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What's new in 20127

New records set for snow
extent, sea ice extent and ice
sheet surface melting, despite
air temperatures - a key cause of
melting - being unremarkable
relative to the last decade.

Multiple observations provide
strong evidence of widespread,
sustained change driving Arctic
environmental system into new
state.

Highlights

Record low snow extent and low Duration of melting was the

sea ice extent occurred in June longest observed yet on the

and September, respectively. Greenland ice sheet, and a rare,
nearly ice sheet-wide melt event
occurred in July.

Growing season length is

increasing along with tundra

greenness and above-ground

biomass. Below the tundra, record

high permafrost temperatures

occurred in northernmost Alaska.

Massive phytoplankton blooms
below summer sea ice suggest
previous estimates of ocean primary
productivity might be ten times too
low.

Arctic fox is close to extinction
in Fennoscandia and vulnerable
to further changes in the lemming
cycle and the encroaching Red fox.

Severe weather events included
extreme cold and snowfall in
Eurasia, and two major storms with
deep central pressure and strong
winds offshore of western and
northern Alaska.
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Executive Summary

January 21, 2013

Overview

The Arctic Report Card (www.arctic.noaa.gov/reportcard/) considers a wide range of
environmental observations throughout the Arctic, and is updated annually. A major finding of
the Report Card 2012 is that numerous record-setting melting events occurred, even though,
Arctic-wide, it was an unremarkable year, relative to the previous decade, for a primary driver of
melting—surface air temperatures. The exception was Greenland where record-breaking air
temperatures and near-ice sheet-wide surface melting occurred in summer 2012. From October
2011 through August 2012, positive (warm) temperature anomalies were relatively small over
the central Arctic compared to conditions in recent years (2003-2010). Yet, in spite of these
moderate conditions, new records were set for sea ice extent, terrestrial snow extent and
permafrost temperature.

Large changes in multiple indicators are affecting climate and ecosystems, and, combined,
these changes provide strong evidence of the momentum that has developed in the Arctic
environmental system due to the impacts of a persistent warming trend that began over 30
years ago. A major source of this momentum is the fact that changes in the sea ice cover, snow
cover, glaciers and Greenland ice sheet all conspire to reduce the overall surface reflectivity of
the region in the summer, when the sun is ever-present. In other words, bright, white surfaces
that reflect summer sunlight are being replaced by darker surfaces, e.g., ocean and land, which
absorb sunlight. These conditions increase the capacity to store heat within the Arctic system,
which enables more melting - a positive feedback. Thus, we arrive at the conclusion that it is
very likely that major changes will continue to occur in the Arctic in years to come, particularly in
the face of projections that indicate continued global warming.

A second key point in Report Card 2012 is that changes in the Arctic marine environment are
affecting the foundation of the food web in both the terrestrial and marine ecosystems. While
more difficult to discern, there are also observations that confirm the inevitable impacts these
changes have on a wide range of higher-trophic Arctic and migratory species. Motivated by
these linkages and the record-setting environmental changes in the Arctic region, a number of
new programs are underway to more effectively measure, monitor and document changes in the
marine and terrestrial ecosystems.

Highlights for 2012

During 2012, a number of record or near-record events occurred in relation to the Arctic
terrestrial snow cover. Snow cover duration was the second shortest on record and new minima
were set for snow cover extent in May over Eurasia and in June (when snow still covers most of
the Arctic region) over the Northern Hemisphere. The rate of loss of June snow cover extent
between 1979 and 2012 (the period of satellite observation) set a new record of -17.6%/decade,
relative to the 1979-2000 mean. Also on land, new record high temperatures at 20 m depth
were measured at most permafrost observatories on the North Slope of Alaska and in the
Brooks Range, Alaska, where measurements began in the late 1970s.

In Greenland, surface melting on the ice sheet set new records, with melting in some locations
lasting up to ~2 months longer than the average (1979-2011) and melting being detected by
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satellite instruments over ~97 % of the surface in July. Albedo (reflectivity) estimated from
satellite measurements (2000-2012) and in-situ measured mass losses at high elevations also
set new records in Greenland.

Sea ice extent in September 2012 reached the lowest observed in the satellite record (1979-
present), with a related continued decline in the extent of thick multi-year ice that forms in the
central Arctic Basin. This record was set despite a relatively high maximum sea-ice extent in
March 2012, which was due to extensive ice in the Bering Sea. March to September 2012
showed the largest seasonal decline in sea ice between the maximum and minimum extents
during the satellite record. August 2012 was a period of exceptionally rapid ice loss, with
accelerated decline during an intense storm in early August in the East Siberian and Chukchi
seas. lllustrating the close connection between the timing and extent of the summer sea ice
retreat and sea-surface ocean temperatures, a strong cold anomaly was evident in August in
the Chukchi Sea due to the persistence sea ice in this area even as the main body of the pack
ice retreated northward.

