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5. THE ARCTIC

T. A. Moon, M. L. Druckenmiller, and R. L. Thoman, Eds.

a. Overview

—T. A. Moon, M. L. Druckenmiller, and R. L. Thoman

Environmental conditions across the Arctic, a vast area above 60°N, look today remarkably
different than one or two decades ago. Modern satellite era measurements of Arctic annual
surface air temperature (1979-2025) show that the region has, on average, warmed roughly three
times faster than the rest of the planet. Human emissions of heat-trapping gases are driving
the change globally with additional processes in the Arctic amplifying the heating (section 5c).
The impacts touch every corner of the terrestrial and marine landscape, including serious com-
pounding hazards for people in the Arctic. This chapter delves into these long-term trends and
details 2025 observations across the Arctic system, including a section on 2023/24 observations
on glaciers and ice caps outside of Greenland (section 5h, which alternates yearly with a section
on Arctic river discharge).

Examining surface temperature in the Arctic, 2025 was the second warmest year since the
observational record began in 1900 (section 5c). The surface temperature anomaly for the year
was 1.38°C above the 1991-2020 mean, a reflection of warmer-than-usual temperatures occur-
ring across seasons. Autumn and winter continue to show the strongest increases in surface
warming as compared to global trends, and 2025 marked the 12th consecutive year that Arctic
temperature anomalies were higher than global surface temperature anomalies. Temperature
changes also occur from the Earth’s surface up through the troposphere and stratosphere. The
Arctic troposphere has warmed 0.3°C decade™ since 1958, while the stratosphere has cooled by
a similar amount, an expected pattern with human-caused climate change (section 5b). In 2025,
polar tropospheric air temperatures were the second highest on record.

Overall warming in the Arctic is accompanied by increases in precipitation, including the
potential for bigger rain and snow events. During the period 19502025, there was an upward
trend in annual precipitation totals, including significant upward trends in all seasons (section
5d). Examining annual records, 2025 had the third highest annual precipitation total on record,
and the largest precipitation anomalies with respect to 1991-2020 were in winter (112%), spring
(108%; the highest spring anomaly on record), and autumn (104%). Snow cover extent is con-
nected to these coupled changes in precipitation and temperature, with patterns of snowpack
buildup and melt shifting over the last several decades. In 2025, Arctic snow cover extent was
roughly normal in Eurasia and North America in May but dropped below normal in June with
early loss of snow cover, a now common occurrence (section 5i).

Arctic landscapes both respond to and influence temperature and precipitation changes. With
vast areas of tundra as well as permafrost, the Arctic is home to a unique physical system that is
responding rapidly to overall warming. Changes in Arctic tundra plants and productivity, such
as increases in the abundance, distribution, and height of shrubs, result in Arctic “greening”,
which has been detected since the late 1990s. Beginning in 2020, the Arctic has experienced
a sequence of record- or near-record-high greenness values, to which 2025 is now added as
the third highest value (section 5k). Local and regional variation is notable, however, with, for
example, both greening and “browning” in the Eurasian Arctic. Vegetation changes in the Arctic
are intrinsically connected to changes in permafrost as well. Since the 1980s, permafrost across
the Arctic has seen a long-term warming trend, with the strongest trends in high-latitude, cold
permafrost (section 5j). The active layer thickness, or the maximum depth of surface ground that
seasonally thaws and freezes, has also increased, though at different regional rates.
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Permafrost thaw is also a key player in Arctic terrestrial carbon dioxide and methane storage,
though other important processes are also at play, such as wildfire, wetland development or
loss, and river and lake outgassing. Examining tundra and boreal forest ecosystems in Arctic
permafrost regions suggests that together carbon dioxide from these sources made the region a
small net carbon dioxide source during the period 2000-20 (Sidebar 5.2). This is a serious and
potentially long-term shift from Arctic permafrost regions acting as a carbon dioxide sink that
dampens warming to a source that can enhance warming. Subannual records also show that
the seasonal cycle of carbon storage and release is amplifying, reflecting both stronger winter
emissions and stronger summer uptake (Sidebar 5.2).

Dramatic change continues for other frozen components of the Arctic system. On land, the
Greenland Ice Sheet, which holds the second largest reservoir of frozen fresh water on the planet,
had yet another year of overall ice loss (129+50 Gt based on gravity measurements; section 5g).
Sixty percent of the planet’s glaciers and ice caps outside of Greenland and Antarctic are also
found in the Arctic, and ice loss across these areas has tripled since the mid-1990s. During
2023/24, both Arctic Scandinavia and Svalbard had record years of ice loss with melt 1473%
above the 1991-2020 mean in Arctic Scandinavia and 482% above in Svalbard (section 5h).

Arctic sea ice records also continue to show very low extent and predominantly first-year ice.
The maximum sea ice extent in March 2025 was the lowest in the 47-year record, continuing a
downward trend of -2.5% per decade, while September 2025 minimum extent was the 11th lowest
on record, adding to a trend of —13.6% per decade extent loss (section 5f). Ice older than four
years old is now nearly absent, with only 95,000 km? of older ice in September 2025 as compared
to 1.5 million km? in the 1980s. Without sea ice cover, Arctic Ocean surface waters are exposed
to heating from solar radiation and the atmosphere. Examined annually in August, the 2025 sea
surface temperature in most Arctic Ocean regions was the highest in the 1982-2025 record and
the pan-Arctic mean was the second highest on record (section 5e).

Pervasive environmental changes have direct and indirect impacts on people within and
beyond the Arctic (e.g., Meng et al. 2023; Moon et al. 2019). In many instances, communities
experience the combined impacts of multiple rapidly changing systems. For example, permafrost
thaw and glacier retreat are increasing hazards such as glacial lake outburst floods, landslides,
and the reliability of water supplies. Extreme weather hazards are also increasing. A prime
example is the devastating ex-typhoon Halong that hit the Alaska west coast on 11-12 October
2025 (Sidebar 5.1). The storm traveled across anomalously warm ocean surface temperatures,
and peak storm surge arrival on shore coincided with the daily high tide. Storm impacts were
intense and widespread, including substantial inland and coastal flooding, ferocious winds,
infrastructure loss, and loss of life.

The pace of change and the seriousness of impacts across plants, animals, and people high-
light the importance of maintaining and strengthening our environmental intelligence regarding
the Arctic region. Real threats to our scientific monitoring ability exist, such as the loss of a
long-term Arctic vegetation monitoring dataset due to funding cuts (section 5k). This chapter’s
observations show that the Arctic today is vastly different than the past, requiring close atten-
tion and increased action for hazard preparedness and response.
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b. Atmosphere

—A. H. Butler, S.H. Lee, G. H.Bernhard, V. E. Fioletov, J.-U. GrooB, . lalongo, B. Johnsen, K. Lakkala,

R. Miiller, and T. Svendby

The Arctic atmosphere is changing rapidly due to increasing greenhouse gases and associ-
ated melting sea ice. Since 1958, the Arctic troposphere has warmed ~0.3°C decade, with
amplified warming at the surface, while the Arctic stratosphere has cooled by roughly the same
amount (Fig. 5.1)—a fingerprint of human-caused carbon dioxide (CO,) increases (e.g., Santer
et al. 2023). The magnitude of these temperature trends varies by season, altitude, and time
period over which the trend is calculated (Fig. 5.1; Riviere et al. 2024), reflecting year-to-year
variability associated with the downward influence from the stratosphere, tropical to extratrop-
ical teleconnections, and high-latitude weather systems that drive moisture and heat transport
into and out of the region.
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Fig. 5.1. Polar cap (60°N-90°N) air temperature trends from ERA5 reanalysis. Panels (a) and (b) show annual-mean tem-
perature anomalies (°C; 1991-2020 climatology) at the 50-hPa and 850-hPa pressure level, respectively. Dashed black and
blue linesin (a) and (b) show the least-squares linear fit to the data for the period 1958-2025 and 1979-2025 (satellite era),
respectively, with corresponding trend values + standard error. Panel (c) shows 1979-2025 linear trends in air tempera-
ture (°C decade™) by pressure level and month (adapted from Riviere et al. 2024). Stippling denotes p<0.025 significance
(2-tailed Student’s t-test). Horizontal dashed lines correspond to the pressure levels in (a) and (b).

In 2025, annual-mean polar tropospheric air temperatures at 850 hPa were the second highest
on record (Fig. 5.1b; throughout this section, anomalies are defined relative to the 1991-2020 cli-
matology over the 1958-2025 ERAS5 reanalysis record, unless otherwise noted). Negative trends
in lower polar stratospheric temperatures have slowed since the turn of the century, coincident

with the recovery of the global ozone layer
----- : (Ferraro et al. 2015; Weber et al. 2022), and
the 2025 value was near average (Fig. 5.1a).
In addition to long-term changes, we high-
light below the seasonal circulation and
ozone variability in 2025.

(b) Apr—Jun 2025

1. WINTER (JANUARY-MARCH)

Winter Arctic tropospheric temperatures
were above average, in agreement with
widespread positive geopotential height
anomalies at 500 hPa (Fig. 5.2a), with
record warmth in February (Fig. 5.3b). In
contrast, the Arctic lower stratosphere was

Fig.5.2. Seasonal 500-hPa geopotential height (m; shading)
and 200-hPa wind vector (m s') anomalies for (a) winter
(Jan-Mar; JFM), (b) spring (Apr-Jun; AMJ), (c) summer
(Jul-Sep; JAS), and (d) autumn (Oct-Dec; OND). Higher
geopotential heights generally indicate warmer air
columns. Anomalies are relative to the 1991-2020 clima-

tology; stippli i i
P gy; stippling denotes anomalies exceeding +2 std. dev.
80 64 -48 -32 -16 0 16 32 48 64 80

Anomaly (m) (Source: ERA5 [Hersbach et al. 2020].)
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Fig. 5.3. 2025 Arctic atmosphere dynamics. (a) Daily stratospheric polar vortex winds (zonal-mean zonal winds at 10 hPa
and 60°N) in black, with the 1991-2020 mean and +2c spread in gray. Red dots indicate easterly winds. (b) Vertical
cross-section of daily polar cap-averaged (60°N-90°N) geopotential height anomalies in standard deviations. Purple
dash-dot and pink dashed lines mark the 9 March final stratospheric warming and 28 November sudden stratospheric
warming, respectively. (c) 1000-hPa polar cap-averaged (60°N-90°N) geopotential height anomalies. Anomalies are
relative to 1991-2020. (Source: ERA5.)

extremely cold in January and February (the second coldest February on record at 50 hPa). This
was associated with a stronger-than-normal polar vortex (Fig. 5.3a) and extremely low total
column ozone anomalies stretching across the Arctic from eastern Canada to Asia (Fig. 5.4a).
These regions of anomalously low ozone corresponded to broad increases (~30%) in ultraviolet
(UV) radiation in February, according to satellite-based and ground-based measurements
(though absolute values of UV in February are low due to partial polar darkness; Fig. 5.4c).

A strong Scandinavian anticyclone in February, concurrent with anomalously high pressure
over Alaska, likely triggered a planetary-scale wave forcing that led to the second-earliest strato-
spheric final warming—the seasonal transition of the stratospheric polar vortex from a westerly
to easterly state—on record, on 9 March 2025 (Fig. 5.3a). As the vortex broke down, it was dis-
placed towards Europe, leading to a hemispheric dipole in the March total column ozone
anomalies. Extremely low ozone remained in the vortex core; the minimum of March vortex total
column ozone was 303 Dobson units (DU), which was the second lowest of the last four decades,
after the year 2020. Conversely, strong positive anomalies formed over Alaska and the North
Pacific, driven by accelerated stratospheric transport and enhanced mixing (Fig. 5.4b).
Correspondingly, UV measurements showed strong surface UV radiation increases of ~30%-60%
over Europe and Scandinavia but modest reductions over the Canadian archipelago and Canada
(Fig. 5.4d). Some differences between ground- and satellite-based UV measurements are evident,
particularly at Trondheim in March, which may be due to cloudiness conditions at that station,
and climatologies used in the satellite retrievals, which do not always match the actual albedo
(Bernhard et al. 2015).
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(a) Feb total ozone

(b) Mar total ozone
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Fig. 5.4. Monthly ozone and ultraviolet (UV) anoma-
lies. Panels (a),(b) show total ozone column (%) and
(c).(d) noontime UV index (UVI; %) for Feb (a),(c) and Mar
(b).(d) 2025 relative to 2005-24 means, using the Ozone
Monitoring Instrument (OMI) Level-2 Total Column Ozone
version 3 (OMTO3) product (Bhartia and Wellemeyer
2002). Stippling indicates anomalies exceeding +2c. Panels
(c).(d) also show UVI anomalies (%) from ground-based
measurements at 10 locations (shaded marker): Alert
(ALT; 83°N); Eureka (EUR; 80°N); Ny-AIesund (NYA; 79°N);
Resolute (RES; 75°N); Andgya (AND; 69°N); Sodankyla (SOD;
67°N); Trondheim (TRO; 63°N); Finse (FIN; 61°N); @steras
(OST; 60°N); and Churchill (CHU; 59°N). White polar areas
and values of N/A in the table indicate missing data due to
polar darkness.

2. SPRING (APRIL-JUNE)

The early March dynamic final stratospheric
warming led to a circulation perturbation that
descended to the tropopause through June but
only intermittently affected the troposphere
(Figs. 5.3a,b). While an early final stratospheric
warming tends to be followed by a negative
Northern Annular Mode (NAM)/North Atlantic
Oscillation (NAO)-like pattern—consisting
of positive geopotential height anomalies
over the polar cap—the mid-troposphere and
surface instead showed broadly negative geo-
potential height anomalies across the polar
region (Figs. 5.2b, 5.3b,c). Near the surface at
1000 hPa, polar cap-averaged height anoma-
lies were persistently negative, especially in
late May into June.

3. SUMMER (JULY-SEPTEMBER)

Summer featured cohesive positive polar
geopotential height anomalies from the
near-surface into the quiescent summer
stratosphere (Fig. 5.3b). These positive
height anomalies mainly arose due to two
large anticyclones dominating the sum-
mertime mid-tropospheric flow: one over
the Barents—Kara Sea region that peaked
in strength in August and then retrograded
towards Scandinavia in September, and
another over Canada that was weakly present
in August and amplified in September
(Fig. 5.2c). This setup resulted in weak anom-
alous upper-tropospheric wind flow over the
central Arctic and Baffin Bay.

