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5. THE ARCTIC

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

a. Overview

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

The Arctic environment in 2024 continued on a trajectory that has put it in a state far dif-
ferent from that of the twentieth century. Ongoing accumulation of greenhouse gases in the
atmosphere continues to quickly warm the Arctic, resulting in rapid changes in the cryosphere
that are driving cascading impacts to climate, ecological, and societal systems.

Many weather- and climate-related impacts in the Arctic are the result of compounding change,
such as increased riverbank erosion, which is proximately due to increased river discharge from
higher seasonal precipitation, yet is also exacerbated by thawing permafrost. However, even
individual storms occur within very different ocean and ice conditions than were typically
present in the late twentieth century. As a result, the impacts, including high winds, excessive
precipitation, and coastal inundation, may be quite different nowadays, as exemplified by the
October 2024 storm in northwest Alaska that produced severe coastal flooding in several com-
munities. To share some of these impacts with a wider audience, select extreme weather impacts
around the greater Arctic have been highlighted through the inclusion of sidebars in recent State
of the Climate Arctic chapters (e.g., Benestad et al. 2023; Thoman et al. 2024).

Average surface air temperatures for the Arctic overall (poleward of 60°N) for 2024 averaged
1.27°C above the 1991-2020 baseline average, the second-highest annual temperature since
records began in 1900. For the 11th consecutive year, the Arctic annual temperature anomaly
was larger than the global average anomaly. Seasonally, summer (July-September) 2024 ranked
as the third-highest average temperature, and autumn (October—December) 2024 saw its highest
average temperature on record. At the subseasonal scale, an intense August heatwave brought
all-time record high temperatures to parts of the northwest North American Arctic. Closely but not
completely tied to spring and summer air temperature trends, productivity of tundra and boreal
forest vegetation has dramatically increased in recent decades. Overall “tundra greenness” was
the fifth highest since 1982. However, local to regional “browning” (reduced vegetation produc-
tivity) shows that disturbance factors besides temperatures, such as wildfire, can be important.

Sea ice is one of the most iconic features of the Arctic environment and plays an important
role in regulating global climate, regional ecosystems, and economic activities. Sea ice extent
typically reaches the annual maximum in March, and in 2024 the maximum was near the
1991-2020 average overall, but somewhat below average in the Barents Sea and Gulf of St.
Lawrence. The annual minimum sea ice extent occurs in September, and in 2024 the September
monthly average was the sixth lowest in the 46-year satellite record. The Northern Sea Route
along the north Russia coast opened later than the past 20 years’ average due to persistent ice in
the southwest Chukchi Sea. The Northwest Passage’s southern route through northwest Canada
opened again this year and, quite unusually, the deepwater northern route was also almost
entirely ice free at the end of September.

Decreasing sea ice extent during the late spring and summer months exposes larger areas
of ocean to direct warming during the time of year of high incoming solar radiation. Poleward
of 65°N, open ocean surface temperatures typically peak in August. In 2024, late summer sea
surface temperature anomalies showed significant regional variability, with the waters in the
Barents and Kara Seas 2°C—-4°C warmer than normal. In sharp regional contrast, Chukchi Sea sea
surface temperatures were the lowest in more than 40 years, while just to the east, sea surface
temperatures in the southern Beaufort Sea were significantly above the 1991-2020 average.
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Like sea ice, permafrost (soils or other earth materials that have remained frozen for at
least two years) is an important feature of Arctic environments that occurs widely on land and
throughout some submarine continental shelf areas that were exposed land during the last Ice
Age (about 15,000 years ago). Unlike many parts of the Arctic environmental system, permafrost
temperatures and the summer surface thaw zone cannot be monitored from space-borne instru-
ments and depend on in situ measurements. While long-term observations are not available
over most of the Asian Arctic, observations elsewhere show multi-decade warming of deeper
permafrost continuing across the Arctic, with some sites in North America and Svalbard having
seen their highest temperatures on record in 2024. Overall, colder permafrost is warming more
rapidly; areas where permafrost temperatures are close to freezing have slower rates of warming
as ice changes phase to liquid water.

Precipitation monitoring in the Arctic has historically been limited due to the lack of in situ
measurements over the Arctic Ocean, a sparse land station network, and significant problems
with solid precipitation undercatch because of the inherent difficulties in capturing solid precip-
itation in strong wind environments. Recent advances in reanalyses that combine observations
and computer simulations now allow for more robust regional-scale precipitation analysis and
historical comparisons. In 2024, Arctic-wide annual precipitation was the third highest on record,
and summer (July through September) precipitation was the highest since 1950. Rivers serve as
regional integrators of precipitation. Arctic river discharge overall for both 2023 and 2024 was
close to the 1991-2020 average, albeit with significant differences across basins. For example,
in North America, Mackenzie River discharge was well below average in both years, but Yukon
River discharge was above average in both years; most basins in Eurasia saw above-normal dis-
charge in 2024 but below-average discharge in 2023.

In much of the Arctic, snow is the dominant form of precipitation for most of the year, and
the presence or absence of snow cover is a critical factor in many climate and environmental
processes. During the 2023/24 snow season, there were marked regional and continental scale
differences in snow cover duration. The snow cover duration varied from the shortest to date in
the twenty-first century over parts of Canada to at or near the longest in this century in parts of
the Nordic and Asian Arctic.

Melt and discharge from the Greenland Ice Sheet play important roles in modulating North
Atlantic weather and climate. In 2024, the total amount of ice decreased, as it has every year
since the late 1990s, but the loss was 50%-80% less than the 2002-23 annual average. This
was the result of an unusual but persistent weather pattern that inhibited the development and
persistence of warm air masses over Greenland during the summer. Ongoing monitoring of the
Greenland Ice Sheet, which holds enough water to raise global sea levels by more than seven
meters if entirely melted, is critical for understanding drivers of melt and ice sheet dynamics.

The Arctic stratosphere experienced two major sudden warming events early in 2024 that
resulted in enhanced ozone transport into the region from lower latitudes. As a result, surface
ultraviolet radiation was reduced in parts of the Asian Arctic in spring and the central Arctic and
North America in summer.

Special Notes: The 1991-2020 baseline is used in this chapter except where data availability
requires use of a different baseline. This chapter includes a focus on Arctic river discharge
(section 5h), which alternates yearly with a section on glaciers and ice caps outside of Greenland.
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b. Atmosphere

—A. H. Butler, S.H. Lee, G. H.Bernhard, V. E. Fioletov, J-U. GrooB, 1. lalongo, B. Johnsen, K. Lakkala, R. Miiller,

and T. Svendby

The dynamics and chemistry of the Arctic atmosphere are affected by both strong year-to-
year internal variability and long-term changes forced by greenhouse gases, ozone-depleting
substances, and aerosols. The atmosphere is also closely coupled to Arctic sea ice and snow
cover; positive feedbacks with sea ice loss have amplified long-term polar atmospheric warming
(Dai et al. 2019; He et al. 2024).