Observations of the Arctic marine ecosystem provide further evidence of linkages between sea
ice conditions and primary productivity, with impacts on the abundance and composition of
phytoplankton communities. For instance, new satellite remote sensing observations show the
near ubiquity of ice-edge blooms throughout the Arctic and the importance of seasonal sea ice
variability in regulating primary production. These results suggest that previous estimates of
annual primary production in waters where these under-ice blooms develop may be about ten
times too low. At a higher trophic level, seabird phenology, diet, physiology, foraging behavior
and survival rates have changed in response to higher water temperatures, which affect prey
species.

Changes in the terrestrial ecosystem are exemplified by vegetation and mammals. The tundra
continues to become more green and in some locations above-ground plant biomass has
increased by as much as 26% since 1982. The length of the growing season increased
throughout much of the Arctic, e.g., by ~30 days in Eurasia, between 2000 and 2010. There is
evidence that the lemming population cycle is decaying, i.e., the time between population peaks
is increasing, and the amplitude of the cycle is collapsing to relatively low population densities.

One species most directly affected by lemming population dynamics is the Arctic fox, which
depends on them as a primary food source. In Europe, the Arctic fox population has declined to
near extinction due to failure to recover from over-harvesting at the start of the 20th Century and
the recent absence of lemming peaks. In contrast, the Arctic fox is abundant in North America.
However, in both regions, the larger Red fox has been expanding northward, leading to
increased competition with the Arctic fox for resources.
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Atmosphere Summary

Section Coordinator: James Overland

NOAA Pacific Marine Environmental Laboratory, Seattle, WA, USA

December 3, 2012

October 2011 through August 2012
was a departure from typical
atmospheric conditions of recent
years (2003-2010) in that warm
temperature anomalies were
relatively small over the central
Arctic relative to the late 20th
Century. Similarly, cloud cover in
2012 was average compared to the
period 2001-2010. Stratospheric
ozone concentrations during spring
2012 were also within normal
ranges and considerably lower than
those in spring 2011, when

Extended high pressure over southern Greenland (left)
unprecedented chemical ozone caused_ anoma_lously high air temperatures (right) and
extensive melting at the surface of the ice sheet (see essay

!osses occ_urred. _A'r sampling sites on Greenland Ice Sheet). Large version available from NOAA
in the Arctic continue to measure Climate.gov.

rising greenhouse gas

concentrations from worldwide human sources, and indicate that there is, as yet, no direct
atmospheric evidence that Arctic emissions of CH, or the net balance of C from CO, are
changing.

Notable weather activity in fall 2011 and winter 2012 occurred in the sub-Arctic due to a strong
positive North Atlantic Oscillation (NAO) Index, which promoted westerly winds in the northern
North Atlantic Ocean region and warm temperatures in western Eurasia and the Kara Sea.
Further east, in the Siberian sub-Arctic, unusually cold winter conditions caused many fatalities.
Though 2012 saw a new record summer minimum sea ice extent for the satellite period starting
in 1979, the atmospheric forcing conditions were very different than those during the previous
record retreat of 2007. In 2012, southerly winds in early June and a major storm in August in the
East Siberian and Chukchi seas enhanced sea ice retreat, whereas a persistent warm and
windy pattern was responsible for more rapid sea ice melt than normal in 2007. Also noteworthy
in 2012 was NAO-related high sea level pressure over Greenland in early summer, a feature of
the last six years that has promoted greater than expected mass loss from Greenland and
Canadian Arctic glaciers and reduced snow cover in North America.
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November 7, 2011
Highlights

e October 2011 through August 2012 was a departure from typical atmospheric conditions
of recent years (2003-2010), in that temperature anomalies were small over the central
Arctic. Most of the notable weather activity in fall and winter occurred in the sub-Arctic
due to a strong positive North Atlantic Oscillation. Summer 2012 was dominated by low
sea level pressure.

e Three severe weather events included (1) unusual cold in late January to early February
2012 across Eurasia, and (2) two record storms characterized by deep central pressure
and strong winds near western Alaska in November 2011 and north of Alaska in August
2012.

= ——

Mean Annual Surface Air Temperature

In contrast to the years 2003 through 2010, which had substantial positive temperature
anomalies in the central Arctic, the period October 2011-August 2012 showed positive
temperature anomalies in the sub-Arctic rather than over the central Arctic Ocean (Fig. 1.1).
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Fig. 1.1. Annual average (October 2011 through August 2012) near-surface air
temperature anomalies relative to the period 1981-2010. Data are from NOAA/ESRL,
Boulder, CO: http://www.esrl.noaa.gov/psd/.

Over a longer time interval, the annual mean surface air temperature over Arctic land areas has
experienced an overall warming of about +2°C since the mid-1960s (Fig. 1.2). In 2011, the
annual mean air temperature was slightly warmer than in 2009 and 2010. The cooler
temperatures in 2009 and 2010 reflected cold continents in winter, while Eurasia had warmer
temperatures in spring 2011. The annual mean surface temperature for 2012 is not available, as
the year was incomplete at the time of writing.