4. AUTUMN (OCTOBER-DECEMBER)

The tropospheric circulation in autumn
(Fig. 5.2d) showed two anticyclones over
Greenland and the Bering Straitin the seasonal
average, yet there was large month-to-month
variability. For example, October was excep-
tionally warm in the troposphere, with record
to near-record warmth from the surface
(section 5c) to upper troposphere, potentially
associated with two anticyclones over Canada
and the Barents—Kara Seas region. On the
other hand, December was extremely cold in
eastern Alaska and the Yukon Territory, due to
an exceptionally strong ridge over the Bering

Strait supporting a downstream surface anticyclone, allowing for maximum surface cooling from
northerly advection of Arctic air. In the stratosphere, the polar vortex was weaker than normal
until November, when extended tropospheric wave forcing predominantly from the Greenland
blocking high helped to displace the stratospheric polar vortex towards Asia, leading to one of
the earliest major sudden stratospheric warmings in the ERA5 record (28 November, tied with
28 November 1968; Fig. 5.3a). The downward influence from this event just reached the Arctic
troposphere by the end of December 2025 (Fig. 5.3b).
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c. Surface air temperature

—T. J. Ballinger, A. Crawford, A. H. Butler, M. C. Serreze, S. Bigalke, J. E. Walsh, B. Brettschneider,
R. L. Thoman, U.S. Bhatt, E. Hanna, H. Motrgen Gjelten, S.-J. Kim, J. E. Overland, and M. Wang

1. OVERVIEW

Arctic (60°N—-90°N) surface air temperature (SAT) in 2025 continued to rise faster than the
global (90°S—90°N) rate. Over the modern satellite era since 1979, the Arctic annual SAT has
increased approximately three times faster than the global mean, a phenomenon often termed
Arctic Amplification, due in large part to anthropogenic greenhouse gas emissions and ampli-
fying feedbacks (Sweeney et al. 2023; Zhou et al. 2024).

Arctic Amplification has been linked to numerous physical and ecological changes that
affect transportation, infrastructure, and subsistence livelihoods for people living in the North,
with cascading impacts extending across lower latitudes (Moon et al. 2019; Walsh et al. 2020).
Warming responses within the Arctic include increased annual precipitation (section 5d), per-
sistent mass loss from the Greenland Ice Sheet (section 5g) and Arctic glaciers and ice caps
(section 5h), and enhanced greening of tundra landscapes (section 5k). This section examines
Arctic SAT in 2025 in historical context and highlights seasonal SAT and contemporaneous atmo-
spheric circulation anomalies. Annual air temperatures follow the calendar year, with seasons
defined as winter (January—March), spring (April-June), summer (July—September), and autumn

(October—December).

2. HISTORICAL CONTEXT TO 2025 AIR TEMPERATURES
Time series of annual Arctic and global SAT anomalies from NASA’s GISTEMP version 4 dataset
(Lenssen et al. 2019) are shown in Fig. 5.5a. This past year was the second warmest on record

since 1900 in the Arctic with an anomaly of
1.38°C above the 1991-2020 mean. This marks
the 12th consecutive year that pan-Arctic tem-
perature departures exceeded the global
average (+0.58°C). Arctic and global seasonal
anomalies over the past year were also above
average (Figs. 5.5b—e). At both scales, all
seasons ranked among their 10 warmest since
1900. However, annual and seasonal SAT
anomalies and long-term trends continue to
outpace global SAT trends, most notably in
autumn and winter.

At the seasonal scale, Arctic Amplification
is most pronounced during autumn and
winter (Figs. 5.5b,e) when heat accumulated in
the Arctic Ocean mixed layer from solar energy
absorption in growing open water areas
(section 5f) and northward advection of warm
sub-Arctic water masses (e.g., Polyakov et al.
2025) is released to the overlying atmosphere.
Arctic Amplification is strongest in the lower
troposphere because the atmosphere is more
stable in the Arctic than in lower latitudes,
which inhibits vertical mixing and confines
heating near the surface (Serreze et al. 2026).
Spatial patterns of Arctic SAT anomalies,
shown and discussed below, align with some
of these processes.
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Fig. 5.5. Time series of (a) annual, (b) winter (Jan-Mar),
(c) spring (Apr-Jun), (d) summer (Jul-Sep), and (e) autumn
(Oct-Dec) surface air temperature anomalies (°C) averaged
across Arctic (60°N-90°N) and global (90°S-90°N) land
and ocean areas. The Arctic (Tarenc) and global (Teioeal) air
temperature trends (°C decade™) for the 1900-2025 period
are shown in each panel. All trends, based on linear least
squares regression, are statistically significant (p<0.01).
(Source: NASA GISTEMP v4.)
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3. SEASONAL AIR TEMPERATURE ANOMALY PATTERNS IN 2025

Seasonal Arctic SAT anomaly patterns from ERA5 (Hersbach et al. 2020) are shown in Fig. 5.6.
During winter (Fig. 5.6a), record-high temperatures were found over the Canadian Arctic
Archipelago and the southern Barents Sea, with more modest anomalies over Alaska, the Bering
Sea, Baffin Bay, the Lincoln Sea, the central Arctic Ocean, and east central Eurasia. The lone
areas of below-average temperatures were eastern Siberia and north central Canada. Positive
SAT anomalies in the North Atlantic Arctic sector are consistent with a relatively strong sea level
pressure (SLP) dipole (Fig. 5.7a). This was characterized by below-average SLP (6 hPa-7 hPa
below the 1991-2020 mean) indicative of an active storm track over eastern Canada promoting
warm air advection west of Greenland.

During spring, near-average SAT characterized much of the Arctic Ocean and landmasses.
Exceptions included record-high seasonal SATs over eastern Siberia and the Sea of Okhotsk,
central Russia, and the Norwegian Sea (Fig. 5.6b). Central Greenland and the Kara Sea also saw
above-average spring temperatures. Weak SLP anomalies covered much of the Arctic Ocean,
except over the Kara Sea and the Canadian Arctic Archipelago. Below-average SLP also char-
acterized Greenland and the Icelandic Low region to the south, which, along with slightly
elevated SLP over western Europe, helped transport unseasonably warm air across the southern
Norwegian Sea and drive record-high surface air temperatures in the region (Fig. 5.7b).

Summer saw average to above-average air temperatures over much of the Arctic with the
exception of record warmth located over the North Atlantic Arctic, including central and eastern
Greenland, the Norwegian Sea, northern Scandinavia, and areas northeast of Svalbard (Fig. 5.6¢),
associated with a large, blocking high pattern over the Barents Sea and Kara Sea (see Fig. 5.2c).
Small anomalies over the Arctic Ocean are consistent with the cooling effects of a melting sea ice
surface. Elevated SAT spanned much of the Kara Sea coastline and areas extending southward
into central Eurasia, while on the North American side, north central Canada saw above-average
SAT under anticyclonic conditions associated with higher-than-average SLP (Fig. 5.7¢).

(a) Jan—Mar 2025 (b) Apr—Jun 2025 _

(a) Jan—Mar 2025 (b) Apr—Jun 2025

(c) Jul-Sep 2025

(d) Oct-Dec 2025 (d) Oct-Dec 2025

TR
B oL
ox &)
s

-7 6 -5 -4-3-2-101 2 3 4 5 6 7

Temperature anomaly (°C)

Fig. 5.6. Seasonal surface air temperature anoma-
lies (°C) in 2025 for (a) winter (Jan-Mar), (b) spring
(Apr-Jun), (c) summer (Jul-Sep), and (d) autumn (Oct-Dec).
Temperature anomalies are shown relative to their
1991-2020 means. Stippled areas indicate record-high
seasonal temperatures since 1940. (Source: ERA5.)
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Sea level pressure anomaly (hPa)

Fig. 5.7. Seasonal sea level pressure (SLP) anomalies
(shading) and absolute values (isobars; both in hPa)
in 2025 for (a) winter (Jan-Mar), (b) spring (Apr-Jun),
(c) summer (Jul-Sep), and (d) autumn (Oct-Dec). SLP
anomalies are shown relative to their 1991-2020 means.
(Source: ERA5.)
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Much of the North Atlantic Arctic was anomalously warm in autumn 2025 (Fig. 5.6d), with the
magnitude of the anomalies relatively greater compared to other seasons across the calendar
year. Record-high temperature anomalies of up to +6°C covered much of Baffin Bay, Baffin Island,
and the Barents Sea while records were also set in the eastern Lincoln Sea and central Arctic
Ocean. Portions of central Greenland, the Denmark Strait, and western Eurasia also saw record
warmth, albeit with smaller SAT anomalies. Positive SLP anomalies around Greenland (Fig. 5.7d)
coincided with a strong anticyclone aloft that produced flow from the southeast across Baffin
Bay (see Fig. 5.2d). This pattern likely stunted sea ice advance across the region thereby shaping
the pattern of record warmth west of Greenland. The two positive SLP anomaly centers over
Greenland and the Bering Strait (Fig. 5.7d) were amplified at upper levels of the troposphere,
suggesting a wavenumber-2 wave forcing may have contributed to one of the earliest sudden
stratospheric warmings on record (section 5b).
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d. Precipitation

—M. C. Serreze, S. Bigalke, R. Lader, A. Crawford, and T. J. Ballinger

1. INTRODUCTION

Annual precipitation over the Arctic region is characterized by high totals over the Atlantic
sector (locally >2000 mm) due to open water and the frequent passage of storm systems, con-
trasting with polar desert (250 mm or less) over much of the Canadian Arctic Archipelago and
central Arctic Ocean. Within these patterns, there is strong seasonality and local-to-regional
variability. Obtaining accurate measurements of Arctic precipitation to assess anomalies and
change is challenged by the sparse observation network—notably over the Arctic Ocean—and
observation errors due to factors such as gauge undercatch of solid precipitation (Serreze et al.
2003).

To assess 2025 Arctic precipitation anomalies and historical trends, data from the ERA5 atmo-
spheric reanalysis are utilized (Hersbach et al. 2020), which performs slightly better than
other atmospheric reanalyses at matching observed precipitation (Barrett et al. 2020; Loeb
et al. 2022), along with the gauge-based Global Precipitation Climatology Centre (GPCC) dataset
(land-only measurements; Becker et al. 2013; Schneider et al. 2022). The Arctic is taken as the
region poleward of 60°N. Winter, spring, summer, and autumn are defined as January—March,
April-June, July-September, and October—December, respectively.

2. ANNUAL AND SEASONAL ARCTIC PRECIPITATION

For the Arctic as a whole, annual precipitation for 2025 based on ERA5 was 106.0% of the
1991-2020 average, the third highest total on record, reinforcing an upward trend as assessed
over the period 1950-2025. Percent anomalies with respect to 1991-2020 by season were 111.8%
(fourth highest on record) for winter, 108.3% for spring (record high), 99.7% for summer, and
104.3% for autumn (ninth highest). Summer was near the long-term average.

3. REGIONAL ANOMALIES

Figure 5.8 shows the spatial pattern of
seasonal  precipitation anomalies for
2025 based on  ERA5. Regionally,
above-to-slightly-above average precipitation
over the Atlantic sector in winter contrasted
with  below-average precipitation over
northern Europe and along the west coast of
Canada. The dominant features of spring were
above-average precipitation over coastal
Alaska and the southeast coast of Greenland,
both pointing to the effects of orographic
uplift. Precipitation was somewhat low over
most of Canada and northern Europe (with
northern Norway as an exception), the latter
continuing the pattern from winter. Summer
dryness over most of Canada stands out, as
does dry conditions over much of northern
Eurasia. In autumn, the pattern shifted to
above-average precipitation over Canada,
while much of Arctic Eurasia remained dry.

(a) Jan—Mar 2025 (b) Apr—Jun 2025
J J

4. HEAVY PRECIPITATION EVENTS
Regionally heavy precipitation events in -30 -20 -10 0 10 20 30
any year can approach or exceed previous Precipitation anomaly (cm)
records, even in a stable climate. Such events Fig. 5.8. Seasonal precipitation anomalies (cm;
are important to track as they can result in 1991-2020 baseline) in 2025 for (a) winter (Jan-Mar),

. . . (b) spring (Apr-Jun), (c) summer (Jul-Sep), and (d) autumn
ﬂOOdlng’ loss of life, and damage to infrastruc- (Oct-Dec). Green shades denote above-average pre-
ture. Figure 5.9 shows the pattern of heavy cipitation and brown shades denote below-average

precipitation events by season in terms of precipitation. (Source: ERA5.)
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(b) Apr—Jun 2025

(a) Jan—Mar 2025

Nottop10  6th—10th
wettest

3rd-5th 2nd
wettest wettest

Precipitation ranks

Wettest

Fig. 5.9. Ranks of maximum five-day precipitation in
2025 for (a) winter (Jan-Mar), (b) spring (Apr-Jun),
(c) summer (Jul-Sep), and (d) autumn (Oct-Dec) relative to
the 1950-2024 period. (Source: ERA5.)

5. HISTORICAL PERSPECTIVE

Climate models project increased Arctic
precipitation and more frequent heavy precip-
itation events as the climate warms, as well as
an increase in the proportion of precipitation
falling as rain. Previous studies addressing
trends (Box et al. 2021; Yeh et al. 2021; Yu and
Zhong 2021; Walsh et al. 2022a) emphasize
interannual and multiyear variability and
large regional variations in trends, as well as
evidence of a transition from solid to liquid
precipitation in the warmer parts of the Arctic
(Box et al. 2021). However, as discussed in the
Arctic precipitation section of the 2023 and
2024 State of the Climate reports and presented
here with updates, pan-Arctic precipitation
now has detectable upward trends in all
seasons, as well as in the annual average.

Arctic precipitation time series from ERA5
(as a percentage of 1991-2020 averages for the
region poleward of 60°N) are plotted in
Fig. 5.10 along with the corresponding time
series from the station-based GPCC dataset.
While the percent anomaly time series from
the two sources are generally similar, there are
substantial differences for individual years
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ranks of the maximum five-day precipitation
events (Rx5) in each season (relative to the
1950-2024 period). The standout feature is the
comparatively higher density of heavy precip-
itation events across the Arctic in winter
compared with the other seasons. Note espe-
cially the band of heavy precipitation events
in winter stretching northward from south of
the Aleutian Islands across Alaska. Much of
that precipitation was related to a large north-
ward pulse of moisture (an “atmospheric
river”) during 22-25 January. The associated
southerly winds also contributed to
above-average surface air temperatures across
these areas (section 5c). As the water cycle
intensifies and extreme precipitation events
become more common (Yu and Zhong 2021;
Dou et al. 2022), disruption to ecosystems
(e.g., Christensen et al. 2020; Serreze et al.
2021) and human infrastructure (e.g., Hansen
et al. 2014; Fox et al. 2023) will further impact
Arctic communities.
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Fig. 5.10. Time series of Arctic (60°N-90°N) precipitation
from 1950 through 2025 expressed as a percentage of
the 1991-2020 average (%; shown by the horizontal black
lines at 100%). (Source: ERA5 [blue lines] and Global
Precipitation Climatology Centre [GPCC] 1.0° data [black
lines].) GPCC values are for land only; ERA5 values are for
land plus ocean.
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due to the absence of coverage over the Arctic
Ocean in GPCC and inherent uncertainties in
each data source. The updated time series nev-
ertheless reinforces the conclusion that
precipitation for the Arctic region overall is
increasing. Based on the ERA5 data from
1950-2025, the trend in annual mean precipi-
tation stands at 0.75 cm decade’.
Corresponding seasonal trends are 0.23 cm
decade for winter, 0.13 cm decade™ for spring,
0.17 cm decade? for summer, and 0.23 cm
decade? for autumn. Autumn and winter
hence show the strongest seasonal trends. In
terms of percent change relative to the
1991-2020 average, winter is strongest (2.25%
decade™). Autumn is 1.7% decade™, summer is
1.01% decade™, spring is 1.11% decade, and
the year as a whole is 1.52% decade™.