In 2024, the most notable features of the atmospheric circulation were: 1) an unusually
disturbed Arctic stratospheric polar vortex, with two reversals of the zonal winds at 60°N and
10 hPa (known as major sudden stratospheric warmings [SSWs]; Baldwin et al. 2021); 2) per-
sistently high total column ozone corresponding to substantial reductions in surface ultraviolet
(UV) radiation from spring through summer; 3) a monthly record-high positive Arctic Oscillation
in August, corresponding to low sea level pressure anomalies over the Arctic, despite strong
blocking high pressure aloft; and 4) persistent blocking high pressure over the Hudson Bay that
lasted throughout summer and autumn.

1. THE ARCTIC STRATOSPHERE IN 2024

The Arctic stratosphere experienced two SSWs: one on 16 January and another on 4 March
2024 (Qian et al. 2024; Lee et al. 2025). The occurrence of two SSWs in a single winter is relatively
unusual, occurring only about once every decade (Lee et al. 2025). These events are evident in
Fig. 5.1a that shows a metric of large-scale circulation, the polar cap (60°N-90°N) averaged geo-
potential height (PCH), which is the altitude of a given atmospheric pressure. In general, when
the PCH is anomalously positive, the polar circulation is predominantly anti-cyclonic, and the
polar air is warmer (and vice versa when the PCH is anomalously negative). Near the surface, the
PCH is negatively correlated with the Arctic Oscillation, the dominant pattern of Northern
Hemisphere climate variability that describes a fluctuation in atmospheric mass between the
pole and the midlatitudes (Thompson and Wallace 2000). The PCH indicates when the polar
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Fig. 5.1. (a) Vertical profile of daily standardized Arctic polar cap (60°N-90°N) geopotential height (PCH) anomalies during
2024. Anomalies are shown with respect to a 30-day centered running mean 1991-2020 climatology and standardized at
each pressure level by the standard deviation of each calendar day during 1991-2020 (smoothed with a 30-day running
mean). Standardizing makes vertical coupling easier to visualize, given the large differences in magnitude of the raw
geopotential height values from the surface to 1 hPa. Dashed vertical lines show the dates of the two 2024 sudden
stratospheric warmings. (b) The Jul-Sep average of standardized PCH anomalies. The near-surface PCH anomalies were
negative (blue), while upper atmosphere anomalies were positive (red). (c) 1000-hPa standardized PCH anomalies (closely
correlated to the Arctic Oscillation, multiplied by —1) for 1 Jan-31 Dec 2024. (Data source: Once-daily 0000 UTC ERAS5 at 1°
horizontal resolution [Hersbach et al. 2020].)
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atmosphere is vertically coupled (i.e., has the
same-signed anomalies from the surface to the
upper stratosphere).

The two SSWs had limited surface climate
impacts via dynamical downward coupling
(Lee et al. 2025) but resulted in significant
stratospheric ozone transport from the tropics
to the Arctic and record-high total column
ozone over the polar cap in March (Newman
et al. 2024; Fig. 5.2a, Fig 5.4b). After the strato-
spheric polar vortex dissipated in the spring,
this anomalous ozone then persisted in the
Arctic throughout summer and into autumn,
contributing to new monthly high total column
ozone records in May, June, July, and October
(Figs. 5.2b, 5.4b). Spatially, 2024 Arctic total
column ozone anomalies from the Ozone
Monitoring Instrument (OMI; 2005-24)
showed large and significant enhancements,
especially over Asia in March and the central
Arctic/North Atlantic in July (Figs. 5.2a,b).
These regions of enhanced ozone -corre-
sponded to regions with the strongest surface
UV radiation reductions (up to 20%) in those
months (Figs. 5.2c,d). Negative UV anomalies
calculated from ground-based measurements
for some stations were up to 13% larger in
magnitude than those from satellite data (OMI
instrument; Figs. 5.2c,d). Differences between
ground- and satellite-based measurements of
UV radiation at the surface are caused by vari-
ability within the satellite footprint and by the
albedo climatology used in satellite retrievals,
which do not always match the actual albedo
(Bernhard et al. 2015).

Summer temperatures in the Arctic low-
ermost stratosphere (~150 hPa) set monthly
record highs (Figs. 5.1a, 5.4a). This warmth
in the free atmosphere may be in part related
to localized absorption of sunlight by the
persistent anomalously high ozone that was
transported downward from the mid-to-
upper stratosphere (e.g., Williams et al. 2024;
Fig. 5.4Db).

The stratospheric polar vortex reformed at
its usual time in late August but stayed anom-
alously weak until mid-October, and then
finally strengthened by December (Fig. 5.1a,
blue shading at 10 hPa).

2. THE ARCTIC TROPOSPHERE IN 2024

(a) March total ozone column anomaly

(b) July total ozone column anomaly

Jul Noontime Jul Noontime
UVI (satellite) ~ UVI (ground-based)

-3% -9%

Mar Noontime
UVI (ground-based)

=17%

Mar Noontime
UVI (satellite)

ALT N/A

Base

EUR N/A -18% -20%

NYA N/A -16% 0% 7%

-16% -15% -28%

Fig. 5.2. Monthly mean anomaly maps of (a).(b) total
ozone column (%) and (c),(d) noontime ultraviolet index
(UVI; %) for Mar (a),(c) and Jul (b),(d) 2024 relative to
2005-23 means. Stippling indicates pixels where anom-
alies exceed 2 std. dev. Maps are based on the Ozone
Monitoring Instrument (OMI) Level-2 Total Column Ozone
version 3 (OMTO3) total ozone product (Bhartia and
Wellemeyer 2002), which is derived from measurements
of the OMIL. (c),(d) also compares UVI anomalies from OMI
[%] from OMI satellite with ground-based measurements
at nine locations (shaded marker). Site acronyms of ground
stations are ALT: Alert (83°N); EUR: Eureka (80°N); NYA:
Ny-AIesund (79°N); RES: Resolute (75°N); AND: Andgya
(69°N); SOD: Sodankyla (67°N); TRO: Trondheim (63°N);
FIN: Finse (61°N); OST: @steras (60°N); and CHU: Churchill
(59°N). White areas centered at the North Pole (and values
of N/A in the table) indicate latitudes where OMI data are
not available because of polar darkness in March.

Winter (January—March; JFM) and spring (April-June; AMJ) were generally characterized by
statistically insignificant seasonally-averaged 500-hPa geopotential height anomalies across the
Arctic (Figs. 5.3a,b). However, anomalous high pressure (or “blocking”) over the Hudson Bay
persisted throughout 2024, exceeding +2 std. dev. in summer (July-September; JAS) and autumn
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(October—December; OND). This persistent
blocking was associated with predominantly
northerly upper-tropospheric winds over the
Baffin Bay, and may have contributed to less
Greenland Ice Sheet melt (see section 5g and
Sidebar 5.3).