Positive temperature anomalies were seen everywhere across the central Arctic for the first
decade in 21st century (2001-2011) relative to a 1971-2000 baseline period at the end of the
20th Century (Fig. 1.3). This temperature pattern is a manifestation of "Arctic Amplification",
which is characterized by temperature increases 1.5°C greater than (more than double) the
increases at lower latitudes (Overland et al., 2011; Stroeve et al., 2012).
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Fig. 1.2. Arctic-wide annual average surface air temperature (SAT) anomalies for the
period 1900-2011 relative to the 1981-2010 mean value, based on land stations north
of 60°N. Data are from the CRUTEM3v dataset at
www.cru.uea.ac.uk/cru/data/temperature/. Note: this curve includes neither marine
observations nor 2012 data, as the year was incomplete at the time of writing.
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Fig. 1.3. Annual average near-surface air temperature anomalies for the first decade of
the 21st century (2001-11) relative to the baseline period of 1971-2000. Data are from
NOAA/ESRL, Boulder, CO: http://www.esrl.noaa.gov/psd/.
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Seasonal Air Temperatures

Consistent with the annual average temperatures (Fig. 1.1), each seasonal anomaly distribution
for near-surface temperatures shows departures primarily in the sub-Arctic (Fig. 1.4). Fall 2011
and winter 2012 were characterized by a positive North Atlantic Oscillation (NAO). This
promotes the warm temperature anomaly over the Barents and Kara Seas, which are
downstream of the stronger winds and lower pressures of the Icelandic low pressure center.
This is unlike the Warm Arctic/Cold Continents pattern associated with a negative Arctic
Oscillation (AO) climate pattern over the central Arctic (see previous Report Cards), which
dominated the previous two falls and winters (2009-10 and 2010-11).

In contrast to the positive NAO in fall 2011 and winter 2012, spring and summer 2012 had a
very negative NAO, with significant consequences for snow cover duration and extent (see the
Snow essay) and melting on the Greenland Ice Sheet (see the Greenland Ice Sheet essay).
Spring 2012 also saw the early formation of the Arctic Dipole (AD) pattern (Fig. 1.5) with high
pressure on the North American side of the Arctic and low pressure on the Siberian side. In the
previous five years this has not occurred until June (Overland et al., 2012). The dipole pattern
supported increased winds across the Arctic and warmer temperature anomalies over the East
Siberian Sea and western Greenland (Fig. 1.4c). In summer 2012 an unusual low pressure,
centered on the Pacific Arctic sector, was a new feature of central Arctic weather relative to the
last decade (Fig. 1.6).

Also noteworthy in Fig. 1.6 is the high sea level pressure over Greenland, which has been a
feature of early summer for the last six years. Higher pressures over Greenland and their
influence on Arctic and subarctic wind patterns, a so called blocking pattern, suggests physical
connections between it and reduced Arctic sea ice in the summer, loss of Greenland and
Canadian Arctic glacier ice, reduced North American snow cover in May and June, and
potentially extremes in mid-latitude weather (Overland et al., 2012). See the essays on Sea Ice,
Glaciers and Ice Caps, Greenland Ice Sheet and Snow for further information on those topics.
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Fig. 1.4. Seasonal anomaly patterns for near surface air temperatures in 2012 relative to the baseline period
1981-2010. Fall 2011, (a), winter 2012 (b). spring 2012 (c) and summer 2012 (d). Data are from NOAA/ESRL,
Boulder, CO: http://www.esrl.noaa.gov/psd/.
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Fig. 1.5. Sea level pressure field for April through June 2012 showing the Arctic Dipole
(AD) pattern with high pressure on the North American side of the Arctic and low
pressure on the Siberian side. Data are from NOAA/ESRL, Boulder, CO:
http://www.esrl.noaa.gov/psd/.
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Fig. 1.6. In summer 2012 an extensive low sea level pressure anomaly was centered
on the Pacific Arctic sector while high pressure remained over Greenland. Data are
from NOAA/ESRL, Boulder, CO: http://www.esrl.noaa.gov/psd/.

Severe Weather

The period late 2011 through summer 2012 was notable for three severe weather events.

The Bering Sea storm of November 2011, one of the most powerful extra-tropical cyclones on
record to affect Alaska, caused extensive coastal flooding. Moving northeastward from its
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origins in the western Pacific Ocean, the storm deepened by 25 hPa in the 24 hours ending
November 8, when its central pressure of 945 hPa was comparable to that of a Category 3
hurricane. The storm's forward speed exceeded 100 km/hour as it approached Alaska and
turned northward, passing just offshore of Alaska's western coast, then through the Bering Strait
and into the Chukchi Sea. Wind gusts of 144 km/hour and 151 km/hour were recorded on the
western Seward Peninsula and Little Diomede Island, respectively.