The spatial pattern of annual trends for
1950-2025 is quite revealing (Fig. 5.11). Positive
trends of up to 0.3 cm yr? are apparent over &
the North Atlantic sector of the Arctic and 0.1 0 0.1 02 0.3
extending into the Barents Sea. The strong, Precipitation trend (m yr™)
positive trends along the Norwegian coast and  Fig. 5.11. Linear trends in annual precipitation (cm yr') for
parts of the southeast coast of Greenland point ~ the period 1950-2025. (Source: ERA5.)
to orographic effects—forced uplift and cooling
of moist air. Strong, positive trends along the Alaska coast are also consistent with orographic
uplift. Pointing further to the spatial heterogeneity of trends, reductions in precipitation are
seen in other areas, such as parts of Eurasia and Canada.
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Sidebar 5.1: Ex-typhoon Halong
—R. L. THOMAN

Southwest Alaska suffered widespread severe coastal
flooding and wind damage during 11-12 October 2025 as
ex-typhoon Halong tracked from the north-central Pacific Ocean
northward through the eastern Bering Sea before moving into
the Beaufort Sea north of Alaska. Dozens of primarily Yupik
communities were adversely affected by the storm, with two
communities almost entirely evacuated after the storm and
over 1500 people relocated from across the region. Both the
State of Alaska and the federal government issued disaster
declarations in the aftermath of the storm. This was the latest
in a series of high impact extreme weather events in Alaska
in recent years, with the number of state-declared disasters
about double since 2020 compared to 2014-19 (Thoman and
McFarland 2024).

Hardest hit was the north shore of Kuskokwim Bay, a
low-lying tundra region where thousands of square kilometers
of land are at an elevation of five meters or less above mean
sea level. The communities of Kipnuk (Fig. SB5.1) and
Kwigillingok, located along rivers a few kilometers inland,
suffered catastrophic flooding that damaged nearly all build-
ings and disabled most infrastructure, including electrical
power and fresh and waste water systems. Homes with people
inside were lifted off their foundations in the dead of night and
floated several kilometers upriver, requiring helicopter rescue
of those inside. One person from Kwigillingok died as a result
of the storm, and two others remain unaccounted for. It was
“the worst flooding in living memory”, according to community
members who have lived in the region for generations. The
return timeline for both Kipnuk and Kwigillingok residents
remains uncertain due to the extent of the damage, with many

o u.,‘;‘x.i": * . ’)'\/ N
Fig. SB5.1. Aerial view of Kipnuk, Alaska, on 12 October

2025 showing almost total inundation of the community.
(Source: Alaska Air National Guard.)
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evacuees residing in the cities of Anchorage and Bethel, Alaska,
many for an indefinite period of time.

Impacts from ex-Halong were not confined to coastal
flooding. Strong winds caused municipal, tribal, and residen-
tial building and infrastructure damage and prolonged power
outages in many coastal communities that were spared from
storm surge. Additionally, communities as far as 200 kilome-
ters inland experienced strong winds that downed many trees
and caused power outages.

Typhoon Halong formed southeast of Japan on 5 October
2025 and rapidly intensified to a severe typhoon near lzu
Island on 8 October (see section 4g4 for further detail on
storm development). Thereafter, the storm turned northeast
and transitioned to an extratropical cyclone (i.e., the primary
energy for the storm changed from latent heat release to the
horizontal temperature gradient) on 10 October. Ocean surface
temperatures were above the 1991-2020 baseline average
across virtually the entire track of Halong (Fig. SB5.2), from
typhoon development southeast of Japan through the extra-
tropical transition (ET) and across the eastern Bering Sea.
After weakening rapidly prior to the ET, the lowest pressures
in ex-Halong dropped significantly as the storm crossed the
eastern Bering Sea, reaching a minimum pressure of 960 hPa
at 1200 UTC on 12 October located between St. Lawrence
Island and the Yukon River delta, whereafter the forward
speed increased dramatically. Just 18 hours after reaching its
minimum pressure, Halong was centered more than 1200 km
to the northeast over the Beaufort Sea ice pack.

As the storm tracked northeastward, winds in the south-
east quadrant of the storm were sustained at ~40 kt to 50 kt
(21 m s' to 26 m s7"), blowing onshore into the Kuskokwim
delta coast. This produced a significant storm surge that unfor-
tunately coincided in time with the daily high tide, making this
a "worse-case” scenario. Had the timing of the storm surge
corresponded with the daily low tide (e.g., 11 October evening
instead of 12 October early morning), there would have been a
prolonged “high tide” but little or no inundation (though wind
damage would still have occurred).

Historical Context

Strong storms in the northern Bering Sea are common in the
late summer and autumn. Based on the Crawford et al. (2021)
storm track database, in the northern Bering Sea (north of
58°N, east of 180° longitude) between August and November
during the 30-yr period of 1996-2025, there were 163 separate
storms with a minimum pressure of 980 hPa or lower: only four
were storms that originated as typhoons in the western Pacific.
While Alaska’s Aleutian Islands are occasionally impacted by
ex-typhoons, historically it has been rare for such storms to

5. THE
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track from the North Pacific through the Bering Sea and into the
Arctic prior to dissipating. Based on the Joint Typhoon Warning
Center (JTWC) Western North Pacific Ocean Best Track Data
and supplemented with MERRA-2 and ERA5 reanalysis when
needed, between 1970 and 2021, only ex-Typhoon Carlo, in
October 1996, followed such a path. Ex-Carlo produced stormy
weather in the Bering Strait region but no significant coastal
flooding was documented. Since 2022, three ex-typhoons
followed such a path: ex-Merbok in September 2022, which
caused widespread devastation on the northeast Bering Sea
coast, ex-Amphil in August 2024, which caused wind damage

in the Bering Strait region but did not cause coastal flooding,
and now ex-Halong in October 2025.

The path of ex-Halong in the eastern Bering Sea was also
unusual for storms of this intensity. Based on the Crawford
et al. (2021) storm track database, since 1950, only one other
autumn storm with a minimum pressure of 970 hPa or lower
followed a track such that the center passed between St.
Lawrence and the Yukon River delta. That storm occurred in
October 1987 and produced some flooding in the Kuskokwim
delta, though nothing comparable to ex-Halong.
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Fig. SB5.2. Track and intensity of ex-typhoon Halong during 5-13 October 2025. Positions (bold circle and date/time
[UTC]) and minimum pressure (hPa) from the Joint Typhoon Warning Center (5-10 October) and the NWS Ocean
Prediction Center (11-13 October) analyses. Color field is the 5-12 October 2025 average sea surface temperature anom-
alies (°C) relative to the 1991-2020 baseline based on NOAA Optimum Interpolated Sea Surface Temperature version 2.1

(OISSTv2.1).
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e. Sea surface temperature
—M.-L. Timmermans and Z. M. Labe

Arctic Ocean sea surface temperatures (SSTs) in the summer are primarily influenced by
the amount of incoming solar radiation absorbed by the sea surface and by the flow of warm
waters into the Arctic from the North Atlantic and North Pacific Oceans. Solar warming of the
Arctic Ocean surface is influenced by the sea ice distribution (with greater warming occurring in
ice-free regions), cloud cover, and upper-ocean stratification. Inflows of relatively warm Arctic
river waters can provide an additional heat source in coastal regions.

The SST data presented here are from the
0.25° x 0.25° NOAA Optimum Interpolation Sea
Surface Temperature (OISST) Version 2.1 product
(Huang et al. 2021). The analysis period spans
June 1982 through September 2025, with
19912020 used as the climatological reference
period. The analysis focuses most closely on
August 2025 mean SSTs in context with the cli-
matological record. August mean SSTs provide
the most appropriate representation of Arctic
Ocean summer SSTs because sea ice extent is
near a seasonal low at this time of year, prior to
the onset of surface cooling and subsequent sea
ice growth that would otherwise influence SSTs
later in September.

August 2025 mean SSTs were as high as ~12°C
in parts of the Barents and Kara Seas (within the
Arctic Ocean’s Atlantic sector) with lower values
of about -1°C to 7°Cin other Arctic basin marginal
regions (Figs. 5.12a,b). August 2025 mean SSTs
were anomalously warm compared to the
1991-2020 August mean in the Barents, Kara,
and Laptev Seas, with SST anomalies around
+1°C to +4°C, and local SST anomalies as high as
~+7°C in the Kara Sea (Fig. 5.12c). In the Arctic’s
Pacific sector, the Beaufort and northern Chukchi
Seas had anomalously cold SSTs (August
2025 mean values ~1°C-2°C lower than the
1991-2020 mean), while the southern Chukchi
Sea and the Bering Sea were anomalously warm
(SSTs ~1°C-2°C higher). This general pattern of
August 2025 SST anomalies is consistent with
regional patterns of anomalously warm surface
air temperatures in the Kara and Laptev Sea
regions and cold surface air temperatures in the
Beaufort Sea region in summer 2025 (section 5c).

In most Arctic regions, August 2025 SSTs
ranked among the warmest recorded in the
1982-2025period(70thto100thpercentile; Fig.5.12d),
although regional SST anomalies differ signifi-
cantly from year to year. The Kara and Chukchi
Seas had considerably higher SSTs in August
2025 compared to August 2024, with differences
of up to 9°C (Fig. 5.12e). By contrast, August
2025 SSTs were as much as a few degrees lower
than 2024 SSTs in the Barents and southern
Beaufort Seas.
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Fig.5.12. (a) Arctic Ocean map showing relevant marginal
sea locations and geographic features. (b) Mean sea
surface temperature (SST; °C) in Aug 2025. Black contours
indicate the 10°C-SST isotherm. (c) SST anomalies (°C) in
Aug 2025 relative to the Aug 1991-2020 mean. (d) Aug
2025 SST percentile rank relative to the Aug values in
1982-2025. (e) Difference between Aug 2025 SSTs and
Aug 2024 SSTs (negative values indicate where 2025 was
cooler). White shading in all panels is the Aug 2025 mean
sea ice extent. Black lines in (c)-(e) indicate the Aug
1991-2020 median ice edge. Sea ice concentration data
are the (near-real-time) NOAA National Snow and Ice
Data Center Climate Data Record of Passive Microwave
Sea Ice Concentration, (version 4) version 6 (Meier et al.
2026a,b).
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(a) Jun 2025 (b) Jul 2025

SST patterns in August 2025 followed
developments in June and July.
Above-normal SSTs in most of the Arctic’s
Atlantic sector were also observed in June
and July 2025 (Figs. 5.13a,b). This is consis-
tent with relatively warm summer
2025 surface air temperatures in the region
(section 5c). Below-normal SSTs in the
Bering Sea in June and July (Figs. 5.13a,b)
were consistent with the relatively late sea .
ice retreat from the Pacific sector (section (c) Aug 2025 (d) Sep 2025
5f). The transition from below-normal to -
above-normal SSTs from June to August in
the Bering Strait region corresponded with
the transition from anomalously cool
surface air temperatures in spring to warm
conditions in summer (section 5c).
Anomalously cool SSTs across the Beaufort
Sea sector in September (Fig. 5.13d) were
consistent with the anomalously late ice
retreat from the region (section 5f) and,

consequently, a shorter duration of solar 3 o 9 o 1 2 3
absorption by the surface ocean; surface 2T anonalyy, )
air temperatures in September were ﬁ'
. . 1
near-normal or marginally above normal in Sea ice concentration (%)
the region (section 5c). Fig. 5.13. Sea surface temperature (SST) anomalies (°C) in

The Arctic Ocean has experienced sig- 2025 for (a) Jun, (b) Jul, (c) Aug, and (d) Sep relative to the
nificant mean August SST warming from 1991-2020 mean for their respective months. The dashed circle
1982 to 2025, with statistically significant indicates the latitudinal bound of the maps in Fig. 5.12. Note a

linear trends (95% confidence interval) in dlfference_ in the color Ic_)ar scale compared to _Flgs. 5.12c,_e. The
X . mean sea ice concentration for the corresponding month s also
most regions (Fig. 5.14a). Mean August SSTs shown. See Fig. 5.12 caption for sea ice dataset information.
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Fig. 5.14. (a) Linear sea surface temperature (SST) trend (°C yr") for Aug of each year (1982-2025). The trend is only shown
for values that are statistically significant at the 95% confidence interval; the region is shaded light gray otherwise.
White shading indicates regions that are ice covered (>15% sea ice concentration) in all years. The dashed blue circle
marks 65°N (the Arctic Ocean region), and solid blue line boundaries delineate the Barents (B; 66.5°N-80°N, 20°E-60°E),
Kara (K; 70°N-80°N, 50°E-100°E), Laptev (L; 70°N-80°N, 100°E-139°E) and Chukchi (C; 65°N-75°N, 180°-202°E) Seas.
(b) Area-averaged SST anomalies (°C) for Aug of each year from 1982 through 2025 relative to the 1991-2020 Aug mean
for the Arctic Ocean north of 65°N (shading indicates =1 std. dev. of the regional mean SST anomaly field). The dotted line
shows the corresponding linear SST anomaly trend over the period 1982-2025, and numbers in the legend indicate the
trend and 95% confidence interval.
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for the entire Arctic Ocean region north of 65°N exhibit a linear warming trend of 0.3+0.1°C
decade (Fig. 5.14b). Within the long-term warming trend, the August 2025 mean Arctic Ocean
SST was the second warmest on record, exceeded only by August 2007. Regionally, the Kara and
Laptev Seas show the strongest warming trends in the Arctic Ocean (Fig. 5.14a), with August SST
linear trends of 0.12+0.03°C yr* and 0.08+0.02°C yr, respectively (Figs. 5.15a,b). In the Kara Sea,
August 2025 mean SSTs were the highest on record. Statistically significant linear trends
(0.06+0.02°C yr) in August SST are also observed in the Barents Sea (Fig. 5.15c). On the other
hand, there is no statistically significant trend in the Chukchi Sea (Fig. 5.15d). These regional
differences in warming trends likely reflect varying sea ice loss patterns, ocean circulation, and
atmospheric forcing across the Arctic basin.
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Fig. 5.15. Area averaged sea surface temperature (SST) anomalies (°C) for Aug of each year (1982-2025) relative to the
1991-2020 Aug mean for the (a) Kara Sea, (b) Laptev Sea, (c) Barents Sea, and (d) Chukchi Sea regions shown by the
blue boundaries in Fig. 5.14a. The dotted lines show the linear SST anomaly trends over 1982-2025, and numbers in
the legends indicate the trends in °C yr' (with 95% confidence intervals; trends that are not statistically significant are
labeled in gray). Blue shading indicates +1 std. dev. of the regional mean SST anomaly fields.
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f. Sea ice cover

—W. N. Meier, S. Hendricks, A. Petty, D. Perovich, S. Farrell, M. Webster, D. Divine, S. Gerland, L. Kaleschke,

R. Ricker, X. Tian-Kunze, and A. Bliss

Sea ice is the frozen interface between the ocean and atmosphere in the Arctic. It limits
ocean—atmosphere exchanges of energy and moisture and plays a critical role in Arctic ecosys-
tems and Earth’s climate. The presence of sea ice affects human activities in the Arctic, including
transportation, marine navigation, and Indigenous hunting. Arctic sea ice reached record
monthly low extents during February, March, and December 2025. September sea ice extent,
when the annual minimum usually occurs, has declined 46% over 1979-2025, though the trend
over the past 20 years has been insignificant due to natural variability (England et al. 2025).