In addition, summer was marked by strong
blocking over the Barents—Kara Seas region,
coincident with record-warm August sea
surface temperatures over the Barents Sea
(section 5e) and anomalously low geopotential
heights over the Arctic Ocean and near Iceland
(Fig. 5.3c). Despite the overall positive PCH
anomalies in the mid- to upper troposphere
(Figs. 5.1b,c), the near-surface was character-
ized by strongly negative PCH anomalies
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Fig. 5.4. (a) Polar cap averaged temperature anomalies at
150 hPa (~13.5 km) for each month of 2024 (black bars),
compared to the previous monthly record (maximum and
minimum) values over the period 1958-2024 (dashed
bars). The year of the maximum/minimum monthly record
is provided. Data are from ERA5 (Hersbach et al. 2020).
(b) Same as (a) but for polar cap averaged total column
ozone anomalies over the period 1980-2024. Data are from
MERRA-2 reanalysis (Gelaro et al. 2017). (c¢) Same as (a) but
for the Arctic Oscillation (AO) over the period 1958-2024.
The AO index is from NOAA's Climate Prediction Center. All
anomalies are calculated relative to the 1991-2020 clima-
tology. Figure adapted from L'Heureux et al. (2010).
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(b) Spring 2024
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Fig. 5.3. 50-hPa geopotential height (m; shading) and
200-hPa wind (m s; vectors) anomalies for (a) winter,
(b) spring, (c) summer, and (d) autumn. Anomalies are
calculated relative to the 1991-2020 climatology. Stippling
indicates that the anomaly exceeds +2 standard deviations
of the 1991-2020 climate. (Data source: ERA5 [Hersbach
et al. 2020].)

(Figs. 5.1b,c) and anomalously low sea level
pressure (section 5c), corresponding to a
record-positive (since 1958) Arctic Oscillation
for the month of August (Fig 5.4c). In other
words, the lowermost Arctic atmosphere was
at odds with the circulation above it through
most of summer (Fig. 5.1b). A positive Arctic
Oscillation pattern typically corresponds to
anomalously cool temperatures over the
central Arctic, the Bering Strait, and Baffin
Bay, but anomalous warmth over northern-
most Eurasia, Scandinavia, and North America
south of the Hudson Bay (e.g., Park and Ahn
2016). This roughly corresponds to regional
surface air temperature (SAT) variations seen
during summer 2024 (section 5c).

Autumn saw developing moderate high
pressure over the North Atlantic, with anom-
alously strong upper-level westerly wind
flow from southern Greenland to southern
Scandinavia and continued strong blocking
over the Hudson Bay (Fig. 5.3d).
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c. Surface air temperature

—T. J. Ballinger, A. Crawford, 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

Widespread warming surface (i.e., two-meter) air and upper ocean temperatures (section
5e) characterize the changing Arctic (60°N-90°N) environment. Northern high-latitude surface
air temperature changes continue to exceed global (90°S—-90°N) scale changes, a phenomenon
termed Arctic Amplification. After accounting for natural variability, studies have estimated that
the Arctic is warming approximately three times faster than the global mean based on observa-
tional data and climate model simulations since 1980 (Sweeney et al. 2023; Zhou et al. 2024).
Pervasive warming and an enhanced hydrological cycle, associated with increased precipita-
tion (section 5d), represent key controls of Arctic environmental changes (Box et al. 2019). Daily
maximum temperature extremes are both increasing and occurring more often (Polyakov et al.
2024), resulting in a surge of unprecedented extreme Arctic weather events in the last three years
(Overland 2024). In this section, we place 2024 Arctic air temperatures in historical perspective
and discuss notable seasonal anomaly patterns that occurred during 2024. Annual air tempera-
tures follow the calendar year, while seasons are defined as winter (January—March), spring
(April-June), summer (July—September), and autumn (October—December).

2. HISTORICAL CONTEXT TO 2024 ANNUAL AND SEASONAL TEMPERATURES

Annual Arctic and global surface air tem-  (a)Annual
perature anomalies from NASA’s GISTEMP g 2 Taene = ¥226°C (<0.01) E
version 4 dataset are shown in Fig. 5.5a. During S o T
2024, the Arctic had its second-warmest year ¢

SaF ]
over the period since 1900, with temperature o S I
anomalies 1.27°C above the 1991-2020 mean. _ ,FT__=+296°C (<001

O “F _arcric
1S E

This dataset indicates that 2024 was the % of Towes =*132°C(<001)
warmest year on record globally since at least %—2f
1900; however, the relative magnitude of Arctic <4l
temperature anomalies continues to be larger. () Sering

s 2F TARCTIC

This is evidenced by air temperature warming & 7
of 2.26°C in the Arctic versus 1.26°C globally g,
during the past 125 years (Fig. 5.5a). The year 2_43_ L
2024 also marks the 11th consecutive year in (g summer
which Arctic regional temperature departures 5 2F Terc = +0-50°C (<0.01) -i
exceeded those of Earth as a whole. Another 3 O;T;;;’M
noticeable feature of this dataset is that this Ej: E
past decade (2015-24) has been the Arctic’s ——_______.___________
. (e) Autumn
warmest, and has been characterized by several _,r 5 ——<3z5¢ zo.01)
new annual and seasonal temperature records. f; oF Tetonn = *+1.23°C (<0.01)
Arctic temperature anomalies were also é—?f
comparatively higher than the global average k. . . . . . . . vy 1T
in each season of 2024 (Figs. 5.5b—d). This is 1900 1920 1940 1960 1980 2000 2020
striking given that seasonal global tempera- Fig. 5.5. Time series of (a) annual, (b) winter, (c) spring,
ture records were also set during winter and (d)summer, and (e) autumn surface air temperature anom-
spring 2024. Seasonal temperature departures alies (°C) for 1900-2024 relative to the 1991-2020 mean

) B and averaged across Arctic (60°N-90°N; red) and Global
in 2024 from the 1991-2020 means were some of (90°S-90°N; blue) land and ocean areas. Annual time

the highest in the Arctic since 1900, with winter  gseries in (a) reflect the Jan-Dec average. The total arctic
at 1.14°C (sixth warmest), spring at 0.82°C  (Tagrenc) and total global (Teiosal) air temperature change
(sixth warmest), and summer at 0.83°C (third during the full period of record, defined as the linear
warmest). Most notably, Autumn 2024 observed least-squares regression trend multiplied by the 125-year

. . o period, is shown in each panel along with the respec-
its highest temperatures on record at 2.28°C tive statistical significance (p-value) of the trends. (Data

above the 1991-2020 mean, roughly 0.25°C  soyrce: NASA GISTEMPv4 data obtained from the NASA
higher than the next warmest autumn in 2020.  Goddard Institute for Space Studies.)

!l 1

= +2.09°C (<0.01) E
= +1.23°C (<0.01)
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The annual and seasonal air temperature anomalies display Arctic Amplification signatures
(Fig. 5.5). A multitude of mechanisms and feedbacks drive Arctic Amplification at different times
of the year. Meridional atmospheric circulation patterns can enhance heat and moisture trans-
port into the Arctic and lead to more year-round warm extremes, whereas albedo feedbacks
involving the amount, quality, and duration of snow and ice cover are constrained by sunlight
that is prevalent in the warm season and absent at the highest northern latitudes during winter
months (Cohen et al. 2020). During autumn and winter, when Arctic Amplification is strongest
(Figs. 5.5b,e), the accumulation of heat in the Arctic Ocean is released to the overlying atmo-
sphere, driving higher air temperatures (Taylor et al. 2022). Patterns of seasonal air temperature
anomalies align with some of these processes that influence Arctic Amplification.