In late January-early February 2012, a warm center occurred over the Kara and Laptev Seas
and broader, severe cold anomalies occurred over the northern Eurasian sub-Arctic during a
brief period of negative AO (Fig. 1.4b). North America and Eurasia exhibited a sharp contrast in
surface temperature anomalies. The United States experienced its fourth warmest winter since
national records began in 1895, whereas extremely low temperatures occurred across parts of
the Eurasian continent during January 24th-February 14th. This was Europe's worst cold spell in
at least 26 years, and >650 people died as a result of the frigid conditions in Russia, Ukraine
and Poland. A significant amount of snow fell across the affected areas, resulting in the third
largest February snow cover extent (Source: NOAA National Climatic Data Center, State of the
Climate: Global Analysis for February 2012, published online March 2012,
http://www.ncdc.noaa.gov/sotc/global/2012/2). These observations suggest that a negative AO
can favor the development of cold weather over Europe and warm weather over North America.

In August 2012, a storm of exceptional intensity affected the Arctic Ocean north of Alaska. The
central pressure of 965 hPa made this system one of the strongest August storms to have
affected the Arctic Ocean in the past several decades. The storm likely had a significant impact
on ocean mixing due to the already reduced sea ice cover, but this remains to be fully
evaluated. The storm did have a significant impact on the further retreat of the pack ice, as
illustrated in the Sea Ice essay (Fig. 2.5).

Cloud Cover

Unlike 2011, when Arctic cloud cover was somewhat higher than normal in winter and lower in
the summer, Arctic cloud cover in 2012 was, overall, average when compared to the period
2001-2010. However, there were significant monthly anomalies that warrant closer examination,
as the spatial patterns varied in important ways on the regional scale.

While clouds influence the surface energy budget, they also respond to changes in the ice cover
(Liu et al., 2012). As in recent years, positive cloud cover anomalies (more cloud) over the Arctic
Ocean correspond to negative sea ice anomalies (less ice). This was particularly evident in the
winter months in the Barents and Kara seas region, and in the summer months from the East
Siberian Sea to the Beaufort Sea. An example for February is shown in Figs. 1.7a and b. The
reader is referred to the Sea Ice essay for information on Arctic-wide sea ice anomalies during
the period 1979-2012.

Large-scale advection of heat and moisture and the frequency of synoptic scale systems also
influence cloud cover (Liu et al., 2007). Positive cloud anomalies over northern Russia and the

19


http://www.ncdc.noaa.gov/sotc/global/2012/2

Kara Sea in the 2011-2012 winter months correspond to southerly flow on the western side of
an anticyclonic pattern, while negative cloud anomalies over Siberia are found on the eastern
side of the same pattern (Figs. 1.7 ¢ and d). Positive cloud anomalies over the Chukchi Sea in
June (not shown) also appear to be related more to changes in circulation than to changes in
sea ice extent. These patterns are also seen in the surface temperature fields (Figs. 1.4b, and

).

a b

Cloud Anomaly, F

eb 2012 Sea lce Anomaly, Feb 2012

IR,

500 mb Geopotential Height (dm), 500 mb Winds (m/s), Feb 2012
Feb 2012

Fig. 1.7. Cloud cover (a) and sea ice concentration (b) anomalies (in %) in February 2012 relative
to the corresponding monthly means for the period 2002-2010. Data are from the Moderate
Resolution Imaging Spectroradiometer (MODIS) on the Aqua satellite. Corresponding 500 mb
geopotential height (c) and 500 mb wind field (right) anomalies in February 2012 are from NCEP.
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November 7, 2012
Highlights

¢ Temperatures in the Arctic stratosphere in early December 2011 were among the lowest
on record. Strong dynamical activity in late December 2011 and January 2012 caused
the temperature to rise rapidly and led to conditions unfavorable to sustaining chemical
ozone loss.

o Ozone concentrations in the Arctic stratosphere and UV radiation levels at Arctic and
sub-Arctic locations during the spring of 2012 were generally within the range of values
observed during the first decade of this century.

¢ Below-average ozone concentrations at several sites in southern Scandinavia led to
increases in the UV Index of about 12% during January, February and March of 2012.

T —

Introduction

Ozone molecules in the Earth's atmosphere greatly attenuate the part of the Sun's ultraviolet
(UV) radiation that is harmful to life. Reductions in the atmospheric ozone amount will always
lead to increased UV levels, but other factors such as the height of the Sun above the horizon,
cloud cover and aerosols also play important roles. This essay compares ozone and UV
radiation measurements performed in the Arctic in 2012 with historical records.

Ozone observations

Stratospheric ozone concentrations measured during the spring of 2012 in the Arctic were, by
and large, within the typical range observed during the first decade of this century. The 2012
ozone levels were considerably higher than those in the spring of 2011, when unprecedented
chemical ozone losses occurred (Manney et al., 2011). The minimum total ozone column* for
March 2012, averaged over the "equivalent latitude®" band 63°-90° N, was 372 Dobson Units
(DU®). The 2011 record-low was 302 DU (Fig. 1.8). The average for 2000-2010 is 359 DU, 13
DU below the value for 2012.
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Fig. 1.8. Time series of minimum total ozone for March in the Arctic, calculated as the
minimum of daily average column ozone poleward of 63° equivalent latitude. Winters in
which the vortex broke up before March (1987, 1999, 2001, 2006, and 2009) are shown as
circles. Polar ozone in those years was relatively high because of mixing with air from
lower latitudes. Figure adapted from Miiller et al. (2008), updated using Version 2.8 of the

combined total column ozone database produced by Bodeker Scientific, available at
http://www.bodekerscientific.com/data/total-column-ozone.