1. SEA ICE EXTENT AND CONCENTRATION

Arctic sea ice extent (defined as the total area covered by at least 15% ice concentration) in
2025 was generally on par with extents of the last 20 years but much lower than earlier decades
within the observational record. For comparisons in this section, a climatological period of
19912020 is used. Extents during winter (January—March) 2025 were at record- or near-record-low
levels (Fig. 5.16). Extent values are from the National Snow and Ice Data Center’s Sea Ice Index
(Fetterer et al. 2025), one of several extent 25
products (Ivanova et al. 2014; Lavergne et al.
2019) derived from satellite-borne passive
microwave sensors operating since 1979.
Regionally, winter concentration was particu-
larly below average in Hudson Bay (after a
very slow freeze-up) and the Barents Sea,
Bering Sea, Labrador Sea, and Sea of Okhotsk
(Fig. 5.17).

By March, the month with the most exten-
sive coverage, the total sea ice extent of
14.12 x 10® km? was 0.91 x 10 km? (6.1%) lower
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After the record-low March extent, the line), 2005 (black dashed line), 2005-24 average (blue),
seasonal retreat of sea ice began with much 1979-2004 average (red), and thf.- maximum and minimum
slower-than-normal ice loss through April. range (gray shading) for the period 1979-2024.

After April, ice loss increased and remained (5 mar 2025 (b) Sep 2025

rapid through the rest of spring and early
summer (mid-July). But after the beginning of
August, the rate of sea ice loss slowed relative
to 2024 and 2023 and was on par with the
1991-2010 average. As in 2024, Hudson Bay
opened early in 2025, but it was not as extreme
as in 2024. Summer ice loss was also particu-
larly rapid in the Barents and Kara Seas.

In August, the Northern Sea Route, along
the northern Russian coast, opened (<15%
concentration in passive microwave data indi-
cating the potential for safe navigation). Extent

in the East Siberian Sea was near average, in . . . . .
8 Fig. 5.17. Sea ice concentration anomalies (%) in 2025 for

contrast to the late opening that.occurred M (a) Mar and (b) Sep relative to their 1991-2020 average.

2024. The Beaufort and Chukchi Seas were The extreme negative anomalies (darkest blue color, less

slow to open relative to 2024, but melted out than -25%) indicate regions where there is ice in the clima-
tology, but no ice was present in 2025.

Sea ice concentration anomaly (%)
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rapidly during August and September, yielding substantial open water that has been typical in
nearly all years since 2007.

September, the month of the annual minimum sea ice extent, was characterized by
below-average coverage in the Pacific sector with open water extending far northward from the
coast in the Beaufort, Chukchi, and Siberian Seas (Fig. 5.17). The September 2025 sea ice extent
of 4.75 x 10° km? was 0.83 x 10° km? (14.9%) lower than the 1991-2020 average and the 11th lowest
September extent on record (Fig. 5.16). The September trend from 1979 through 2025 is -13.6%
decade, and like all other months, is statistically significant. The 19 lowest September extents
in the satellite record have all occurred in the last 19 years (2007-25). The 2025 freeze-up period
(October—-December) was similar to 2024, with much lower-than-average extent in Hudson Bay
and the Barents and Kara Seas.

2. SEA ICE AGE, THICKNESS, AND VOLUME

Sea ice drifts with winds and ocean currents while growing and melting thermodynamically.
Ice divergence creates leads where, in freezing conditions, new ice forms while ice convergence
leads to dynamic thickening. Sea ice thickness provides a record of the cumulative effect of
dynamic and thermodynamic processes and thus is an important indicator of overall ice condi-
tions. Sea ice age is a rough proxy for thickness as multiyear ice (ice that survives at least one
summer melt season) grows thicker over successive winters. Age based on Tschudi et al. (2019a,b)
covers the period 19842025, which is substantially longer than basin-wide thickness estimates,
and shows that the amount of multiyear ice remaining in the Arctic continued to be far less than
during the 1980s, with a substantial change even since 2005 (Fig. 5.18). Since 2012, the Arctic has
been nearly devoid of the oldest ice (more than four years old); this continued in 2025, with an
end-of-summer old ice extent of 95,000 km? compared to ~1.5 x 10° km? in the 1980s, a 95%
reduction. In the 41 years since ice-age records began in 1984, the Arctic has changed from a
region dominated by multiyear sea ice to one where first-year (seasonal) sea ice prevails. This
much younger ice cover implies a thinner, less voluminous ice pack that is more sensitive to
atmospheric and oceanic changes. For thickness estimates, the European Space Administration’s
(ESA) CryoSat-2/Soil Moisture Ocean Salinity (SMOS) satellites, in combination with the
Copernicus Sentinel-3A/B satellites, have provided a record of seasonal (October—April) ice
thickness and volume (Ricker et al. 2017; ESA 2023) since the 2010/11 winter. At the end of the
winter growth season, the April 2025 thickness (Fig. 5.19a) in the Arctic had the typical pattern
of thicker ice along the northern coast of Greenland and the Canadian Archipelago due to defor-
mation and advection across the pole; this also corresponds to the region of older ice noted
above. The thickness anomaly pattern for April 2025 shows a substantial amount of spatial vari-
ability (Fig. 5.19b). The 2024/25 sea ice growth season began with the Laptev, Kara, and Barents
Seas having thicker ice than the 2010-21 average and other regions being thinner than average
(Fig. 5.19¢). Ice growth through the winter was robust, and by April 2025 all regions were either

(a) 1985 (b) 2005 (c) 2025

0-1 1-2 3-4 >4

Age of sea ice (years)

Fig. 5.18. Sea ice age during the week of the annual minimum ice extent in (a) 1985, (b) 2005, and (c) 2025.
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average or thicker than the 2011-21 average; however, there were locations within some regions
with thinner-than-average ice. By the start of the autumn freeze-up in October 2025,
below-average thickness was prevalent in most regions, but by December 2025, most areas had
thicker-than-average ice. Sea ice thickness from CryoSat-2/Sentinel-3/SMOS integrated with ice
concentration shows no substantial trend in winter ice volume over the 15-year time series.

(a) Apr 2025 (b) Apr 2025

See ice thickness (m) Anomaly (m)

Jan Feb Mar Apr (04 Nov Dec
2025 2025 2025 2025 2025 2025 2025

Central Arctic(1) 001m 004m 008m 002m -006m -001m -0.04m
BraufortSea(2) 002m = 023m 002m 007m 000m -001m 007m

Chukchi Sea (3) 0.06m _- 0.17m 0.14m 0.13m

East Siberian Sea (4) -007m 000m 005m 007m 012m 020m 0.13m

Location

LaptevSea(5) 000m 008m 011m 003m 002m 003m 0.11m
KaraSea(6) 009m 0.18m 021m - 022m 008m 0.07m

East Greenland Sea(8) —003m 0.05m & 023m - -005m 003m 0.13m
Baffin Bay and Labrador Sea(9) 002m  001m 003m 010m  018m -003m -0.07m

HudsonBay (10)  -012m -005m 000m 000m 002m -002m -0.03m
Canadian Archipelago (11) -0.10m -004m -002m 000m -014m -011m -0.06m

Fig. 5.19. Arctic sea ice in Apr 2025: (a) sea ice thickness (m), (b) sea ice thickness anomaly (m) relative to the Apr 2011-Apr
2021 average, and (c) regional monthly mean sea ice thickness anomalies (m) in 2025 relative to the Oct 2010-Apr
2021 average. (Source: European Space Administration’s [ESA] CryoSat-2/Sentinel-3/Soil Moisture Ocean Salinity [SMOS].)
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g. Greenland Ice Sheet

—K. Poinar, J. E. Box, T.L. Mote, X. Fettweis, B. D. Loomis, B. E. Smith, B. C. Medley, T. G. Askjaer,

K. D. Mankoff, and R. S. Fausto

Net loss of ice from the Greenland Ice Sheet has occurred every year since the late 1990s
(Mouginot et al. 2019; Mankoff et al. 2021), contributing to global sea level rise (see section
3f for details). Over the 2025 mass balance year (1 September 2024 to 31 August 2025), three
independent estimates find that the ice sheet again lost mass, but at a rate ~30% less than
the 1991-2020 average of roughly 200 Gt annually. These estimates are from input-output
(-146+72 Gt), gravity (-129+50 Gt), and elevation (-143+36 Gt) methods; the values agree within
measurement uncertainties.

The ice loss can be partitioned into ice discharge (iceberg calving) and surface mass balance
(SMB). SMB is the sum of gain from snowfall and refrozen rainfall and loss from runoff, sub-
limation, and evaporation. Observations of air temperature, precipitation, snow cover, and
albedo—key factors that influence SMB—over the 2025 mass balance year are summarized here.

Air temperatures were generally higher than the 1991-2020 average, especially in northern
Greenland (Fig. 5.20a). Autumn (September—November 2024) and winter (December-February
2024/25) temperatures were above average, and spring (March—May 2025) brought pronounced
warmth across Greenland, with record monthly highs set at 6 out of 34 stations. Summer
(June-August 2025) was slightly cooler than average, except in mid-August, when a heatwave
raised temperatures, primarily along the west coast.

Observations of rain and snowfall (hereafter, “precipitation”) are reported for 11 coastal
stations operated by the Danish Meteorological Institute (DMI) and 10 inland ice sheet stations
operated by the Programme for Monitoring of the Greenland Ice Sheet (PROMICE). Precipitation
at coastal stations was generally above the 1991-2020 average. Autumn 2024 precipitation was
slightly below average at most stations, while winter precipitation was significantly above
average at coastal stations but near-average at inland stations. Spring precipitation was close to
average. Summer precipitation was above average, including notable snowfall at several inland
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Fig. 5.20. (a) Map of Danish Meteorological Institute (DMI) coastal weather stations, colored by the temperature anomaly
(°C) for each season (pie charts) and the full 2025 mass balance year (surrounding circles). Locations of inland weather
stations operated by the Programme for Monitoring of the Greenland Ice Sheet (PROMICE) are indicated by green dots.
(b) Snowfall (mm w.e.) at PROMICE stations from Sep 2024 through Jun 2025 (blue lines), compared to the 1991-2020 mean
(black lines).
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stations in June, July, and early August (Fig. 5.20b). Snow cover raises the albedo (surface reflec-
tivity) of the ice sheet surface, so these events likely reduced ice melt by reflecting away sunlight.

Ice ablation (melt) was recorded across eight weather transects from PROMICE (Fausto et al.
2021) and also derived from daily Special Sensor Microwave Imager/Sounder (SSMIS) passive
microwave radiometer satellite data (Mote 2007). Surface melt area was above average in
mid-June and mid-July, and the 14-21 August heatwave caused widespread melt (Fig. 5.21a).
While the number of observed melt days was slightly above average (Fig. 5.21b), the total mass of
ice melt was below average, especially along the west coast, due to higher-than-normal albedo
and cooler air temperatures there (Fig. 5.20).
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Fig. 5.21. (a) Daily surface melt extent as a percentage (%) of ice sheet area over the 2025 mass balance year, including
autumn 2024 (red) and spring/summer 2025 (blue) but omitting Nov 2024-Mar 2025. (b) Number of surface melt days
from 1 Apr to 31 Aug 2025 as an anomaly with respect to 1991-2020.

The ice-sheet-wide total SMB over the 2025 mass balance year was 36555 Gt, which is
consistent with the 1991-2020 annual mean of 366+106 Gt (mean =1 st. dev), from the Modéle
Atmosphérique Régionale version 3.14.1 regional climate model (MAR; Fettweis et al. 2020)
forced by ERA5 (Hersbach et al. 2020), which provides SMB values at 5-km horizontal resolution.

The other term in ice-sheet mass balance is ice discharge, which is the mass flow rate out
of glaciers at the ice—ocean boundary, where it calves off as icebergs or melts directly into the
ocean. PROMICE estimates ice discharge from mass flow rate measurements collected near
glacier fronts around the ice sheet (Mankoff et al. 2020). Total ice discharge over the 2025 mass
balance year was 48846 Gt, approximately 1 std. dev. above the 1991-2020 annual mean of
458+27 Gt (mean +1 std. dev).

Ice discharge (48846 Gt output) and basal melt (23+6 Gt output; Karlsson et al. 2021)
are subtracted from the net SMB (365+55 Gt input) to obtain an input-output mass balance
of -146x72 Gt over the 2025 mass balance year (Fig. 5.22). This is consistent with the average
input-output-derived annual mass balance over 1991-2020 of -156+80 Gt (mean +1 std. dev).
While the input-output figure is close to the climatologic average, the other two methods find
below-average mass loss in 2025.

The Gravity Recovery and Climate Experiment Follow-on (GRACE-FO) satellite mission detects
gravity anomalies over time to measure changes in total ice mass (Tapley et al. 2019). After elim-
inating peripheral ice from these observations (Colgan et al. 2015), this gravity-based method
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measures a 2025 mass balance of -129+50 Gt (Fig. 5.22). This is 50% less than the average annual
mass balance measured by GRACE/GRACE-FO over 2002-24 of —256+135 Gt yr' (mean +1std. dev.).

The Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) mission measures the surface eleva-
tion change of the ice sheet over time, which is converted to mass change (Smith et al. 2023;
Medley et al. 2022; Smith 2023). This elevation-based method measured a 2025 mass balance of
-143+36 Gt (Fig. 5.22), consistent with the ICESat-2 annual average over 202024 of -143+51 Gt
(mean #1 std. dev.).
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Fig. 5.22. (a) Mass balance (Gt) of the Greenland Ice Sheet over the 2025 mass balance year from the input-output method
(thick black line), the Gravity Recovery and Climate Experiment Follow-On (GRACE-FO; thick blue line), and Ice, Cloud, and
land Elevation Satellite-2 (ICESat-2; thick green line), with previous years (2003-24) in lighter thin lines. (b) Histogram of
multi-method annual average mass balance in years from 2003 to 2024, with 2025 results from each method (by color)
horizontally offset for visibility.
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h. Glaciers and ice caps outside Greenland

—G. Wolken, D. Burgess, B. Wouters, L. M. Andreassen, C. Florentine, J. Kohler, B. Luks, F. Pélsson, L. Sass,

L. Thomson, and T. Thorsteinsson

The Arctic represents approximately 60% of the global mountain glacier and ice cap area,
excluding the Greenland and Antarctic ice sheets (RGI Consortium 2023; Fig. 5.23). Although
their long-term sea level rise potential is smaller than that of the Greenland and Antarctic ice
sheets, Arctic glaciers and ice caps respond more rapidly to climate variability and have been
major contributors to recent sea level rise
under sustained atmospheric warming (The
GlaMBIE Team 2025).