3. SEASONAL AIR TEMPERATURE ANOMALY PATTERNS IN 2024

Seasonal air temperature anomaly patterns from ERA5 reanalysis are shown in Fig. 5.6.
Stippled areas indicate record seasonal warmth since 1950. Winter 2024 saw positive anomalies
over the central Arctic Ocean (+3°C to +4°C) with smaller magnitude anomalies generally found
over Arctic lands (Fig. 5.6a). Exceptions include the North Slope of Alaska, northern Baffin
Island, northern Quebec, and Severnaya Zemlya, where the largest wintertime positive anoma-
lies (+5°C to +6°C) were found. The latter two areas were associated with negative pressure
anomalies to the west (Fig. 5.7a) that enhanced southerly winds and warm air advection. The
largest cold anomalies were located over the Kamchatka Peninsula, including the Sea of Okhotsk,
and the North Sea and Norwegian Sea of the Atlantic Arctic.

Similar to the preceding winter, spring 2024 featured positive anomalies of +2°C to +4°C
over northern Canada and eastern Siberia (Fig. 5.5b). Record warmth is found within these
areas, including over the eastern half of Hudson Bay, which also experienced record-early

(a) Winter 2024 (b) Spring 2024 (a) Winter 2024 . (b) Spring 2024 _

(c) Summer 2024

N e —

-7 6 5 -4-3-2-101 2 3 4 5 6 7
Sea level pressure anomaly (hPa)

Temperature anomaly (°C)

Fig. 5.6. Seasonal surface air temperature anomalies (°C) in  Fig. 5.7. Seasonal sea level pressure (SLP) anomalies
2024 for (a) winter, (b) spring, (c) summer, and (d) autumn.  (shading) and absolute values (isobars; both in hPa) in
Temperature anomalies are shown relative to their 2024 for (a) winter, (b) spring, (c) summer, and (d) autumn.
1991-2020 means. Stippled areas indicate record-high SLPanomaliesareshown relative totheir 1991-2020 means.
seasonal temperatures since 1950. (Data source: ERAS air  (Data source: ERA5 SLP data obtained from the Copernicus
temperature data obtained from the Copernicus Climate Climate Change Service.)

Change Service.)
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sea ice retreat. Small negative temperature anomalies extended offshore from the northeastern
and northwestern Russian coastlines. However, unlike winter 2024, air temperatures over the
Arctic Ocean during spring were average to slightly below average, linked to a relatively weak
sea-level pressure (SLP) anomaly pattern over the region (Fig. 5.6b).

Continued warmth across portions of northern Canada and northern Eurasia character-
ized summer 2024. Record-high air temperatures since 1950 were found in Nunavut, northern
portions of Manitoba, Ontario, and Quebec, and across much of southern Hudson Bay where
seasonal departures were 2°C-3°C above the 1991-2020 mean (Fig. 5.6¢). Areas with record tem-
perature anomalies were also found in the eastern Arctic, extending from northern Scandinavia
and across the Norwegian Sea and Barents Sea to the northern Svalbard coast. A few areas,
including the western Chukchi Sea, central Bering Sea, and adjacent lands, were marked by
negative temperature anomalies associated with an extensive area of lower-than-normal SLP
across the western Arctic (Fig. 5.7¢).

As mentioned in the previous section, a warm summer was followed by a record-warm autumn
in 2024. Except for southern Greenland, Iceland, and the Chukchi Sea, most of the Arctic saw
positive air temperature anomalies (Fig. 5.6d). Record spring and summer warmth continued
into autumn for northern Ontario and Quebec, as well as Hudson Bay, where the record-early
sea ice retreat resulted in exceptional ocean heat uptake throughout summer. This spatial
pattern of warm extremes extended northward across the Canadian Archipelago and Lincoln
Sea (6°C above normal). A record anomaly temperature pattern of similar magnitude was also
found east of the Ural Mountains in northwestern Russia, which was supported by anomalous
low pressure, suggestive of an active storm track and warm air masses frequently traversing the
region (Fig. 5.7d).
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Sidebar 5.1: North American August heat
—R. LADER AND R. L. THOMAN

Record Heat

A major heat event impacted northwest North America in
early August 2024 from northeast Alaska (AK) across northern
Yukon Territory (YT) and into the western Northwest Territories
(NT). This same region also experienced above-normal tem-
peratures in summer 2023 and, for parts of northwest Canada,
this was the second consecutive summer with record-high tem-
peratures. The August heat event was driven by larger-scale
meridional winds enhanced through adiabatic warming during
multiple mountain range crossings.

All-time record and August record-high temperatures are
listed in Table SB5.1 for climate stations with at least 40 years
of observations. The all-time records are particularly notable in
the high latitudes because of rapidly declining solar radiation
at this time of year. Maximum hourly near-surface air tempera-
tures for the week of 4-10 August from ERA5 (Hersbach et al.
2020) indicate a broad area of temperatures of 33.0°C or
higher along the Mackenzie River in NT (Fig. SB5.1a).

In addition to record maximum temperatures, this event
led to extreme high minimum temperatures and precipitation
patterns that exhibited clear topographical influences. An
all-time record-high daily minimum temperature of 21.7°C was
recorded at Delta Junction, AK (64°00°'N, 145°43'W, 389 m
a.s.l.) on 6 August. The highest daily minimum near-surface
air temperatures from ERA5 show areas in excess of 18.0°C in
interior Alaska and along the Beaufort Sea coast in Canada
(Fig. SB5.1b). For reference, the average daily minimum tem-
perature at Inuvik, NT, for this time of year is around 7°C. Total
accumulated precipitation during this event was low, particu-
larly in the Yukon Flats region of AK, and across north-central
NT where less than 5 mm fell (Fig. SB5.1c). The influence of
terrain height is evident as the southern coastal mountains of
AK, which were inundated with over 50 mm of precipitation,
effectively blocked moisture from advecting farther inland
(Fig. SB5.1d). Moreover, downsloping air flow from the Alaska
Range likely contributed to the local temperature maxima
seen in interior Alaska, and similarly, the Yukon Ranges in NT.
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Fig. SB5.1. (a) Maximum hourly near-surface air temperature (°C), (b) maximum daily minimum near-surface air tempera-
ture (°C), and (c) total precipitation (mm) for 4-10 August 2024. Terrain height (m) is shown in (d). (Data source: ERA5.)
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Large-Scale Anomalies

A mid-tropospheric ridge developed across eastern AK and
YT at the beginning of the heat event, before strengthening
and propagating to the east over central NT. The 500-hPa
height anomalies from the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric Research
(NCAR) Reanalysis version 1 (R1; Kalnay et al. 1996) exceeded
160 m over northern YT on 5 August, with low pressure farther
west near the Gulf of Anadyr (Fig. SB5.2a). By 7 August, the
gradient between these two features had increased as the
area of low pressure moved into the Bering Sea, and the high
pressure ridge strengthened across western NT. Anomalous
500-hPa heights in excess of 200 m extended from the
Mackenzie River eastward (Fig. SB5.2b). By 9 August, the
gradient had weakened, and the low pressure in the Bering
Sea began influencing all of AK with negative 500-hPa height
anomalies extending eastward. The highest departures from
normal, still in excess of 200 m, covered much of the central
and eastern NT (Fig. SB5.2¢).