The monthly mean total ozone columns for February through May 2012 are compared with
baseline data from the 1978-1988 period in Fig. 1.9. During February, total ozone was more
than 30% below the baseline value at Svalbard. Regions with monthly mean ozone levels 10%
and more below the historical reference encompassed the North Pole, the North Sea, northern
Siberia, northern Greenland, Scandinavia, Iceland, the British Isles, Denmark, the Netherlands
and northern Germany. Above-average ozone levels were observed over the Aleutian Islands in
the north Pacific Ocean. In March, the area with total ozone 10% below the baseline was
centered on the North Sea and extended towards southern Scandinavia, the British Isles,
France and central Europe. Much of eastern Canada, the eastern United States and southern
Alaska were also affected by below-average total ozone columns. In April, Arctic regions with
lower-than-normal ozone included the northern part of Canada (Victoria Island) and southern
Greenland. Extended areas with large deviations from the historical measurements were not
observed in the Arctic during May and through the summer.

The above discussion refers to monthly mean values. Departures from the baseline (either up or
down) were larger for individual days. For certain regions and days, the ozone layer was 30%
thinner than the long term mean. Deviations exceeding -35% were observed in the
southwestern part of Russia as late as the second half of April. Deviations above the reference
tended to be smaller in magnitude and less frequent.

23


http://www.bodekerscientific.com/data/total-column-ozone

February 2012 March 2012

e

Fig. 1.9. Deviation (%) of monthly average total ozone for February, March, April and May
2012 from the 1978-1988 level. Maps were provided by Environment Canada and are
available at http://es-ee.tor.ec.gc.ca/cgi-bin/selectMap. The 2012 data are based on
ground-based measurements and space-based - OMI (Ozone Monitoring Instrument) and
GOME-2 (Global Ozone Monitoring Experiment-2) - data. NOAA Stratosphere Monitoring
Ozone Blended Analysis (SMOBA) data were used for the polar night area in February.
Reference data for 1978-1988 were estimated using Total Ozone Mapping Spectrometer
(TOMS) observations available at http://ozoneag.gsfc.nasa.gov/nimbus70zone.md.

The distribution of total ozone column over the Arctic on 3 April of the years 1981 (a year with a
long-lasting and cold Arctic vortex, and relatively low stratospheric chlorine concentrations),
2002 (long-lasting warm vortex, high total chlorine loading), 2011 (long-lasting cold vortex, high
chlorine), and 2012 (warm vortex, high chlorine) are illustrated in Fig. 1.10. The figure
emphasizes that chemical ozone loss resulting from chlorine activation is most effective in years
when there is a long-lasting, cold vortex, such as 2011. Years with a warm vortex, such as 2002
and 2012, result in little ozone loss.
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Fig. 1.10. Comparison of total ozone column measured by satellites on 3 April 1981,
2002, 2011, and 2012. Data are from the TOMS aboard the Nimbus-7 (1981) and Earth
Probe (2002) satellites, and the OMI aboard the Aura spacecraft (2011 and 2012).

Chemical ozone loss

Arctic stratospheric temperatures in December 2011 were among the lowest on record but rose
to near average temperatures after strong dynamical activity in late December. Low
temperatures facilitate the formation of polar stratospheric clouds (PSC), which provide surfaces
for heterogeneous reactions (i.e., reactions between gases and liquid or solid matter) that
activate stratospheric chlorine. The activated chlorine, in turn, destroys ozone rapidly in catalytic
cycles. Sudden stratospheric warming in January 2012 halted PSC formation and hence the
activation of chlorine, and led to conditions that were unfavorable to sustaining chemical ozone
loss. The temporal evolution of several parameters which are crucial for stratospheric ozone
chemistry are illustrated in the following with data from the Microwave Limb Sounder (MLS) on
the Aura satellite (Fig 1.11).

Temperatures below the threshold temperature for PSC occurrence and chlorine activation of
about 196 K (-77°C) existed locally until late January 2012 (Fig. 1.11a). When PSCs are
formed, gas-phase nitric acid (HNO3) molecules occurring in the stratosphere are partly
converted to solid particles such as nitric acid dihydrate (NAD), which then activate chlorine.
The formation of PSCs at the beginning of the 2011/2012 winter is indicated by the large
decrease of gaseous nitric acid in early December 2011 (Fig. 1.11b). The conversion of chlorine
from inactive "reservoir chemicals" such as hydrogen chloride (HCI) to active forms such as
chlorine monoxide (CIO) commenced at about the same time and is indicated by the decrease
in HCI (Fig. 1.11c) and the increase in CIO (Fig. 1.11d). Of note, active chlorine in the form of
ClO occurs only in sunlit regions of the vortex. Hence the decrease in HCl appears larger and
earlier than the increase in CIO.