Amid amplified warming at high northern
latitudes (section 5c¢), annual mass loss from
Arctic glaciers and ice caps has tripled since
the mid-1990s (Zemp et al. 2019). While in situ
data for the balance year 2024/25 (October

Russian Arctic
o Northern

. Scandinavia
2024 to September 2025) are not yet available, = P 180 ¢19-23
observations from 2022/23 and 2023/24 reveal & svalbard % 17

pronounced regional and interannual vari- 18
ability, even as the long-term trend continues
with widespread and substantial ice loss.
Mass change in glaciers and ice caps reflects
the balance between inputs, primarily snow
accumulation, and outputs, including surface
melt and runoff, as well as iceberg calving
from tidewater- or lake-terminating glaciers.
The net (total) mass balance is the difference

between these processes. This assessment of . . . . . -
27 monitored Arctic elaciers excludes calvin Fig.5.23. Arctic glaciers and ice caps (red), including ice caps
g € in Greenland that are separate from the ice sheet. Yellow

losses, which occur only at Kongsvegen, shaded regions delineate the Gravity Recovery and Climate
Hansbreen, and Devon Ice Cap (Table 5.1; Experiment (GRACE)- and GRACE-Follow On (GRACE-FO)-

Fig. 5.23). We therefore report climatic mass derived mass anomaly domains used to estimate changes

balance (By,,): the difference between annual in a_nnual glaci_er mass balance for heavily glacierized Arctic
Snow a(cc111rr)1ulation and annual runoff regions (Watkins et al. 2015; Landerer et al. 2020). Black

; dots indicate the 27 long-term Arctic glacier monitoring
expressed as mean annual thickness change sites, with numbers linked to the glacier/ice cap names in

(mm water equivalent, w.e.) averaged over the  Table 5.1. (Source: ESRI 2026.)
glacier or ice cap surface.

In balance year 2023/24, all 25 glaciers with available data (2 of the 27 lacked observations) reg-
istered negative mass balances, consistent with 2022/23 (Table 5.1; WGMS 2025). Although Alaska,
Arctic Canada, and Iceland experienced negative anomalies in 2022/23, with melt increases of
27%, 112%, and 115%, respectively, melt was lower (positive anomalies) in 2023/24 relative to the
1991-2020 mean.

Losses were most extreme in Arctic Scandinavia and Svalbard, where land ice has declined
sharply since 2021. Both regions recorded their most negative mass balance year on record
in 2023/24 (Kjgllmoen et al. 2025; Schuler et al. 2025), with melt averaging 1473% above the
19912020 mean in Arctic Scandinavia and 472% above in Svalbard. This enhanced melt coin-
cided with a persistent warm air mass over northern Scandinavia and the Barents Sea that
produced record-high seasonal temperatures since the start of the record in 1950 (Ballinger et al.
2024).

The substantial scale of thinning is evident in individual glacier records. In Arctic Scandinavia,
Langfjordjgkelen, and Engabreen saw their climatic mass balances decline from -1651 mm w.e.
and -1101 mm w.e. in 2022/23 to -4060 mm w.e. and —3900 mm w.e. in 2023/24, respectively. In
Svalbard, Midtre Lovénbreen and Austre Brgggerbreen shifted from —975 mm w.e. and -948 mm
w.e. to -1968 mm w.e. and —2042 mm w.e. over the same period.

%

Arctic Canada é" Iceland
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Table 5.1. Measured climatic mass balance (Baim) for 27 glaciers in Alaska (3), Arctic Canada (4), Iceland (9), Arctic Scandina-
via (7), and Svalbard (4): 1991-2020 mean value and standard deviation, 2022/23 value, and 2023/24 value, for each of the
monitored glaciers (* indicates one or more years of data missing from the record; — indicates no data reported). Negative
(positive) values for By indicate mass loss (gain). Numbers listed in the Region column correspond to glacier locations in
Fig. 5.23. Data were obtained from the World Glacier Monitoring Service (WGMS 2025) with updates from the Norwegian
Water Resources and Energy Directorate (NVE) and Geological Survey of Canada. Bias corrections were applied to B for
Hofsjokull glaciers (N, E, and SW), Iceland using methods outlined in J6hannesson et al. (2013). Regional climatic mass bal-
ances were derived as arithmetic means for all monitored glaciers within each region for each year, and these means were
summed over the period of record and interpreted as cumulative mass balance changes in mm w.e.

Region Glacier B‘E’" Mean Baim Std. dev. ?dim _B(Iim
(record length, years) (w.e.yr')1991-2020 (w.e.yr')1991-2020 (w.e.yr')2022/23 (w.e.yr')2023/24

(1) Alaska Wolverine (59) —-766 984 —-1050 —650
(2) Alaska Lemon Creek (72) -1196 839 -2310 -1070
(3) Alaska Gulkana (59) -769 816 -400 -400
(4) Arctic Canada Devon Ice Cap (64) =257 215 =377 -290
(5) Arctic Canada Meighen Ice Cap (65) -326 432 -615 -198
(6) Arctic Canada Melville S. Ice Cap (62) —458 484 -1482 -300
(7) Arctic Canada White (62) —355 323 —653 -321
(8) Iceland Langjokull S. Dome (28) -1248 842* -1430 -1005
(9) Iceland Hofsjokull E (36) -980 840 -1210 -580
(10) Iceland Hofsjokull N (37) -824 706 -1070 -730
(11) Iceland Hofsjokull SW (36) -956 951 -690 30
(12) Iceland Koldukvislarjokull (33) —-467 708 =740 -80
(13) Iceland Tungnaarjokull (33) -1142 781* -1529 -1370
(14) Iceland Dyngjujokill (27) -44 792* -308 =50
(15) Iceland Braarjokull (32) -238 622 -713 -60
(16) Iceland Eyjabakkajokull (33) -700 766* -1417 -510
(17) Arctic Scandinavia Engabreen (55) -62 972 -1101 —3900
(18) Arctic Scandinavia Langfjordjekelen (34) -953 771* -1651 -4060
(19) Arctic Scandinavia Marmaglaciaren (34) —494 568* -1256 -2573
(20) Arctic Scandinavia Rabots (41) -533 648* -1565 -2804
(21) Arctic Scandinavia Riukojietna (36) -701 734* —1347 —3458
(22) Arctic Scandinavia Storglaciaren (79) -235 747 -812 —2846
(23) Svalbard Tarfalaglaciaren (20) -331 1170* - -
(24) Svalbard Midtre Lovénbreen (57) —-495 406 -975 -1968
(25) Svalbard Austre Brgggerbreen (58) -612 444 -948 -2042
(26) Svalbard Kongsvegen (38) -143 397 —-673 -1410
(27) Svalbard Hansbreen (33) -419 470* - -
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Data from 2023/24 further confirm the sus-
tained, multi-decadal pattern of surface mass
loss across the Arctic (Fig. 5.24). Since 1953,
Alaska has seen the most significant cumulative
thinning, with an area-averaged loss of —-38 m
w.e. It is followed by Arctic Scandinavia (1946) at
-32 m w.e., while Iceland (1988) and Svalbard
(1967) recorded losses of 29 m w.e and 27 m
w.e., respectively. Arctic Canada (1960) follows
with -16 m w.e. The persistence and scale of these
mass losses emphasize the strong sensitivity of
Arctic glaciers to climate warming and their
ongoing contribution to sea level rise
(Box et al. 2018).

Arctic glaciers and ice caps have been increas-
ingly important contributors to global sea level
rise since the early 1990s, but preliminary data
for the 2024/25 balance year indicate that some
Arctic glaciers may have shifted into net mass
gain during that balance year (Fig. 5.25). Gravity
anomalies from the combined The Gravity
Recovery and Climate Experiment (GRACE;
2002-16) and GRACE Follow-On (GRACE-FO;
2018-25) missions indicate that Pan-Arctic
glaciers and ice caps have lost mass at a rate of
-178+21 Gt yr over the full 2002-25 observational
period, but mass gains in 2024/25 of 114.13+19 Gt
break the pattern of sustained loss observed since
2011/12. This positive anomaly is driven primarily
by regional mass gains in Alaska, Iceland, and
Arctic Canada, which together outweigh the
ongoing mass losses from Arctic Russia and
Svalbard.

Although these initial findings remain subject
to revision, Alaska was a key contributor to the
2024/25 Pan-Arctic mass gain, accounting for
97.84+37 Gt (~52.6%). This was followed by Arctic
Canada at 74.32+20 Gt (~40.0%), and Iceland at
13.69+9 Gt (~7.4%). In contrast, Arctic Russia lost
52.36+17 Gt of mass (~73.0% of the Pan-Arctic
mass loss), while Svalbard lost 19.36x12 Gt
(~27.0%). These regional totals indicate that even
during a year of overall Pan-Arctic mass gain,
certain regions remain in a state of sustained
retreat, reflecting the heterogeneous response of
Arctic glacier systems to climate forcing.

Despite regional variability, glaciers in the
Arctic are experiencing a consistent trend of
cumulative mass loss. The continued loss of
glacier and ice cap mass across the Arctic can
be a primary indicator of climate change and
societal risk (Wolken et al. 2021). The impacts
of ice loss extend far beyond the cryosphere,
ranging from diminishing late-season water
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Fig. 5.24. Cumulative mass change (Buim) expressed as
thickness change in meters of water equivalent (m w.e.)
for 27 monitored glaciers in five Arctic regions and for the
Arctic as a whole (Pan-Arctic mean). Note the variable time

periods over which cumulative changes are measured.
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Fig. 5.25. Cumulative changes in regional total stored water
(Gt) from 2002 to 2025 derived from Gravity Recovery
and Climate Experiment (GRACE) and GRACE-Follow On
(GRACE-FO) satellite gravimetry for the five regions shown
inFig.5.23 and for the total of these five regions (Pan-Arctic).
A Jul 2017-May 2018 data gap exists between retrieval
periods. The data processing involved several steps. First,
common post-corrections to the Level-2 data were applied,
including the addition of degree-1 coefficients which are
not directly observed by the satellites, and a correction
for mass redistribution due to glacial isostatic adjustment
(Wouters et al. 2019). A 150-km Gaussian smoothing filter
was applied to the resulting Stokes coefficients for further
noise reduction. Finally, to retrieve the mass changes for
the glacier regions, the processed coefficients were con-
verted into maps of equivalent water height anomalies
using a mass concentration approach based on a global
0.5° x 0.5° grid.
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supplies in communities like Ausuiktuq (Grise Fiord, Canada) to intensifying geohazards in
Alaska. Examples of the latter include recurrent glacial lake outburst floods at Mendenhall
Glacier and a large landslide at South Sawyer Glacier in Alaska’s Tracy Arm fjord (Kienholz et al.
2020; USGS 2025). As Arctic warming persists, interconnected effects, from global sea level rise
to local threats to infrastructure, public safety, and water security, highlight that these sustained
observations can improve hazard assessment and support community-centered adaptation
throughout the region.
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i. Terrestrial snow

—L. Mudryk, A. Elias Chereque, C. Derksen, K. Luojus, and B. Decharme

Many components of the Arctic land surface are directly influenced by the presence and
amount of snow cover. Reductions in snow cover directly contribute to amplified warming in the
Arctic, while also affecting permafrost deterioration and ecosystem health (Brown et al. 2017;
Meredith et al. 2019; Jones et al. 2011). Even following the snow cover season, the influence
of spring snowmelt timing persists through impacts on river discharge timing and magnitude,
surface water, soil moisture, vegetation phenology, and fire risk (Meredith et al. 2019).

Snow cover extent (SCE) anomalies from 1967 to 2025 are illustrated for both the North
American and Eurasian sectors of the Arctic in Fig. 5.26 (relative to the 1991-2020 baseline; data
from the NOAA Climate Data Record of Northern Hemisphere SCE; Robinson et al. 2012). In 2025,
Arctic SCE was close to normal across both the Eurasian and North American sectors during May
but dropped below normal by June (13th and 6th lowest by sector, respectively, in the 59-year
record). Arctic snow cover extent during May and June has reduced by 15% and 50%, respec-
tively, since 1967 (Mudryk et al. 2025), and these springtime reductions contribute substantially
to an overall reduction in annual snow cover duration.

(a) May (b) Jun
4

May SCE anomaly
Jun SCE anomaly

O North American Arctic
O Eurasian Arctic

1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020

Fig. 5.26. Monthly Arctic snow cover extent anomalies for Arctic terrestrial land areas (poleward of 60°N) for (a) May and
(b) Jun from 1967 to 2025 for the Eurasian (red circles) and North American (black circles) sectors. Filled circles highlight
2025 anomalies. Anomalies are relative to the 1991-2020 average and standardized (each observation differenced from
the mean and divided by the standard deviation, and thus unitless). Solid black and red lines depict five-year running
means for North America and Eurasia, respectively. The dotted red line illustrates the anomaly value representing zero
SCE across Eurasia during Jun. The corresponding value for North America is below the plotted range at —5.4. (Source:
Robinson et al. 2012.)

Snow cover duration (SCD) anomalies in 2025 are shown in Fig. 5.27 (data from the NOAA daily
Interactive Multisensor Snow and Ice Mapping System [IMS] snow cover product; U.S. National
Ice Center 2008). The maps illustrate the spring “melt period” at the end of the 2024/25 snow
season (using data from February 2025 to July 2025; Fig. 5.27a) as well as the autumn “onset
period” of the following 2025/26 snow season (using data from August 2025 to January 2026;
Fig. 5.27b). Combining these periods describes the length of the snow-free period during summer
2025 (Fig. 5.27c). Snow melt timing in spring 2025 was earlier than normal over northern Europe
and eastern Siberia, but later than normal over the intervening Arctic region (Ural and central
Siberian regions). Across the North American Arctic, melt was later than normal over the
western parts of the region but earlier than normal over the central and eastern parts. In autumn
2025, snow onset was later than normal in western Eurasia and earlier than normal in eastern
Eurasia. Across North America, snow onset was earlier than normal in the northernmost Arctic
and parts of Alaska but later than normal over the southern Canadian Arctic. For the regions
of western Eurasia and the southern Canadian Arctic, earlier melt in spring and late onset in
autumn combined to produce one of the longest summer snow-free periods in the available
record (Fig. 5.27¢).
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Finally, snow water equivalent (SWE), a measure of snowpack amount, is used to characterize
Arctic snow accumulation over the 2024/25 season. Maps of SWE anomalies are shown in
Fig. 5.28 for April-June 2025. In April, the majority of Arctic land areas on both continents had
positive SWE anomalies, indicating higher-than-normal snowfall accumulations since the pre-
ceding autumn (April is the approximate month that total snow mass across the terrestrial
pan-Arctic region peaks before increasing temperatures in May and June lead to melt). The
higher-than-normal SWE anomalies over much of the Arctic in May were aligned with near-normal
SCE also seen during May. The exception to higher-than-normal SWE are the low values found in
both April and May over parts of northern Europe and subarctic regions farther south, consistent
with the earlier-than-normal spring melt timing across the same regions (Fig. 5.27a). By June, the
SWE across much of the rest of Eurasia was also gone, consistent with lower-than-normal June
SCE anomalies (Fig. 5.26). For North America during June, the western portion of the Canadian
Arctic Archipelago had strongly above-normal SWE, while in the eastern portion and Baffin
Island SWE was below normal.