The influence of the mid-tropospheric height pattern was
reflected in the near-surface air temperatures. As the 500-hPa
ridge developed on 5 August, temperature anomalies of +4°C
to +6°C were seen over the North Slope of AK and across the
Mackenzie Delta (Fig. SB5.2d). Notably, negative air tem-
perature anomalies were shown over south-coastal Alaska as
southerly flow advected moist, cool air inland. By 7 August,
the magnitude of this heat event was apparent relative to the
circumpolar region, with temperature anomalies in excess of
+10°C across a broad swath of far northwestern North America
(Fig. SB5.2e). Negative temperature anomalies remained in
southern Alaska, while downsloping winds warmed and dried
the air farther north. By 9 August, the heat event reached its
peak across NT, while negative temperature anomalies were
seen across AK as low pressure from the west and a weak-
ening pressure gradient no longer supported extreme heat
(Fig. SB5.2f).
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hPa height anomaly (m)

Temperature anomaly (°C)

Fig. SB5.2. 500-hPa heights (contours) and anomalies (shading) on (a) 5 Aug, (b) 7 Aug, and (c) 9 Aug (m) and near-surface
air temperatures (contours) and anomalies (shading) on (d) 5 Aug, (e) 7 Aug, and (f) 9 Aug (°C) during the 2024 heat
event. Anomalies are relative to the 1991-2020 base period. (Data source: National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis 1)
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Discussion

The 2024 August heat marks another record-setting event
to impact high-latitude North America in recent years. In 2023,
Canada observed its warmest summer and autumn seasons on
record, and both YT and NT recorded their warmest annual
temperatures (Cheng et al. 2024). Some of the new 2024 records
listed in Table SB5.1 broke records set in 2023. The hot, dry con-
ditions supported wildfire activity across NT, where an
additional 585,000 hectares burned during 1-11 August, con-
tributing to NT's third-highest annual area burned on record;
YT, which was not as hot and received more precipitation, saw
minimal increases in wildfire activity (<10,000 hectares of new
area burned; CIFFC 2025). This follows a record-breaking
wildfire year across Canada in 2023 when approximately
15 million hectares burned, leading to community evacuations
and health impacts from smoke inhalation (Jain et al. 2024).
Wildfire is also increasing across permafrost regions. In 2024,
permafrost temperatures across Alaska were the second

highest of record, and 335 Tg of direct fire carbon emissions
were observed throughout the pan-Arctic (Natali et al. 2024).
These events show how compounding hazards (AghaKouchak
et al. 2020) such as heat and wildfire are leading to greater
impacts.

Methods and Data

Station observations are available for AK from
the NOAA Applied Climate Information  System
online  tool (https://xmacis.rcc-acis.org), and  from
Environment and Climate Change Canada for YT and NT
(https://climate.weather.gc.ca). ERA5 data are provided by
the Copernicus Climate Change Service Climate Data Store
(https://doi.org/10.24381/cds.adbb2d47). NCEP/NCAR
Reanalysis 1 data are provided by the NOAA Physical Sciences
Laboratory (https://psl.noaa.gov). Canada wildfire informa-
tion is available from the Canadian Interagency Forest Fire
Centre (https://ciffc.net/).

Table SB5.1. Locations setting monthly or annual record-high temperatures during August 2024. Data sources given in the

Methods and Data section.

Annual Record Temperatures

Location Latitude Longitude
Deadhorse, Alaska (AK) 70°12'N 148°28'W
Kuparuk, AK 70°20'N 149°37'W
Fort McPherson, Northwest 0 A1 opar

Territories (NT) 6724 N 134551W
Inuvik, NT 68°19'N 133°31'W
Paulatuk, NT 69°21'N 124°04'W

Elevation Maximum
Temperature Date of Maximum
(m) 0
Q)

17 31.7 6 Aug

20 31.1 6 Aug

35 35.1 8 Aug
103 34.8 7 Aug

6 31.0 8 Aug

August Record Temperatures

Elevation Maximum
Location Latitude Longitude i) Temperature Date of Maximum
(0
Tuktoyaktuk, NT 69°26'N 133°01'W 5 29.9 7 Aug
Fort Good Hope, NT 66°14'N 128°38'W 82 37.0 9 Aug
Norman Wells, NT 65°17'N 126°45'W 94 36.8 9 Aug
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d. Precipitation

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

1. INTRODUCTION

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). Studies
of Arctic precipitation have increasingly relied on output from atmospheric reanalysis projects,
the most recent of these being ERA5 (Hersbach et al. 2020), which performs slightly better than
other reanalyses at matching observed precipitation (Barrett et al. 2020; Loeb et al. 2022). In
this section, ERAS5 is used along with the gauge-based GPCC version 2022 dataset (land-only
measurements; Becker et al. 2013; Schneider et al. 2022) to assess 2024 precipitation anomalies
and trends. 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. A
key finding is that, for the Arctic as a whole, annual precipitation based on ERA5 for 2024 was
the third highest of the 19502024 record, consistent with the observed pattern that Arctic
precipitation is increasing.

2. SUMMARY

Pan-Arctic annual precipitation for 2024 was 105% of the 1991-2020 average based on ERAS5.
Percent anomalies by season were 102% for winter, 101% for spring, 108% for summer, and
109% for autumn. Expressed as ranks, pan-Arctic annual precipitation for 2024 from ERA5 was
the third highest over the 19502024 record. Corresponding ranks for winter, spring, summer,
and autumn and are 17th, 20th, 1st, and 4th, respectively.

3. REGIONAL ANOMALIES
Figure 5.8 shows seasonal precipitation (a) winter 2024 ] (b) Spring 2024
totals derived from ERA5 during 2024, 3
expressed as anomalies with respect to
1991-2020 means. Prominent features of
2024 were: 1) strong negative anomalies in
winter over the Alaskan Panhandle; 2) gener-
ally small anomalies during spring that were
positive over the Barents Sea and part of
Canada and mostly negative over
Eurasia; 3) summer dryness over large parts of
the Eurasian and North American continents
but with wet conditions over central and
northern Alaska and Scandinavia; and 4) wet
conditions in autumn over the Barents Sea and
coastal Norway and negative anomalies off the

southeast coast of Greenland.

Precipitation along the Alaskan Panhandle
is strongly driven by orographic uplift.
Especially dry winter conditions here point
to few cases of upslope winds. While negative
summer anomalies dominated northern
Canada, those over northern Eurasia were
primarily found over the western side of the

. -30 -20 -10 0 10 20 30
continent. Nevertheless, averaged over the Brediniiation amomaly )

Arctic region as a whole, summer precipitation
ended up as the wettest in the record (see dis-
cussion below), in considerable part because

of the positive anomalies over Alaska, the tjon; brown shades denote below-normal precipitation.
Barents Sea region, and the Canadian Arctic (Data source: ERA5.)