CIO is the primary ozone-destroying form of chlorine, so its presence is a sign for the potential
for chemical ozone destruction. However, the catalytic cycles that enable CIO to destroy large
amounts of ozone also require sunlight. So, even with chlorine activated, ozone destruction is
typically small in January when much of the Arctic is still dark. The small drop in ozone in late
January 2012 indicated in Fig. 1.11e suggests that a small amount of ozone was destroyed
when the polar vortex was positioned so that substantial portions of it received sunlight.
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Fig. 1.11. Averages of high latitude stratospheric temperatures (panel A), nitric acid
(HNOg3; panel B), hydrogen chloride (HCI; panel C), chlorine monoxide (CIO; panel D)
and ozone (panel E) derived from MLS measurements on the Aura satellite.
Measurements of the 2011/2012 Arctic winter (bold red line) are compared with similar
data from the 2010/2011 Arctic winter (blue-green lines) during which unprecedented
chemical ozone loss had occurred. Light grey shading indicates the range of values
observed in Arctic winters between 2004/2005 and 2009/2010. Dark grey shading
shows the range of values for Antarctic winters from 2005 through 2011. Temperature
and mixing ratios refer to the 485 K potential temperature surface (altitude of
approximately 20 km, pressure of about 50 hPa) and were averaged over the polar
vortex (the region of strong westerly winds in the stratosphere encircling the pole in
winter, within which chemical ozone destruction occurs).

In late January, a very strong and prolonged "stratospheric sudden warming" (SSW) event
resulted in temperatures rising above the threshold below which chlorine can be activated, and
chlorine was thus converted back to inactive forms by mid-February. No further ozone
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destruction occurred, and ozone increased slightly through mid-March as vertical motions
transported higher ozone down from above.

SSWs are a common dynamical event in the Arctic winter, during which the strong westerly
winds that encircle the polar vortex reverse to easterly and polar stratospheric temperatures rise
abruptly, sometimes increasing by more than 30 K over 2-3 days. Such events have historically
occurred on average about once every two winters, but are irregular, with periods of many years
without one occurring (e.g., in most of the 1990s) and other periods such as the past decade
having many more than average. The contrast between the meteorological conditions in
2011/2012 with those in 2010/2011 highlights the large range of interannual variability in Arctic
winter conditions, and hence in Arctic ozone loss.

UV Radiation

UV levels measured at Arctic terrestrial locations during the first half of 2012 were generally
within the typical range of values observed during the last two decades, with notable exceptions
discussed below.

Figure 1.12 compares measurements of the UV Index for 12 Arctic and sub-Arctic sites
performed in 2012 and 2011 with historical measurements. The UV Index is a measure of the
ability of UV radiation to cause erythema (sunburn) in human skin. It is calculated by weighting
UV spectra with the CIE action spectrum for erythema (McKinlay and Diffey, 1987) and
multiplying the result by 40 m?W. Changes in the UV Index tend to anti-correlate with changes
in total ozone. This can be seen by comparing the center panels of Fig. 1.12, which show UV
Index measurements of 2011 and 2012 relative to the climatological average, with the bottom
panels, which show a similar analysis for total ozone. The anti-correlation is most obvious for
periods not affected by clouds.

Closer inspection of Fig. 1.12 reveals that total ozone at the southern Scandinavian sites (last
row of Fig. 1.12) was significantly below the long-term mean for much of January, February and
March 2012, consistent with the ozone maps shown in Fig. 1.9. On average, ozone was
reduced by 16% over Trondheim, 11% over Finse, 6% over Jokioinen and 10% over @steras.
These reductions led to increases of the UV Index by 11% at Finse and 13% at @steras. UV
levels at Trondheim and Jokioinen were not notably affected, likely because of the dominance of
cloud effects. While it is unusual that total ozone remains below the climatological average for
three consecutive months, reductions for individual days remained, by and large, within
historical limits.

Total ozone at Barrow, Alaska, was 257 DU on 9 June 2012 and 267 DU on 10 June 2012. The
long-term mean for the two days is 345 DU and the standard deviation of the year-to-year
variability is 23 DU. Thus, total ozone on these two days was 3.8 and 3.4 standard deviations
below the climatology. Satellite images (e.g.,