Shortest Longest

—

-50 -30 -20 -10 0 10 20 30 50 28th  21st 14th  4th  2nd 1st
% Rank

Fig. 5.27. Snow cover duration (SCD) anomalies (% difference relative to climatological number of snow-free days for the
1998/99-2022/23 baseline): (a) spring snow melt (Feb-Jul 2025) and (b) autumn snow onset (Aug 2025-Jan 2026). In
both (a) and (b), brown (blue) indicates decreases (increases) in the number of days with snow cover. In (a) these changes
are aligned with earlier (later) melt at the end of the snow season while in (b) these changes are aligned with a later
(earlier) start to the snow season. Ranks in (c) illustrate how the duration of the summer 2025 snow-free period varied
over the Arctic. The dashed circle marks the latitude 60°N. (Source: U.S. National Ice Center 2008.)
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%

Fig. 5.28. Snow water equivalent (SWE) anomalies (% difference from the 1991-2020 baseline) in 2025 for (a) Apr, (b) May,
and (c) Jun. Brown (green) indicates lower (higher) snow amounts than average. Latitude 60°N is marked by the black
dashed circle. (Source: Selection of four SWE products from Snow Climate Change Initiative [CCI]; Luojus et al. 2022;
MERRA-2 [GMAO 2015]; ERA5-Land [Muinoz Sabater 2019]; and Crocus-ERA5 [Decharme et al. 20241].)
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j. Terrestrial permafrost

—S. L. Smith, V. E. Romanovsky, K. Isaksen, K. E. Nyland, D. A. Streletskiy, and H. H. Christiansen

Permafrost refers to earth materials (e.g., bedrock, mineral soil, organic matter) that remain
at or below 0°C for at least two consecutive years, although most permafrost has existed for
centuries to many millennia. Extensive regions of high-latitude landscapes are underlain by per-
mafrost. The active layer, which thaws and refreezes annually, overlies the permafrost. Warming
of permafrost, active layer thickening, and ground ice melt cause changes in surface topography,
hydrology, and landscape stability, with implications for Arctic infrastructure, ecosystem integ-
rity, and human livelihoods (Hjort et al. 2022; Smith et al. 2022; Burn et al. 2025). Changes in
permafrost conditions also affect the rate of greenhouse gas release to the atmosphere, poten-
tially accelerating global warming (Miner et al. 2022; Schuur et al. 2022).

Permafrost conditions respond to shifts in the surface energy balance through interrelated
changes in ground temperature and active layer thickness (ALT). Ground temperatures fluctuate
seasonally near the surface, while below the depth of seasonal temperature variation, they
reflect longer-term climate. Long-term changes in permafrost temperatures are driven by changes
in air temperature but also are influenced by local variability in snow cover, vegetation charac-
teristics, and soil moisture (Romanovsky et al. 2017; Smith et al. 2022). Monitoring sites across
the Arctic (Fig. 5.29) have recorded ground temperature in the upper 30 m for up to five decades,
providing critical data on changes in permafrost conditions. Observed changes in ALT are more
reflective of shorter-term (year-to-year) influ-
ences and are especially sensitive to changes
in summer air temperature and precipitation.

Since the 1980s, permafrost temperatures
have continued to increase on a decadal
scale across the Arctic. Greater increases are
generally observed in colder permafrost (tem-
perature <-2°C) at higher latitudes (Smith et al.

2022, 2025; see also section 2c1), partly due to
greater increases in air temperature (Figs. 5.29, 90
5.30). Positive ALT trends over the last 30 years
(Fig. 5.31) are evident in all permafrost regions
examined, but are more muted for the Alaskan
North Slope, northwestern Canada, and East
Siberia (Smith et al. 2025). However, the lack
of permafrost temperature data and limited
ALT measurements for the Russian Arctic
since 2022 have resulted in a regional gap in
the assessment of the current state and recent
trends of Arctic permafrost.

180°

-08 -04 0 04 0.8 1.2 1.6 20
Air temperature trend (°C decade™)

Fig. 5.29. Locations of the permafrost tempera-
ture monitoring sites (for which data are shown in
Fig. 5.30) superimposed on annual average surface

1. PERMAFROST TEMPERATURE
Permafrost temperatures in 2025 were the
highest on record at 15 of 24 sites reporting

(Table 5.2). In North America, record tempera-
tures were observed at 11 of 19 sites reporting.
Seventeen of the North American sites, where
there were sufficient data, had higher tem-
peratures in 2025 compared to 2024, including
all sites reporting for the Beaufort-Chukchi
region, reflecting the higher air tempera-

air temperature trends (°C decade') for the period
1981-2025 from ERA5 (Hersbach et al. 2020; data avail-
able at https://cds.climate.copernicus.eu), which largely
covers the period of record for permafrost monitoring.
See Table 5.2 for site names. Information about these
sites is available at http://gtnpdatabase.org/ and
https://permafrost.gi.alaska.edu/sites_map.

tures in 2023/24 following a short cooling period (Figs. 5.30a,b). For discontinuous permafrost
in Alaska and northwestern Canada, permafrost in 2025 was warmer than in 2024 at all seven
sites with sufficient data (Fig. 5.30b), with record temperatures at five sites. Record-high tem-
peratures were observed at two of the four sites reporting in the eastern and high Canadian
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Arctic (Fig. 5.30c). At the Nordic sites within the Barents region, permafrost temperatures in
2025 reached record highs at all reporting locations, except for one in southern Norway (Table
5.2; Fig. 5.30d).

Throughout the Arctic, warming of permafrost with temperatures near 0°C (temperatures
>-2°C) is slower (generally <0.2°C decade™) than colder permafrost sites due to latent heat effects
related to melting ground ice. At cold continuous permafrost sites in the Beaufort-Chukchi
region, permafrost temperatures have increased by 0.4°C-0.8°C decade™ with similar increases
(up to 1°C decade™) for the four sites reporting in 2025 in the eastern and high Canadian Arctic
(Figs. 5.30a,c; Table 5.2). In Svalbard, permafrost has warmed by up to 0.7°C decade (Fig. 5.30d;
Table 5.2) with significant warming detected down to a depth of 100 m (Isaksen et al. 2022). In
Scandinavia’s discontinuous permafrost regions, warming continues at rates of 0.2°C-0.5°C
decade™ (Fig. 5.30d; Table 5.2), with thawing observed to 22-m depth at Iskoras (Isaksen et al.
2022). Similar rates are observed in the discontinuous permafrost region of northwestern North
America (Fig. 5.30b; Smith et al. 2024, 2025).

@) (b)

1L geesE e 0%
1 Gulka‘r’m‘é‘}1 Om) ay(180M)

R ‘_.A;AM L
Tigley 2(10.0 M
y

"Kc-07 (174 m)

Birch Lake (15.0 m)

Ground temperature (°C)
[
N

"Franki mMcew ” e’
o Mf Mﬂf -

Ground temperature (°C)
1
<

@ ob
Deadhorse (20.0m) Chandalar Sfif (20.0 CRlgRrRER AU
-9 7 Barrow 2 (20.0 m) -3
B o
_ | | Old Man (15.0 m)
10 [ West Dock (20.0 m)
-11 L ! L 1 " ! L 1 L 1 -4 . 1 L L L 1 " L L 1
1975 1985 1995 2005 2015 2025 1975 1985 1995 2005 2015 2025
(c) (d)
-4
s 10 Mﬁ““""‘p“ 0 r Iskoras Is-B-2 (20.0 m) unwﬂn

ol Pangnirtung (15.0 m) [ Bolvansky #56(100"1) . W
-1 %f ngoy #15- 06(10 m
L Bo\vanskyégguUW 8 %

o -8r M o -2
; Pond Inlet (15.0m ;
S I S
& s -3
g -10 | ?jﬂ%.,f““ 5
Qo o Q.
5 L Arctic Bay (15.0 m .OE_’. L
© ©
5 =12 | oog % 5
(QD I Alert BH1 (24.4 m) Resolute (15.0 m) (QD 5L
-14 | P e
Alert BH5 (15.0m) _ Alert BH2 (24.4 m) —6r
1975 1985 1995 2005 2015 2025 1975 1985 1995 2005 2015 2025

Fig. 5.30. Time series of mean annual ground temperature (°C) at depths of 9 m-25 m below the ground surface at
selected measurement sites that fall roughly into the Adaptation Actions for a Changing Arctic priority regions (see
Romanovsky et al. 2017): (a) cold continuous permafrost of northwestern North America and northeastern East Siberia
(Beaufort-Chukchi region); (b) discontinuous permafrost in Alaska and northwestern Canada; (c) cold continuous per-
mafrost in the eastern and high Arctic Canada (Baffin Davis Strait); and (d) continuous to discontinuous permafrost in
Scandinavia, Svalbard, and Russia/Siberia (Barents regions). Temperatures are measured at or near the depth of zero
annual amplitude, where the seasonal ground temperature variations are less than 0.1°C. Note differences in y-axis value
ranges. Borehole locations are shown in Fig. 5.29 (data are updated from Smith et al. 2025).
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Table 5.2. Rate of change in mean annual ground temperature (°C decade-') for permafrost monitoring sites shown in Fig.
5.29. The periods of record are shown in parentheses below the rates of change. For sites where measurements began prior
to 2000, the rate of change for the entire available record and the period after 2000 are provided. Stations with record-high
2025 temperatures are indicated with a thermometer icon ([ﬂ) and are underlined. Asterisks denote sites not reporting in

2025. Regions correspond to those shown in Fig. 5.29.

Region

Northeast Siberia
(Beaufort-Chukchi Region)

Alaskan Arctic plain
(Beaufort-Chukchi Region)

Northern foothills of the Brooks Range, Alaska
(Beaufort-Chukchi Region)

Northern Mackenzie Valley
(Beaufort-Chukchi Region)

Southern foothills of the Brooks Range, Alaska
(Discontinuous permafrost: Alaska and
northwestern Canada)

Interior Alaska
(Discontinuous Permafrost: Alaska and
northwestern Canada)

Central Mackenzie Valley
(Discontinuous Permafrost: Alaska and
northwestern Canada)

Baffin Island
(Baffin Davis Strait region)

High Canadian Arctic
(Baffin Davis Strait region)

High Canadian Arctic
(Baffin Davis Strait region)

Northwest Siberia
(Barents region)

Russian European North
(Barents region)

Svalbard
(Barents region)

Northern Scandinavia
(Barents region)

Southern Norway
(Barents region)

Site
Duvany Yar (DY)*

West Dock (WD) Iﬂ , Deadhorse (De),
Franklin Bluffs (FB) [ﬂ , Barrow (Ba)ﬂ]

Happy Valley (HV), Galbraith Lake (GL)
Norris Ck (No) ﬂl KC-07 (KQ)*

Coldfoot (Co)*, Chandalar Shelf (CS) [ﬂ ,
0ld Man (OM)

College Peat (CP) [ﬂ , Birch Lake (BL) m ,
Gulkana (Gu)*, Healy (He) [ﬂ_

Norman Wells (NW), Wrigley (Wr1, W_r2[ﬂ )

Pangnirtung (Pa)*, Pond Inlet (PI)
Resolute (Re)

Alert (Al) @ 15 m ], Alert (A)) @ 24 m ]

Urengoy 15-06* and 15-08* (Ur)

Bolvansky 56* and 65* (Bo)

Janssonhaugen (Ja) ﬂl , Bayelva (Bay) m ,
Kapp Linne 1 (KL)*

Tarfalarggen (Ta) [ﬂ Iskoras Is-B-2 (Is)m

Juvvasshge (Ju)

Entire Record

NA

+0.5t0 +0.8
(1978-2025)

+0.4
(1983-2025)

NA

+0.2 to +0.4
(1983-2025)

+0.1to +0.2
(1983-2025)

+0.1
(1984-2025)

NA

NA

+0.6, +0.4
(1979-2025)

+0.2 to +0.5
(1974-2021)

+0.1t0 +0.3
(1984-2022)

+0.7
(1998-2025)

NA

+0.2
(1999-2025)

Since 2000

+0.4
(2009-20)

+0.5t0 +0.7
(2000-25)

+0.4
(2000-25)

+0.5t0 +0.6
(2008-25)

+0.2t0 +0.4
(2000-25)

<+0.05to +0.4
(2000-25)

+0.1to +0.2
(2000-25)

+0.2to +0.3
(2009-25)

+1.0
(2009-25)

+0.8, +0.5
(2000-25)

+0.1t0 +0.8
(2005-21)

0to+0.5
(2001-22)

+0.1to +0.7
(2000-25)

+0.1to +0.5
(2000-25)

+0.2
(2000-25)
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2. ACTIVE LAYER THICKNESS

Active layer thickness is measured directly using thaw tubes, inferred from mechanically
probing at the end of the thaw season or by using interpolation of borehole temperatures to
determine the maximum seasonal depth of the 0°C isotherm (Irrgang et al. 2025). Regional ALT
trends presented (Fig. 5.31) are based primarily on spatially distributed mechanical probing
across representative permafrost landscapes.

The highest long-term (1996-2025) rates of ALT increases are 0.19 m decade™ and 0.15 m
decade™ observed in the Alaskan Interior and West Siberia, respectively. The 2025 data continue
these trends with ALT values well above the 2009-18 mean for both regions. Record-high ALT
anomalies were observed in 2025 in the Alaskan Interior and at bedrock sites in Svalbard.

ALT records from sites at the North Slope of Alaska, Greenland, northwest Canada, Russian
European North, and East Siberia indicate no significant changes over the last five years. This
can be partly attributed to subsidence associated with thaw propagation into ice-rich ground,
therefore suggesting the underestimation of ice-rich permafrost thaw inferred from ALT records
(O’Neill et al. 2023; Nyland et al. 2021; Streletskiy et al. 2025).