Fig. 5.8. Seasonal precipitation anomalies (1991-2020
baseline) for 2024 for (a) winter, (b) spring, (c) summer, and
(d) autumn. Green shades denote above-normal precipita-
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Archipelago. According to ERA5, some of the high summer precipitation over Alaska was asso-
ciated with convective activity (thunderstorms). Based on analysis of the cyclone detection and
tracking algorithm developed by Crawford and Serreze (2016) and applied to ERA5 sea level
pressure data, strong positive anomalies in the Barents Sea in autumn relate to an uptick in
extratropical cyclone activity (15.3% more frequent than the 1991-2020 mean). The coast of
Norway is another region where orographic uplift is important; the strongly positive autumn
anomalies there point to strong moist upslope winds associated with a series of especially strong
storms (averaging 14.0% stronger than the 1991-2020 mean based on the cyclone algorithm). The
southeast coast of Greenland is known for exceptionally high precipitation due to orographic
uplift, yet the negative anomalies here point to fewer upslope events in 2024. Anomalies from
the Barents Sea, Norway, and Greenland were all connected to a general northeast shift in storm
tracks.

4. HEAVY PRECIPITATION EVENTS

For any given year, there is a statistical — (b) Spring 2024 _
expectation of regionally heavy precipitation i =
events that can approach or exceed previous
records, eveninastable climate. Figure 5.9 plots
heavy precipitation events in 2024 by season
in terms of ranks of the maximum five-day pre-
cipitation events (Rx5) in each season (relative
to the 1950-2024 period). Generally, heavy
precipitation events are scattered across the
Arctic. A notable feature is the band of heavy
events in winter stretching from south of the
Aleutians northward across western Alaska e s
into the East Siberian Sea, which is aligned iy 4
with warmer-than-average conditions (section
5c; Fig. 5.9a). There were also some heavy
events over the Canadian Arctic Archipelago
and Lincoln Sea in summer.

(d) Autumn 2024

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 B o ot o e
falling as rain. There is observational evidence wettest wettest wettest
of a transition to liquid precipitation in the PresipHatSHIERKS
warmer parts of the Arctic (Box et al. 2021), Fig. 5.9. Ranks of maximum five-day precipitation for
although the coldest areas are expected to see 2024 for (a) winter, (b) spring, (c) summer, and (d) autumn.
snowfall increases through the twenty-first (Datasource: ERA5, 1950-present.)
century (McCrystall et al. 2021; Bigalke and
Walsh 2022). Past studies have revealed large spatial variability in trends (Yu and Zhong 2021).
However, as discussed in the arctic precipitation section of the 2023 BAMS State of the Climate
report (Serreze et al. 2024) and presented here with updates, pan-Arctic precipitation assessed
since 1950 now has detectable upward trends in all seasons, as well as in the annual mean.

InFig.5.10, the Arctic precipitation time series from ERA5 (as a percentage 0f1991-2020 averages
for the region poleward of 60°N) is plotted along with the corresponding time series from the
station-based GPCC dataset for the period 1950-2024. The GPCC dataset is for land only, while
ERAS5 covers ocean areas as well as land. While the percent anomaly time series are generally
similar, there are substantial differences for individual years due to the absence of coverage over
the Arctic Ocean in GPCC and inherent uncertainties in each data source. Nevertheless, the time
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Fig. 5.10. Time series of Arctic (60°N-90°N) precipitation
from 1950 through 2024 expressed as a percentage of
the 1991-2020 average (shown by the horizontal black
lines at 100%). Results are from ERA5 (blue lines) and
GPCC 1.0° data (black lines). GPCC values are for land only;
ERADS5 values are for land plus ocean.
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e. Sea surface temperature
—M.-L. Timmermans and Z. 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.

Arctic SST is an essential indicator of the strength of the ice—albedo feedback cycle in any
given summer sea ice melt season. As the brighter sea ice cover decreases, more incoming solar
radiation is absorbed by the darker ocean surface and, in turn, the warmer ocean melts more
sea ice. Marine ecosystems are also influenced by SSTs, which affect the timing and develop-
ment of primary production cycles, available habitat, and other factors, such as the occurrence
of harmful algal blooms. In addition, higher SSTs are associated with delayed autumn sea ice
freeze-up and increased ocean heat storage throughout the year.

The SST data presented here are from the 0.25° x 0.25° NOAA OISST version 2.1 product
(Reynolds et al. 2002, 2007; Huang et al. 2021). The period of our analysis spans June 1982 through
September 2024, with 1991-2020 used as the climatological reference period. Here, we focus most
closely on August 2024 mean SSTs in context
with the climatological record. August mean
SSTs provide the most appropriate representa-
tion of Arctic Ocean summer SSTs because sea
ice extent is near a seasonal low at this time
of year, and there is not yet the influence of
surface cooling and subsequent sea ice growth
that typically takes place in the latter half of
September (Timmermans and Labe 2024).

August 2024 mean SSTs were as high as
~12°C in the southern Barents Sea and reached
values as high as ~7°C in other Arctic basin
marginal regions (Figs. 5.11a,b). August
2024 mean SSTs were anomalously high
compared to the 1991-2020 August mean
(around 1°C-4°C higher) in the Barents, Kara,
Laptev and southern Beaufort Seas, and
anomalously low (around 0.5°C-4.0°C below
the 1991-2020 mean; Fig. 5.11c) in the East
Siberian, Chukchi, and northern Beaufort
Seas. The cold SSTs in the Arctic Pacific sector
also extended through the Bering Sea
(Fig. 5.12). The general pattern of August
2024 SSTs is consistent with regional patterns

(a) Arctic map

(b) Aug 2024

4 6 8 10
SST (°C)

(c) Aug 2024 relative to Aug 1991-2020 (d) Aug 2024 relative to Aug 2023

of anomalously warm and cold surface-air
temperatures in summer 2024 (section 5c).
Regional SST variations differ significantly
from year to year. For example, there were con-
siderably higher SSTs in the northern Barents
Sea in August 2024 compared to August 2023,
with differences of up to 2°C, and mostly lower
2024 SSTs in the Kara and southern Beaufort
Seas (Fig. 5.11d).

Below-normal August 2024 SSTs in the
Chukchi Sea were also observed in June, July,
and September, as well as in the eastern sector
of the Bering Sea (Fig. 5.12). This is consistent
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Fig. 5.11. (a) Arctic Ocean map showing relevant marginal
sea locations and geographic features. (b) Mean sea surface
temperature (SST; °C) in Aug 2024. Black contours indicate
the 10°C-SST isotherm. (c) SST anomalies (°C) in Aug
2024 relative to the Aug 1991-2020 mean. (d) Difference
between Aug 2024 SSTs and Aug 2023 SSTs (negative
values indicate where 2024 was cooler). White shading
in all panels is the Aug 2024 mean sea ice extent. Black
lines in (c) and (d) indicate the Aug 1991-2020 median ice
edge. Sea ice concentration data are the NOAA National
Snow and Ice Data Center Climate Data Record of Passive
Microwave Sea Ice Concentration, version 2 and version 4
(Peng et al. 2013; Meier et al. 2021a,b).
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with relatively cold spring and summer
2024 surface air temperatures in the region
(section 5c) and persistent areas of
above-normal sea ice extent (Fig. 5.11c).
Above-normal August 2024 SSTs in the Kara
and Laptev Seas were also observed in July
(Figs. 5.12b,c) as sea ice began to retreat from
those regions, suggesting that the ice—albedo
feedback was playing a role in ice retreat and
SST warming. The transition from
below-normal to above-normal August SSTs
from June to August in the Barents Sea corre-
sponded with the transition from anomalously
cool surface air temperatures in spring to
warm ones in summer (section 5c). A similar
spatial pattern of SST anomalies persisted
from August through the end of the melt
season in September (Fig. 5.12d), although
with generally reduced warm anomalies in the
marginal seas, signifying cooling in the latter
half of September.