http://www.temis.nl/protocols/o3field/o3month _omi.php?Year=2012&Month=06&View=np)
indicate that the low-0zone event was caused by advection of ozone-poor air from lower
latitudes originating from above the United States. The transport of ozone-poor air from lower to
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higher latitudes is well documented (e.g., Bojkov and Balis, 2001), but advection from sub-
tropical to polar latitudes is less common. As a consequence of low ozone, the UV Index at
Barrow on 10 June 2012 was 40% above the mean value for this day.
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Fig. 1.12. Seasonal variation of the UV Index for 12 Arctic and sub-Arctic sites measured by
ground-based radiometers. Data are based on the daily maximum UV Index for all sites but
Alert, Eureka and Resolute, which use the UV Index averaged over the period of two hours
centered at solar noon. The upper panel for each site compares the climatological average
(blue line) with the measurements in 2011 (green dots) and 2012 (red dots), and historical
minima and maxima (shaded range). The latter were calculated from measurements during the
periods indicated in the top-right corner of the panel. The center panel shows the anomaly in
the UV Index, calculated as the percentage departure from the climatological average. The
bottom panel shows a similar anomaly analysis for total ozone derived from measurements by
the following satellites: TOMS/Nimbus7 (1991-1992), TOMS/Meteor3 (1993-1994),
TOMS/EarthProbe (1996-2004) and OMI (2005-2012). The shaded range for the ozone data
set is based on data for 1991-2010 (1996-2010 for Trondheim and Finse). Ozone data are
available at http://ozoneag.gsfc.nasa.gov/ and
http://avdc.gsfc.nasa.gov/index.php?site=1593048672&id=28.
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Figure 1.12 also highlights measurements made in 2011. The abnormally low stratospheric
ozone concentrations in spring of that year (see Arctic Report Card 2011) led to large increases
in UV radiation during March and April. These increases were considerably larger than any
enhancement observed in 2012.

In addition to atmospheric ozone concentrations, UV radiation is affected by the height of the
Sun above the horizon, clouds, aerosols (liquid and solid particles suspended in air), the
reflectivity of the surface (high, when snow or ice covered), and other factors (Weatherhead et
al., 2005). The main driver of the annual cycle is the solar elevation. Sites closest to the North
Pole (Alert, Eureka and Ny-Alesund in Fig. 1.12) have the smallest peak radiation, with UV
Index remaining below 4 all year. Although UV Indices below 5 are considered "low" or
"moderate” (WHO, 2002), people involved in certain outdoor activities may receive higher-than-
expected UV doses if their faces and eyes are oriented perpendicular to the low Sun or if they
are exposed to UV radiation reflected off snow.

Clouds lead to a large variability in UV levels on time scales from minutes to days, but their
effect is largely reduced when the ground is covered by fresh snow (Bernhard et al., 2008).
Measurements at Barrow, and to a lesser extent at Alert and Eureka, show a large asymmetry
between spring (low variability) and fall (high variability) because the surface at these sites is
covered by snow until about June and free of snow thereafter until the beginning of winter.
During summer and fall, the variability introduced by clouds is substantially larger than that
related to ozone variations (compare shaded ranges in center and bottom panels of Fig. 1.12).

Footnotes

Total ozone column is the height of a hypothetical layer that would result if all 0zone molecules
in a vertical column above the Earth's surface were brought to standard pressure (1013.25 hPa)
and temperature (273.15 K).

’Equivalent latitude is a latitude-like coordinate aligned with the polar vortex (Butchart and
Remsberg, 1986).

®Dobson Unit, the standard unit for measuring the total ozone column. 1 DU equals a column
height of 0.01 mm and corresponds to 2.69x10"® molecules / cm?.
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Highlights

Global increases in greenhouse gases from human sources continue.

e NOAA ESRL weekly air samples from multiple Arctic sites (north of 53°N) show that, as
yet, there is no direct atmospheric evidence that either Arctic emissions of CH,, or the
net balance of C from CO,, are changing.

— - —

Carbon dioxide (CO,) and methane (CH,) are the two largest contributors to radiative forcing by
long-lived greenhouse gases, accounting for about 82% of the total (2.32 out of 2.84 W m?in
2011; see: http://www.esrl.noaa.gov/gmd/agqi/). Both these greenhouse gases have long
atmospheric residence times; the residence time of CH, is about a decade due to
photochemical loss (Forster et al., 2007), and for CO,, whose loss from the atmosphere is
controlled by many processes with different time scales, it is much longer (Tans, 2010). CO,
released in the past and future decade will remain a global warming driver for most of the
century. CH, is a potent greenhouse gas; it causes about 25 times more warming over 100
years than emission of an equal mass of CO, (Forster et al. 2007).

The topmost 3 m of ice-rich permafrost is estimated to hold an amount of carbon about equal to
the carbon in known coal reserves, ~1000 PgC (where 1 Petagram (Pg) = 10" g) (Tarnocai et
al., 2009). If Arctic permafrost thaws, then the carbon stored in Arctic soils will decay and be
emitted to the atmosphere as some combination of CO, and CHy,. If Arctic soils remain water-
saturated, a larger fraction of carbon will be emitted as CH,4 as a result of anaerobic microbial
activity. On the other hand, if Arctic soils drain as permafrost thaws, a larger proportion of
carbon will be emitted as CO,. Currently, the Arctic is thought to be a small sink for atmospheric
CO; (McGuire et al., 2009). Model studies that attempt to describe permafrost dynamics as the
atmospheric warms in the future suggest that even with a more productive Arctic biosphere
capable of taking up more carbon, the Arctic will become a net source of carbon sometime in
the first half of the 21st Century (e.g. Schaefer et al., 2011).