(a) Alaska (b) Greenland/Svalbard (c) West Siberia (3 sites)

05 | Alaska North Slope (24 sites) ._// -4 Svalbard (3 sites)
* -

2009-18 mean = 0.50 m 2009-18 mean =1.13 m

0.3 7
_ 01 e T A AT L T TN T T LATRRANAAY T VNP T T T TR T A, T et
é J J /\/A/\‘,
8 -0.1 1 1
= 1 Alaska Interior (5 sites) Greenland (2 sites) 1
g -0.3 1 2009-18 mean=0.63 m A 2009-18 mean=0.72m 1 2009-18 mean =1.21 m
c - -
LU L L L L L BB | ﬂ‘!ﬂ‘l‘r’ﬂﬂ‘l‘rm‘f‘rl‘h‘l‘rl‘l‘l‘l‘rf‘l‘l‘q _ﬂ_f_rrl_v_l_rrl_mTﬂ_f_lTﬁ_rrrrm—l
5 -0.5
E‘ (d) Northwest Canada (25 sites) (e) Russian European North (3 sites) (f) East Siberia
2 05 | ] |
£ 03 ] 2009-18 mean = 0.74m 1 2009-18 mean =1.17m 1 Chukotka (3 sites)

1 2009-18 mean =0.61 m

East Siberia (6 sites)
2009-18 mean =0.73 m

-05 e e e e e e e e

1995 2000 2005 2010 2015 2020 20251995 2000 2005 2010 2015 2020 2025 1995 2000 2005 2010 2015 2020 2025

Fig. 5.31. Average annual active layer thickness (ALT) anomalies (m), relative to the 2009-18 mean, for six Arctic regions
observed at the Circumpolar Active Layer Monitoring program sites with >20-years of continuous thaw depth observa-
tions from the end of the thaw season. Positive and negative anomalies indicate thicker or thinner ALT than the 10-yr
reference, respectively. Asterisks represent atypical observations, for example, due to pandemic-related restrictions.
Canadian ALT is derived from thaw tubes that record the maximum thaw depth over the previous year. Since Canadian
sites were not visited in 2020 and 2021, the maximum thaw depth recorded during the 2022 visit could have occurred any
summer from 2019 through 2021, although the data point is plotted in 2021. Only one site reported 2025 data from West
and East Siberia, and none from the Russian European North. Additionally, 2023/24 measurements are based on only one
Russian European North site. Site-specific data and metadata are available at www2.gwu.edu/~calm/.
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Sidebar 5.2: The Arctic carbon cycle
—E. A. G. SCHUUR AND S. M. NATALI

The Arctic, in the broad sense of the term including the
areas of northern continuous and discontinuous perma-
frost zones characterized by cryosphere elements (Meredith
et al. 2019), has the potential to accelerate climate change
by adding carbon dioxide (CO,) and methane (CH,) to the
atmosphere in response to warming induced by human fossil
fuel use and land use change (Schuur et al. 2015; Stroeve
et al. 2025). A key research question is whether this climate
feedback is already taking place and, if so, at what magnitude
(Canadell et al. 2021). New evidence has been synthesized
from networks of ground-based eddy covariance and chamber
€O, and CH, exchange measurements (Vogt et al. 2025).
Permafrost region soils contain organic carbon, the accumu-
lated remains of past ecosystems that re-enters the modern
carbon cycle when decomposed and emitted by microbes as
€0, and CH, (Schuur et al. 2023). This can be offset, in part, by
carbon uptake via increased plant growth that eventually ends
up re-accumulating as surface soil organic matter (Frost et al.
2025a).

Carbon exchange measurements record the ecosystem
carbon balance (net gain or loss of plant and soil carbon
pools), which is the relatively small difference between large
opposing fluxes: plant CO, uptake via plant photosynthesis
and growth versus respiratory CO, loss via metabolism by most
living organisms. In the case of net ecosystem CH, exchange,
it is microbial CH, consumption in aerobic soil environments
offsetting microbial CH, production in anaerobic environments
typical of waterlogged soils, wetlands, and lake sediments
(Parmentier et al. 2024; Saunois et al. 2025). Methane
exchange is a much smaller amount by weight than CO, and
consequently does not greatly alter ecosystem carbon balance
at the landscape scale. But the larger warming potential of
CH, means that changing emissions can affect climate at a
similar magnitude as CO, (Schuur et al. 2022). While very few
individual sites have monitored carbon exchange over long
time periods, combining measurements across study sites has
created a merged database and synthetic time series that can
be analyzed for decadal-scale, site-based trends for CO, (See
et al. 2024). Synthesized site-based carbon exchange mea-
surements can also be scaled with environmental information
to produce regional estimates for CO, and CH, (Ramage et al.
2024; Kuhn et al. 2025) and regional trends for CO, (Virkkala
et al. 2025). When this is done, physical disturbances, such as
fire and abrupt permafrost thaw that might occur away from
carbon flux measurement sites, must also be considered as
pathways of regional carbon exchange, as well as ecosystem
types, such as inland waters that are sometimes less well rep-
resented by the ground-based measurement network.
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New analyses of these merged databases suggest that
tundra and boreal forest ecosystems in the northern perma-
frost region acted as an annual net CO, sink (-=0.340 Pg C yr;
negative numbers indicate net ecosystem carbon accumu-
lation), the balance of ecosystem carbon uptake and release
averaged over the past several decades (2000—20) and scaled
to the region (Ramage et al. 2024). When CO, outgassing from
rivers and lakes are included into the budget along with fires,
the region switches to a small net CO, source to the atmosphere
(+0.012 Pg C yr; positive numbers indicate net atmosphere
carbon accumulation). This source strength is larger (+0.106 Pg
C yr") when lateral river carbon export is included, which is
another source of carbon loss from the region. The effect of
northern ecosystems on climate change is less about whether
the region acts as a net carbon source/sink overall, but rather,
on the change in source/sink strength over time that is induced
by warming. At the same time, if this region was acting as a
persistent net carbon source of CO, to the atmosphere over
years to decades, it would be an unequivocal signal of depar-
ture from long-term patterns as a regional sink that served to
accumulate and store permafrost carbon in the Arctic over the
recent centuries to millennia (Lindgren et al. 2018).

A related analysis of the merged dataset supported the
conclusion that tundra and boreal ecosystems scaled to the
permafrost region acted as an annual net CO, sink (—0.249 Pg C
yr'), and that this sink was almost entirely reversed when only
fire emissions were added (—0.02 Pg Cyr"), bringing these two
components essentially to carbon neutral with respect to the
atmosphere (Virkkala et al. 2025; Fig. SB5.3). Furthermore, the
carbon sink trend over time of tundra and boreal forest that
was shown to be increasing from 2000 to 2021 by an addi-
tional —0.009 Pg C yr' was erased when emissions by fires
were included. This analysis also demonstrated a clear spatial
pattern where the strongest net carbon sink ecosystems were
farther south in the boreal biome whereas more than 30%
of the tundra ecosystems to the north were acting as carbon
sources, averaged over the 2001-20 period. The spatial covari-
ance with fluxes means that the larger the northern land region
considered, the larger the carbon sink strength as forests in the
southern margin of the boreal biome responding to warming
and CO, fertilization were masking carbon losses from tundra
farther to the north. Indeed, the pattern of increasing growth
and carbon sink strength in the summer growing season were
found to be completely offset by increasing winter carbon
emissions in ecosystems directly underlain by permafrost (See
et al. 2024). This contrasted with non-permafrost ecosystems
where trends of increasing annual net carbon sink over time
matched summer patterns.
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Fig. SB5.3. Terrestrial ecosystem carbon dioxide (CO,) fluxes with direct fire emissions (red shading) for the northern
permafrost region (2002-20 average). Areas that are CO, sources are shown in pink and red and CO;, sinks are shown in

blue (Natali et al. 2024).

These analyses have looked backwards at tundra and boreal
ecosystem carbon fluxes over the past two decades. One of the
grand challenges for Arctic carbon research has been to provide
near real-time snapshots of carbon fluxes to understand how
unprecedented environmental conditions observed right
now in the region influence the carbon feedback to climate.
Recent work has produced annual Arctic carbon updates for
2024 and 2025 by analyzing monthly carbon exchange across
a snapshot of U.S. and European-based observatories that
were able to provide near real-time carbon flux information in
the year that it was collected (Falvo et al. 2025, 2026). Both
2024 and 2025 had record-warm winter conditions across the
Arctic region, and dynamic patterns of precipitation. In 2024,
a record number of monthly emission values were observed
for CO, in the winter for both tundra and boreal sites, beyond
the number expected by chance (Fig. SB5.4). CO, uptake was
observed in the growing season for both tundra and boreal

AUGUST 2026 | State of the Climate in 2025

sites compensating for winter emissions, but uptake did
not set more records than expected in 2024. The pattern of
carbon cycle amplification, increased uptake and increased
loss, has been observed in decadal-scale patterns from the
merged dataset across the region (See et al. 2024). Methane
observations from the near real-time analysis were from a
more limited subset of sites as compared to CO, and there
were more monthly emissions records than expected during
winter in the 2024 analysis. Near real-time CO, and CH, mea-
surements provide society immediate knowledge about the
speed and strength of the Arctic carbon feedback to climate
(Natali et al. 2021). Near real-time CO, and CH, measurements
provide information about the speed and strength of Arctic
carbon-cycle feedbacks to climate (Natali et al. 2021). These
observations contribute to our understanding of how Arctic
emissions affect the global carbon budget and influence pro-
jections associated with future temperature targets.
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Fig. SB5.4. (a) Net carbon dioxide (NEE g C m~2 month-') and (b) methane fluxes (FCH, g C m~2 month-') and their records for
Sep 2023-Aug 2024. Points denote the monthly mean flux grouped by ecosystem type (for carbon dioxide) or grouped
across sites (for methane). Record-high and record-low observations of each month are highlighted with upward facing
red triangles and downward facing blue triangles, respectively. The size of the triangles and the numbers denote the
number of sites with a record flux observed in that month. Positive values indicate net release from the ecosystem to the
atmosphere, and negative values indicate a net uptake from the atmosphere to the ecosystem (Falvo et al. 2026).
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k. Tundra greenness

—@G. V. Frost, M. J. Macander, U.S. Bhatt, L. T. Berner, J. W. Bjerke, H. E. Epstein, B. C. Forbes, G. Jia,

M. J. Lara, E. Lépez-Blanco, P. M. Montesano, R. |. Magnusson, C.S. R. Neigh, K. M. Orndahl, G. K. Phoenix,

H. Teammervik, C. Waigl, D. A. Walker, and D. Yang

The Arctic tundra biome occupies Earth’s northernmost lands, collectively encompassing a
5.1 million km? region bound by the Arctic Ocean to the north and the boreal forest biome to the
south (Raynolds et al. 2019). While Arctic tundra ecosystems are treeless and lack the vertical
structure of forests, they are very heterogeneous across multiple spatial scales, ranging from
large-scale latitudinal climate gradients to local-scale gradients of soil, hydrological, and per-
mafrost conditions (Fig. 5.32). In recent decades, the Arctic has warmed dramatically,

Fig. 5.32. Arctic tundra ecosystems are generally dominated by low-growing shrubs, herbs, and nonvascular plants, as
seen in a tussock tundra community in northwestern Alaska (upper left). However, canopy-forming shrubs have been
expanding in many Arctic regions and have become a focus of Arctic ecological research (upper right). Shrub increase
has large implications for Arctic landscape processes, land-atmosphere interactions, permafrost dynamics, and wildlife
including iconic Arctic mammals such as muskox (middle left). The increased vertical structure provided by shrubs has
been a primary mechanism for “borealization,” the northward expansion of boreal forest species such as Fox Sparrow
(middle right). Interactions between changing Arctic ecosystems, traditional reindeer herding, and industrial develop-
ment have led to complex changes in northwest Siberian tundra ecosystems (bottom).
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far exceeding the global rate of warming (section 5c) and placing the circumpolar region at the
forefront of global climate and environmental change (Rantanen et al. 2022). Today, the circum-
polar region lies at the crossroads of multiple feedback mechanisms that connect the living
Arctic with a warming climate, declining sea ice extent, changes in seasonal snow cover, perma-
frost thaw, and the global carbon cycle (Bartsch et al. 2025; Aalto et al. 2026; sections 5d,f,i,j;
SB5.2). Some of the most compelling evidence of broad-scale changes in this expansive region
comes from long-term satellite observations beginning in the early 1980s. By the late 1990s,
Earth-observing satellites began to detect a sharp increase in the productivity of tundra vegeta-
tion, a phenomenon known today as “the greening of the Arctic.”

The era of global spaceborne monitoring of vegetation began in late 1981 with a series of
satellites equipped with the Advanced Very High Resolution Radiometer (AVHRR). Beginning
in 2000, the circumpolar AVHRR record has been complemented by more modern sensors
with improved calibration and spatial resolution, including the Moderate Resolution Imaging
Spectroradiometer (MODIS) and the long-running series of Landsat satellites. Although AVHRR
remains operational, the raw data require extensive processing, and the AVHRR-derived Global
Inventory Modeling and Mapping Studies 3g V1.2 dataset (GIMMS-3g+) that long underpinned
Arctic vegetation monitoring is no longer funded. MODIS is nearing the end of service, but con-
tinuity of this important record will be maintained by the Visible Infrared Imaging Radiometer
Suite (VIIRS) sensor, first launched in 2011. Data from all of these sensors support monitoring of
global vegetation greenness using the Normalized Difference Vegetation Index (NDVI), a spectral
metric that exploits the unique way in which green vegetation absorbs and reflects visible and
infrared light. Here, the ongoing phenomenon of Arctic greening and its pan-Arctic spatial vari-
ability are reported based on all four satellite records, with emphasis on the MODIS dataset.

Although the legacy GIMMS-3g+ dataset is no longer maintained, we include it here because
of its longevity (1982-2024) with a spatial resolution of approximately 8 km (Pinzon et al. 2023).
For MODIS, trends were computed by com-
bining 16-day NDVI products from the Terra
(MOD13A1, version 6.1) and Aqua (MYD13Al1,
version 6.1) satellites (Didan 2021a,b), referred
to as MODIS MCD13A1, at a spatial resolution
of 500 m. For VIIRS, the recently reprocessed
VNP13A1 dataset (version 2; Roman et al. 2024)
was used. Landsat provides observations
at a much higher spatial resolution (30 m);
greenness time series from Landsat Collection
2 (Crawford et al. 2023) were calculated fol-
lowing the methods of Berner and Goetz
(2022). All data were masked to the extent
of the Circumpolar Arctic Vegetation Map ]
(Raynolds et al. 2019), excluding permanent 0.45-
ice and water. For all records, the trends of ] _.’-. .".‘o'.'..,o:
annual Maximum NDVI (MaxNDVI), the peak ] [ LIV
greenness value observed in midsummer, are o
summarized. MaxNDVI is a strong indicator
of aboveground biomass and is sensitive to
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Fig. 5.33. Time series of circumpolar mean Maximum

disturbance, successional processes, and
long-term shifts in vegetation structure.

