-18).

Spatial deviations of monthly average TOCs from historical (2005-18) averages (Figs. 5.30a,b)
were estimated from the Ozone Monitoring Instrument (OMI; co-located with MLS on the Aura
satellite) measurements. With the exception of an area centered over northwestern Canada, TOCs
in March 2019 were above the mean over sunlit regions of the Arctic (Fig. 5.30a), consistent with
the high ozone concentrations inside the lower stratospheric polar vortex during March 2019
(Fig. 5.28). These anomalies ranged between 0% over Scandinavia to 12% over Siberia. In mid-
April, TOC departures exhibited a distinct geographical pattern with positive anomalies of up
to 17% over Canada, the North Pole, and Siberia, and negative anomalies as large as —17% over

Scandinavia and the North Sea (Fig. 5.30b).
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and Wellemeyer 2002). (c) and (d) also compare UVI anomalies from OMI (first value in parenthesis) with ground-based
measurements at nine locations (second value). Gray, solid circles centered at the North Pole indicate the areas where no

OMI data are available due to the lack of sunlight at this time of year.

2) Ultraviolet radiation

UV radiation is quantified with the UVI, which is a measure of the capacity of UV radiation
to cause erythema (sunburn) in human skin (WHO 2002). In addition to its dependence on TOC,
the UVI depends on the sun angle, clouds, and surface albedo (Weatherhead et al. 2005). In the
Arctic, the UVI scale ranges from O to about 7, with the smallest annual peak radiation levels (UVI
values < 4) observed at sites closest to the North Pole. UVI values < 5 indicate low-to-moderate
risk of erythema (WHO 2002).

UVIanomalies are assessed using both OMI and ground-based measurements, with the former
providing better spatial coverage and the latter providing greater regional accuracy (Bernhard
et al. 2015). Figures 5.30c,d quantify the spatial differences in monthly average noontime UVIs
from historical (2005-18) averages based on measurements by OMI and by ground-based instru-
ments at nine research stations located in the Arctic and Scandinavia. Areas with high UVIs
roughly match areas with low TOCs and vice versa, but UVI anomalies have larger spatial vari-
ability because of their added dependence on clouds. In the following discussion, we emphasize
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March 2019 and 15-30 April 2019. During the latter period, unusually large UVI anomalies over
the Nordic countries occurred, while ozone and UVI anomalies for other months were generally
within the typical range of variability.

In March 2019, monthly average noontime UVIs calculated from OMI observations over north-
western Canada were up to 55% above the 2005-18 mean (Fig. 5.30c). This region of unusually
high UVIs coincided with the area of low TOCs in Fig. 5.30a. Large UVI anomalies of up to 50%
were also observed west of Alaska. UVI anomalies for the remainder of the Arctic computed from
OMI and ground-based measurements were below 15%. Because of the low solar zenith angle in
March, absolute anomalies did not exceed 1.9 UVI units for latitudes higher than 60°N.

During the period of 15-30 April, a persistent high-pressure system was centered over the Nor-
dic countries, and the ensuing periods of clear skies contributed to large UVI anomalies of up to
65% (Fig. 5.30d). Anomalies calculated from OMI and ground-based data agreed to within +8%
at almost all locations. Exceptions included Andgya and Finse due to local weather (cloudiness)
and ground conditions (low albedo due to unusually wet snow cover), respectively. The influence
of local conditions creates inconsistencies between satellite and ground-based measurements
and illustrates the limitations of estimating UV radiation from space. These inconsistencies are
largest at locations that are either affected by variable conditions within the satellite instrument’s
field of view (cloudiness, albedo, topography) or differences between the actual surface albedo
and the albedo climatology used by OMI (Tanskanen et al. 2004).
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APPENDIX: Acronym List

ALT active layer thickness

AMJ April, May, June

CFCs chlorofluorocarbons

CALM Circumpolar Active Layer Monitoring
DMI Danish Meteorological Institute

DJF December-February

DU Dobson units

GrlS Greenland ice sheet

JFM January, February, March

JAS July, August, September

JJA June—-August

MAM March—-May

MLS Microwave Limb Sounder

MAR Modeéle Atmosphérique Régionale
MODIS Moderate Resolution Imaging Spectroradiometer
NSIDC National Snow and Ice Data Center
NDVI Normalized Difference Vegetation Index
NAO North Atlantic Oscillation

NH Northern Hemisphere

OND October, November, December

OoMI Ozone Monitoring Instrument

Pg petagrams

PSCs polar stratospheric clouds

PROMICE Program for Monitoring of the Greenland Ice Sheet
SSTs sea surface temperatures

SCD snow cover duration

SCE snow cover extent

SWE snow water equivalent

SSW sudden stratospheric warming

SWI Summer Warmth Index

SAT surface air temperature

TOC total ozone column

uv ultraviolet

uvi UV index

WGMS World Glacier Monitoring Service
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