The Arctic Ocean has experienced mean
August SST warming trends from 1982 to 2024,
with statistically significant (at the 95% confi-
dence interval) linear warming trends in

180°

120°E

-

-0.05 0 0.05 0.1 0.15
Aug SST anomaly (°C)

Fig. 5.13. Linear sea surface temperature (SST) trend (°C yr)
for Aug of each year from 1982 through 2024. 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 is the Aug 2024 mean
sea ice extent, and the black line indicates the Aug
1991-2020 median ice edge. The dashed blue circle marks
65°N (the Arctic Ocean region), and solid blue line bound-
aries delineate the Barents, Beaufort, and Chukchi Seas.
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Fig. 5.12. Sea surface temperature (SST) anomalies
(°C) for (a) Jun 2024, (b) Jul 2024, (c) Aug 2024, and
(d) Sep 2024 relative to the 1991-2020 mean for the
respective months. The mean sea ice concentration for the
corresponding month is also shown. While sea ice extent
is lowest in Sep, SSTs cool in the latter part of the month.
The dashed circle indicates the latitudinal bound of the
maps in Fig. 5.11. See Fig. 5.11 caption for sea ice dataset
information.

almost all regions (Fig. 5.13). Mean August
SSTs for the entire region of the Arctic Ocean
north of 65°N exhibit a linear warming trend of
0.03+0.01°C yr (Fig. 5.14a). For context, both
the North Pacific and North Atlantic (between
50°N and 65°N) show linear warming trends
over this same period of 0.04+0.01°C yr.
Regionally, the Kara and Laptev Seas show
the strongest warming trends in the Arctic
Ocean, with August SST linear trends in these
seas of around 0.12°C yr* (Fig. 5.13). This is
consistent with trends to earlier melt onset in
these regions (section 5f). Statistically signifi-
cant linear trends in August SST are also
observed in the Barents Sea (0.06+0.02°C yr),
where August 2024 mean SSTs were the highest
on record (Fig. 5.14b). On the other hand, there
is no statistically significant trend in August
SSTs in the Beaufort and Chukchi Seas
(Figs. 5.4c,d), although the southernmost
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portion of the Beaufort Sea does show a statistically significant warming trend (Fig. 5.13). The
Beaufort Sea shows considerable interannual variability in mean August SST values (Fig. 5.14c),
while Chukchi Sea trends are notably influenced by anomalously cool SSTs in the region in
recent years with record-low August 2024 mean SSTs (Fig. 5.14d).

(a)Azctic Ocean (65°N-80°N) (b) Bfrents Sea
3 3
o 2 2
3 o
= 1 =1
g b 1
195} w
-2 -2
-3 -3
=== 003+0.01°Cyr ---006+002°Cyr"
-4 -4
1982 1987 1992 1997 2002 2007 2012 2017 2022 1982 1987 1992 1997 2002 2007 2012 2017 2022
(c) Beaufort Sea (d) C4hukchi Sea
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Fig. 5.14. Area-averaged SST anomalies (°C) for Aug of each year (1982-2024) relative to the 1991-2020 Aug mean for
(a) the Arctic Ocean (65°N-80°N; indicated by the dashed blue circle in Fig. 5.13), (b) the Barents Sea, (c) the Beaufort Sea,
and (d) the Chukchi Sea regions shown by blue boundaries in Fig. 5.13. The dotted lines show the linear SST anomaly
trends over 1982-2024, 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 standard deviation of the regional
mean SST anomaly fields.
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f. Sea ice

—W. N. Meier, A. Petty, S. Hendricks, 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
Indigenous hunting and transportation as well as marine navigation. Arctic September sea ice
extent has declined 46% over 1979-2024, and 2024 sea ice conditions continued to illustrate the

profound and ongoing changes in the region. s

Mar total extent

1. SEA ICE EXTENT

Arctic sea ice extent (defined as the total
area covered by at least 15% ice concen-
tration) in 2024 was generally on par with
extents of the last 15 years, but much lower ¢
than those of all earlier decades within the <
observational record. For comparisons in this  x
section, a climatological period of 1991-2020 is g
used. Extent during winter (January—March) ¥ o AV
2024 was higher than in 2023 and fell within - N
the lowest 10% of the climatological range. e
Extent values are from the National Snow and 2l & Sep multiyear extent NI
Ice Data Center’s Sea Ice Index (Fetterer et al. A e
2017), one of several extent products (Ivanova 1079 1984 1989 1994 1999 2004 2009 2014 2019 2024

et al. .2014’ Lavergne 'et al. 2.019) derived from Fig.5.15. Mar (red) and Sep (blue) total extent for 1979-2024;
Satelllt.e-bor.ne passive microwave  Sensors multi-year Sep extent (green) for 1984-2024 and linear
operating since 1979. Extent was lower than trend lines (dashed lines). The Arctic Ocean region map is
average in the Barents Sea, Bering Sea, and insetin the bottom left.

the Gulf of St. Lawrence.

By March, the month with the most extensive coverage, the total sea ice extent of
14.87 x 10° km? was 0.16 x 10° km? (1.1%) lower than average and the 15th lowest March extent in
the 46-year record. The March 2024 pan-Arctic extent continued the statistically significant
downward trend of -2.5% decade™ over the 1979-2024 record (Fig. 5.15). On a regional basis,
March 2024 was characterized by near-average extent across most of the Arctic, with slightly
lower-than-average extent in the Barents Sea and Gulf of St. Lawrence (Fig. 5.16a).

After March, the seasonal retreat of sea ice began. The 2024 and 2023 extents were similar
during the spring and summer melt seasons (April-September), with extents at or just below the
interdecile range during spring before dropping well below the lower interdecile after June. A
notable feature of spring 2024 was a very early opening of the eastern Hudson Bay, resulting in
record-low extent in the region from mid-May through June.

(a) Mar 2024 (b) Sep 2024 (c) Sep 2024 Age of Ice (yrs)

Sep total extent

D Sea ice extent ——— 1991-2020 median extent . . . I:l D

0-1 1-2 2-3 3-4 >4

Fig. 5.16. Monthly average sea ice extent (light blue) for (a) Mar 2024 and (b) Sep 2024; the median extent for 1991-2020 is
shown by the dark blue contour. (c) Sep 2024 sea ice age extent.
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The Northern Sea Route along the northern Russian coast was relatively slow to open, with
sea ice extending southward to the coast in the East Siberian Sea until late August. Afterward, an
ice-free passage did open up, but a large remnant of ice between Wrangel Island and mainland
Siberia survived through the melt season. The northern Northwest Passage route through the
Canadian Archipelago reached a record-low sea ice extent in early October, briefly becoming
virtually ice-free (Sidebar 5.2).

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. 5.16b). The September 2024 sea ice
extent of 4.38 x 10° km? was 1.20 x 10° km? (21.6%) lower than the 1991-2020 average and the
sixth-lowest September extent on record. The September trend from 1979 through 2024 is -13.9%
decade, and like all other months, is statistically significant. The 18 lowest September extents
in the satellite record have all occurred in the last 18 years (2007-24). The 2024 freeze-up period
(October-December) was slower than that of 2023 with much lower-than-average extent, partic-
ularly in Hudson Bay.