Shallow Arctic sea sediments, especially offshore of Siberia, are thought to be rich in organic
matter that may be emitted to the atmosphere as the seawater temperature increases. In
addition, ice hydrates deep within the Arctic sea shelf sediments may destabilize due to warmer
water temperatures and release methane to the atmosphere. Currently, the amount of CH,
emitted to the atmosphere by these processes is thought to be about one third of that emitted
from wetlands in the Arctic tundra (Shakova et al., 2010; McGuire et al., 2012); however, the
sparseness of atmospheric observations makes this difficult to confirm.

It is important to monitor Arctic greenhouse gases as they have great potential to influence
global climate through positive feedbacks. Consequently, NOAA ESRL currently measures
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atmospheric CO, and CH, weekly in air samples from 6 Arctic sites (north of 53°N, Table 1.1).
This is down from 8 sites in 2011; sites in the Baltic Sea and Station M in the North Atlantic
were discontinued due to budget cuts.

Table 1.1. NOAA ESRL measures CO, and CH, in air samples taken at these eight sites. All are
classified as Arctic, i.e., north of 53°N. The BAL and STM sites were discontinued in 2011.

Site Latitude (°N) Longitude (°)*
ALT: Alert, Nunavut, Canada 82.45 -62.51
BAL: Baltic Sea, Poland 55.35 17.22
BRW: Barrow, Alaska, USA 71.32 -156.61
CBA: Cold Bay, Alaska, USA 55.21 -162.72
ICE: Storhofdi, Vestmannaeyjar, Iceland 63.40 -20.29
STM: Ocean Station M, Norway 66.00 2.00
SUM: Summit, Greenland 72.58 -38.48
ZEP: Ny Alesund, Svalbard, Norway 78.90 11.88

*Positive and negative values are east and west of the Greenwich meridian, respectively.

Figures 1.13 and 1.14 show time series of CO, and CH, at polar northern latitudes (53 to 90°N)
averaged over all NOAA network sites. Both species show large annual cycles related to
summertime uptake by the land biosphere in the case of CO, and emissions from wetlands and
other biogenic sources in the case of CH,4. Note that uptake of CO, and biogenic emissions of
methane are largest in the warm months, so the seasonal cycles are approximately out of
phase. Over many years, the behavior of CO, is dominated by a positive trend related to fossil
fuel combustion that occurs mostly in the populated mid-latitudes. The recent upward trend in
CH, is thought to be related mainly to growth of natural emissions in the tropics after a
prolonged period of lower-than-average precipitation (Dlugokencky et al., 2009; Bousquet et al.,
2011).
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Fig. 1.13. Zonal mean abundance of CO- in parts per million (ppm) for the northern and
polar region (53° to 90°N, PNH) determined from the NOAA ESRL global cooperative air
sampling network. Data are available at http://www.esrl.noaa.gov/gmd/dv/iadv/.
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Fig. 1.14. Zonal mean abundance of CH4 in parts per billion (ppb) for the polar northern
(53° to 90°N, PNH) region determined from the NOAA ESRL global cooperative air
sampling network. Data are available at http://www.esrl.noaa.gov/gmd/dv/iadv/.

Figure 1.15. shows the inter-polar difference of CH,4 (IPD, defined as the difference in zonally-
averaged CH, annual mean abundances for polar zones covering 53° to 90° in each
hemisphere). The IPD is a potential indicator of changes in Arctic CH, emissions because there
are no significant sources in southern polar latitudes, and trends in mid-latitude sources are
transported to high latitudes of both hemispheres; therefore, trends in IPD mainly reflect
changes in Arctic emissions (e.g., Dlugokencky at al., 2003). No upward trend in IPD is seen for
CH, since the 1990s, suggesting that Arctic emissions have not been increasing in recent years.
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The economic collapse of the former Soviet Union from 1991 to 1992 shows the sensitivity of
IPD to changing emissions of CH,. During this period, high northern latitude emissions are
estimated to have decreased by ~10 Tg CH, yr* (where 1 Teragram (Tg) = 10*? g), and IPD
decreased by ~10 ppb [parts per billion]) (Dlugokencky et al., 2003), but has not recovered. As
yet, multi-decadal observations of atmospheric CH,; do not suggest that Arctic emissions are not
increasing rapidly. Trends in CO, emission or uptake are difficult to detect because the global
budget is dominated by the global increase due to fossil fuels. However, given the large inter-
annual variability, trends in emissions of both species that are too small to be detected by the
atmospheric network over several decades cannot be ruled out.
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Fig. 1.15. Inter-polar difference (IPD) in annual mean abundance of CH4 in parts per
billion (ppb) for polar northern (53° to 90°N, PNH) and polar southern (53° to 90°S, PSH)
regions determined from the NOAA ESRL global cooperative air sampling network. The
trend lines (broken lines) emphasize the change in Arctic emissions that occurred in the
early 1990s, possibly related to changes in anthropogenic emissions in the former Soviet
Union. Data are available at http://www.esrl.noaa.gov/gmd/dv/iadv/.
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