In 2025, the MODIS-observed circumpolar
mean MaxNDVI was nearly identical to that in
2024 (-0.2%) and ranked as the third highest
in the sensor’s 26-year record. This continued
a sequence of record- or near-record-high
values that began in 2020, with the five highest
MaxNDVI values occurring since that year
(Fig. 5.33). Tundra greenness was much higher
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Normalized Difference Vegetation Index (MaxNDVI)
from (now terminated) Advanced Very High-Resolution
Radiometer (AVHRR) Global Inventory Modeling and
Mapping Studies third generation (GIMMS-3g+; 1982-2024;
gray), Moderate Resolution Imaging Spectroradiometer
(MODIS) MCD13A1 (2000-25; black) Landsat Collection
2 (2000-25; green), and the Visible Infrared Imaging
Radiometer Suite (VIIRS) VNP13A1 (2011-25; pink), with
trendlines fitted using ordinary least squares linear regres-
sion. The MODIS record is further divided by continent
for Arctic Eurasia (dotted red) and North America (dotted
blue).
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than the 200025 mean value across most of
the North American Arctic, particularly in
northern Alaska, Quebec, and Labrador
(Fig. 5.34). The Eurasian Arctic, however,
featured a much greater mixture of positive
and negative anomalies, a pattern that has
recurred for the last several years. Nonetheless,
the long-term trend in MODIS-observed tundra
greenness is strongly positive (greening) for
most of the circumpolar region (Fig. 5.35).
Although no longer maintained, the
GIMMS-3g+ dataset provides one of the
clearest signals of long-term Arctic greening,
with four of the five highest MaxNDVI values
in the 43-year record occurring since 2020. The
much shorter VIIRS record is generally consis-
tent with the other records, especially MODIS;
the circumpolar mean greenness in 2025 was
the second highest in the 14-year record.
Greening is least pronounced in the Landsat
record, with very little variation in greenness
following the record high value in 2020.
Variations among the satellite records likely
reflect differences in sensor bandpasses,
radiometric spatial resolution, calibration,
and frequency of observation (Frost et al.
2025b). Going forward, spaceborne monitoring
of tundra greenness will rely solely on the
VIIRS and Landsat records; continuity of these
records is therefore essential to sustain current

(a) 90°E

-0.04 003 -002 -001 0 001 002 003 004
MCD13A1 Max-NDVI trend, 2000-25 (decade™)

150°E /-,

180° |-

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
MCD13A1 2025 MaxNDVI anomaly (unitless)

Fig. 5.34. Circumpolar Maximum Normalized Difference
Vegetation Index (MaxNDVI) anomalies for the
2025 growing season relative to mean values (2000-25)
for Arctic tundra (bold colors), and boreal forest (muted
colors) north of 60° latitude from the Moderate Resolution
Imaging Spectroradiometer (MODIS) MCD13A1 dataset.
The circumpolar tree line is indicated by a black line, and
the 2025 minimum sea ice extent is indicated by light
shading.

(b) 90°E

-0.04 -003 -0.02 -0.01 0 0.01 002 003 004
AVHRR GIMMS3G Max-NDVI trend, 1982-2024 (decade™)

Fig. 5.35. Magnitude of the Maximum Normalized Difference Vegetation Index (MaxNDVI) trend calculated as the change
decade"via ordinary least squares regression for Arctic tundra (bold colors), and boreal forest (muted colors) north of 60°
latitude during (a) 2000-25 based on the Moderate Resolution Imaging Spectroradiometer (MIODIS) MCD13A1 dataset,
and (b) 1982-2024 based on the (now terminated) legacy Advanced Very High-Resolution Radiometer GIMMS 3-g+

dataset. The circumpolar tree line is indicated by a black line.
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standards in monitoring Arctic vegetation dynamics and modeling their influence on the global
carbon cycle.

Earth-ohserving satellites provide foundational datasets for monitoring Arctic changes and
help overcome long-standing barriers to access posed by the remoteness of this region, and new
ones arising from the cessation of international cooperation in the Russian Arctic and uncertain-
ties in long-standing funding and logistical support for Arctic research in the United States and
the European Union. Nonetheless, field studies provide crucial information needed to connect
spaceborne observations with patterns of change (or stability) on the ground. Observed increases
in the abundance, distribution, and height of Arctic shrubs are a major driver of Arctic greening,
and have important impacts on biodiversity, wildlife habitat, surface energy balance, perma-
frost dynamics, and biogeochemical cycling, particularly in warmer, more southerly portions
of the biome near the forest—tundra ecotone (Mekonnen et al. 2021; Fig. 5.32). However, trend
attribution remains difficult in understudied regions, such as the Canadian Arctic Archipelago
and much of the Russian Arctic. Furthermore, while changes to the Arctic climate have gener-
ally favored tundra greening, ecological disturbances, extreme events, and other causes of local
declines in greenness (“browning”) are increasing in frequency (Lechler et al. 2025; Phoenix
et al. 2025), and major knowledge gaps remain concerning climate—carbon feedbacks in Arctic
permafrost (Bao et al. 2025). Changes to Arctic land-use also contribute to the complexity in
greening and browning trends. For example, the transition of nomadic reindeer herding from a
non-monetary livelihood to a market economy has led to regional ecological changes in Eurasian
tundra (Bjerke et al. 2024; Wallenius et al. 2025; Fig. 5.32). Understanding the regional variability
of complex Arctic vegetation trends and determining their drivers continues to be an important
focus of multi-disciplinary scientific research.
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Appendix 1: Acronyms

ALT
AMAP
ATBD
AVHRR
CALM
CAVM
ca
(DR
(DS
CNECT
CRDP
DMI
DOISST
DU

ESA

ET
GIMMS-3g+
GPCC
GRACE
GRACE-FO
IMS
JTWC
MaxNDVI
MODIS
NAM
NAO
NDVI
0oDS
OISST
oml
OMTO3
PROMICE
SAT
SCD
SCE
SLP
SMB
SMOS
SSMIS
SST
SWE
SWIPA
uv
VIIRS
WGMS
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active layer thickness

Arctic Monitoring and Assessment Programme
Algorithm Theoretical Basis Document

Advanced Very High-Resolution Radiometer
Circumpolar Active Layer Monitoring

Circumpolar Arctic Vegetation Map

Climate Change Initiative

Climate Data Record

Climate Data Store

CEOS/NSIDC Extratropical Cyclone Tracking

climate research data package

Danish Meteorological Institute

Daily Optimum Interpolation Sea Surface Temperature
Dobson units

European Space Administration

extratropical transition

Global Inventory Modeling and Mapping Studies third generation
Global Precipitation Climatology Centre

Gravity Recovery and Climate Experiment

Gravity Recovery and Climate Experiment Follow-On
Interactive Multisensor Snow and Ice Mapping System
Joint Typhoon Warning Center

Maximum Normalized Difference Vegetation Index
Moderate Resolution Imaging Spectroradiometer
Northern Annular Mode

North Atlantic Oscillation

Normalized Difference Vegetation Index
Ozone-Depleting Substance

Optimum Interpolation Sea Surface Temperature
Ozone Monitoring Instrument

Ozone Monitoring Instrument Level-2 Total Column Ozone version 3
Programme for Monitoring of the Greenland Ice Sheet
surface air temperature

snow cover duration

snow cover extent

sea level pressure

surface mass balance

Soil Moisture Ocean Salinity

Special Sensor Microwave Imager/Sounder

sea surface temperature

snow water equivalent

Snow Water Ice and Permafrost in the Arctic
ultraviolet

Visible Infrared Imaging Radiometer Suite

World Glacier Monitoring Service
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Appendix 2: Datasets and sources

Section 5b Atmosphere

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Geopotential

5b Height ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
5b Temperature, ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Upper Atmosphere
5b Wind, Upper ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Atmosphere
Ozone, Total Aura Ozone Monitoring
5b1 Column and Instrument (OMI)/Microwave https://mls.jpl.nasa.gov/eos-aura-mls/data.php
Stratospheric Limb Sounder (MLS)
Ozone, Total
5b1 Column and OMI/Aura Level-2 To'.cal Column https://disc.gsfc.nasa.gov/datasets/OMTO3_003/summary
. Ozone (OMTO3) Version 3
Stratospheric

Section 5c Surface air temperature

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Pressure, Sea Level

5¢3 ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
or Near-Surface
Temperature, . . .

5¢2 ] S NASA GISTEMPv4 https://data.giss.nasa.gov/gistemp/

5c3 Temperature, ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5

[Near] Surface

Section 5d Precipitation

Sub- General Variable or

. Specific Dataset or Variable Source
section Phenomenon
5d Precipitation ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
5d4 Precipitation GPCC https://opendata.dwd.de/climate_environment/GPCC/html/download_gate.html
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https://disc.gsfc.nasa.gov/datasets/OMTO3_003/summary
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://data.giss.nasa.gov/gistemp/
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://opendata.dwd.de/climate_environment/GPCC/html/download_gate.html

Section 5e Sea surface temperature

Sub-
section

5e

General Variable or

Phenomenon

Sea Ice Extent

Sea Surface
Temperature

Specific Dataset or Variable

National Snow and Ice Data
Center (NSIDC) Sea Ice Extent

OISSTv2.1

Source

https://nsidc.org/data/g02135

https://www.ncei.noaa.gov/products/optimum-interpolation-sst

Section 5f Sea ice

Sub-
section

5f1

5f2

General Variable or

Phenomenon

Sea Ice Extent

Sea Ice Thickness

Specific Dataset or Variable

National Snow and Ice Data
Center (NSIDC) Sea Ice Extent

European Space Agency (ESA)
Cryosat-2/ Soil Moisture and

Ocean Salinity (SMOS)

Source

https://nsidc.org/data/g02135

https://earth.esa.int/eogateway/catalog/smos-cryosat-l4-sea-ice-thickness

Section 5g Greenland Ice Sheet

Sub-
section

59

59

59

59

59

59

59

General Variable or

Phenomenon

Air Temperature

Glacier Ablation

Glacier Mass,
Area or Volume

Ice Sheet Albedo

Ice Sheet
Discharge

Ice Sheet Melt

Ice Sheet Surface
Height

Specific Dataset or

Variable

Danish Meteorological
Institute (DMI)/
Programme for
Monitoring the
Greenland Ice Sheet
(PROMICE) Weather

PROMICE Glacier
Front Line
(Greenland)

Gravity Recovery and
Climate Experiment
(GRACE) /GRACE
Follow-On (GRACE-FO)

Sentinel-3 Snow and
Ice Products (SICE)

Ice Discharge
(Greenland)

Special Sensor
Microwave Imager/
Sounder (SSMIS)

Ice, Cloud, and land
Elevation Satellite 2
(ICESat-2)
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https://eng.geus.dk/products-services-facilities/data-and-maps/glaciological-data-from-greenland-promice

https://doi.org/10.22008/promice/data/calving_front_lines

https://grace.jpl.nasa.gov/data/get-data/

https://eodsociety.esa.int/projects/pre-operational-sentinel-3-snow-and-ice-products-sice/

https://doi.org/10.22008/promice/data/ice_discharge/d/v02

https://nsidc.org/data/nsidc-0001

https://icesat-2.gsfc.nasa.gov/icesat-2-data
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https://nsidc.org/data/g02135
https://earth.esa.int/eogateway/catalog/smos-cryosat-l4-sea-ice-thickness
https://eng.geus.dk/products-services-facilities/data-and-maps/glaciological-data-from-greenland-promice
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https://grace.jpl.nasa.gov/data/get-data/
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https://doi.org/10.22008/promice/data/ice_discharge/d/v02
https://nsidc.org/data/nsidc-0001
https://icesat-2.gsfc.nasa.gov/icesat-2-data

Sub- General Variable or

Specific Dataset or

Source

section Phenomenon Variable
Modele
Surface Mass At,m.ospherlqug
59 Balance Régionale version
3.14.1 regional
climate model (MAR)
Surface Mass
59

Balance

https://zenodo.org/records/13151275

ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5

Section 5h Glaciers and ice caps outside Greenland

Sub- General Variable or

Specific Dataset or Variable

Source

section Phenomenon
Glacier Ma . o
eriass, World Glacier Monitoring
5h Area or .
Service
Volume
. Gravity Recovery and
Glacier Mass, . Y Y
Climate
5h Area or .
Experiment Follow-on
Volume

(GRACE/GRACE-FO)

http://dx.doi.org/10.5904/wgms-fog-2022-09

https://grace.jpl.nasa.gov/data/get-data/

Section 5i Terrestrial snow cover

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable

5i Snow Properties Crocus Snowpack Model
5i Snow Properties ERA5
5i Snow Properties MERRA-2
European Space Agency Snow
5i Snow Properties Climate Change Initiative Snow
Water Equivalent
NOAA Interactive Multi-sensor
5i Snow Properties Snow and Ice Mapping System
(Snow Cover Duration)
5i S Pl NOAA Snow Chart Climate Data

Record

https://egusphere.copernicus.org/preprints/2025/egusphere-2025-4540/
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5

http://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/

https://snow-cci.enveo.at/

https://usicecenter.gov/Products/ImsHome

https://www.ncei.noaa.gov/products/cimate-data-records/snow-cover-extent
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Section 5j Permafrost

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Global Terrestrial Network for

5j1 Permafrost Permafrost (GTN-P) http://gtnpdatabase.org/
5j1 Permafrost Permafrost Site Map http://permafrost.gi.alaska.edu/sites_map
5j1 Temperature, ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5

[Near] Surface

Circumpolar Active Layer
5j2 Permafrost Monitoring Program (CALM) www2.gwu.edu/~calm/
Active-Layer Thickness

Section 5k Tundra greenness

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable

Global Inventory Modeling and
5k Vegetative Index Mapping Studies third generation https://daac.oml.gov/VEGETATION/quides/Global_Veg_Greenness_GIMMS_3G.html
(GIMMS-3g+) Version 1

MODIS MCD13A1 and MYD13A1
5k Vegetative Index Normalized Difference Vegetative https://Ipdaac.usgs.gov/products/mod13a1v006/
Index (NDVI)

Landsat Collection 2 Normalized

5k Vegetative Index Difference Vegetative Index (NDVI)

https://www.usgs.gov/landsat-missions/landsat-collection-2

Visible Infrared Imaging
5k Vegetative Index Radiometer Suite https://www.earthdata.nasa.gov/topics/biosphere/vegetation-index
(VIIRS) VNP13A1

Sidebar 5.1: Ex-typhoon Halong

Sul_o- Gaizel i) Specific Dataset or Variable Source
section Phenomenon
SB5.1 Sea Surface 0ISSTv2.1 https://www.ncei.noaa.gov/products/optimum-interpolation-sst
Temperature

Sidebar 5.2: The Arctic carbon cycle

Sub-  General Variable or Specific Dataset or
section Phenomenon Variable
SB5.2 Carbon Carbon emissions https://iopscience.iop.org/article/10.1088/1748-9326/ae09bb#erlae09bbs5
SB5.2 Gzl Arctlc:BoreaI UUICIELj https://www.earthdata.nasa.gov/data/catalog/oml-cloud-co2fluxes-arctic-boreal-domain-2377-1
(co2) Experiment CO, fluxes
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