2. SEA ICE AGE, THICKNESS, AND VOLUME

Seaice age is a rough proxy for thickness as multiyear ice (ice that survives at least one summer
melt season) grows thicker over successive winters. Multiyear ice age based on Tschudi et al.
(2019a,b) is presented here for the period 1984-2024 (Fig. 5.15). One week before the 2024 annual
minimum extent, when the age values of the remaining sea ice are incremented by one year, the
amount of multiyear ice remaining in the Arctic continued to be far lower than during the 1980s
and 1990s (Fig. 5.16). Since 2012, the Arctic has been nearly devoid of the oldest ice (>4 years
old); this continued in 2024 (Fig. 5.16c), @ ,.
with an end-of-summer old ice extent of DEa ol
118,000 km? compared to ~1.5 x 10° km? in the —o- ApriS2 -x- Apr CS2/SMOS
1980s. 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 sea ice prevails. A younger ice
cover implies a thinner, less voluminous ice
pack that is more sensitive to atmospheric and
oceanic changes. — =

Sea ice drifts with winds and ocean currents
while growing and melting thermodynami- 05
cally. 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 cumula-
tive effect of dynamic and thermodynamic
processes and thus is an important indicator
of overall ice conditions. The European Space
Administration’s (ESA) CryoSat-2/Soil Moisture
Ocean Salinity (SMOS) satellites have provided
a record of seasonal (October—April) ice thick-
ness and volume (Ricker et al. 2017; ESA 2023)
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since the 2010/11 winter. Since 2018, the NASA 55 -1 <5 o o5 1 15 e e T e A Y
ICESat-Z Satellite haS alSO provided thickness Sea ice thickness anomaly (m) Sea ice thickness trend (m yr™")

estimates (Petty et al. 2020, 2023a,b). Some  Fig.5.17.(a) 2011-24 Oct (purple), Jan (green), and Apr (blue)
differences between these two products are monthly average sea ice thickness (m), calculated over
seen in the monthly average winter Arctic ~an inner Arctic Ocean domain, same as the Arctic Ocean
thickness (Fig. 5.17a), but both products show region in Fig. 5.14, from ICESat-2 (circles) and CryoSat-2/Soil

. . Moisture Ocean Salinity (SMOS; crosses). (b) Apr 2024 sea
monthly thicknesses from the 2023/24 winter ;.o thickness anomaly (m) map from CryoSat-2/SMOS

similar to the mean of this short overlapping (relative to the 2011-23 average); (c) CryoSat-2/SMOS Mar
period (2018 onwards, see Fig. 5.17a). April thickness trend map over the period 2011-24.
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2024 thickness (Fig. 5.17b) from CryoSat-2/SMOS relative to the 2011-23 April mean shows that
the Eurasian sector of the Arctic Ocean had relatively thicker sea ice than the 2011-23 mean. Sea
ice was thinner than average in much of the North American sector, particularly in the Beaufort
Sea and north of Greenland, as well as in the Canadian Archipelago. There is no significant trend
in overall sea ice thickness since 2011 (Fig. 5.17a), which is consistent with the lack of a trend in
multiyear ice extent during the same time period. However, there is substantial regional vari-
ability in the trends (Fig. 5.17c); thinning sea ice across much of the Eurasian side of the Arctic,
particularly the Kara Sea, contrasts with thickening ice across the North American side, particu-
larly north of the Canadian Archipelago and the East Greenland Sea. Sea ice thickness from
CryoSat-2/SMOS integrated with ice concentration to provide winter volume estimates for
2011-24 also shows no substantial trend over the relatively short 14-year time series.
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Sidebar 5.2: Record-low sea ice conditions in the Northwest Passage in 2024

—S. HOWELL AND M. BRADY

The Northwest Passage through the Canadian Arctic
Archipelago (CAA) provides a shorter transit connecting the
Atlantic and Pacific Oceans compared to the Northern Sea
Route, Panama Canal, Suez Canal, or transiting around Cape
Horn. The Northwest Passage has two primary routes: a pre-
ferred, shorter deepwater northern route directly through the
Parry Channel, and a shallow-water southern route south of
Victoria Island. The Northwest Passage was discovered by
Sir Robert McClure in the 1850s, but ever-present sea ice has
always prevented practical navigation. The recent loss of sea
ice from climate change has challenged this notion.

Based on the 1991-2020 mean, sea ice area in the northern
route of the Northwest Passage decreases gradually during the
spring and summer months of May-September to about
73 x 103 km?, then increases in mid-September with the onset
of freeze-up (Fig. SB5.3). In 2024, sea ice area gradually
declined below the 1991-2020 mean until August. It then
declined rapidly until the end of September, reaching the
lowest observed sea ice area since 1968 at 4 x 103 km?
(Fig. SB5.3). The 2024 low eclipsed the previous record-low ice
area of 9 x 10° km? set in September 2011 (Fig. SB5.3).
Remarkably, there was virtually no sea ice present in and to the
south of the Parry Channel at the end of September 2024
(Fig. SB5.4).

(@)

Low ice years within the Northwest Passage routes are
driven by rapid sea ice melt associated with anomalously warm
air temperatures, together with an atmospheric circulation
pattern that prevents sea ice from being exported southward
from higher-latitude regions (Howell et al. 2009, 2013). Air
temperatures over the CAA were anomalously high during
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Fig. SB5.3. Time series of total sea ice area (x 10° km?)
within the Northwest Passage northern route for 2024
(solid blue line), 2011 (dashed green line), and the
1991-2020 mean (solid black line). (Data source: Canadian

Ice Service.)
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Fig. SB5.4. Spatial distribution of sea ice concentration (%) in the Canadian Arctic on 30 Sep for (a) the 1991-2020 mean

and (b) 2024. (Data source: Canadian Ice Service.)
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summer 2024 (see section 5¢) and only ~2 x 10% km? of sea ice
was exported southward from the Queen Elizabeth Islands into
the northern route of the Northwest Passage during the melt
season compared to a longer-term average of 27 x 10 km?
(Howell et al. 2024). In addition, at the start of the 2024 melt
season, the Northwest Passage northern route only contained
about 10% multi-year ice, with the remaining 90% being made
up of seasonal first-year ice. For the 1991-2020 mean, the
Northwest Passage northern route contained 36% multi-year
ice and 64% seasonal first-year ice. Since 2007, low-ice years
in the Northwest Passage routes have been a more common
occurrence as a result of less multi-year ice, which is thicker
and more resilient to melt (Howell et al. 2023; see section 5f).

Although sea ice conditions in the Northwest Passage have
been low since 2007, it is important to note that the process
of Arctic Ocean sea ice export that transports thick multi-year
ice southward from higher-latitude regions into the channels
of the Northwest Passage still continues to operate (Howell
et al. 2023). Specifically, the southward advection of Arctic
Ocean sea ice creates or sustains “choke points”, which are
regions that almost always contain thick multi-year ice. These
choke points are the most hazardous to maritime navigation
and create barriers to a complete transit of the Northwest
Passage (Fig. SB5.4). It has long been known that because
of this process of sea ice transport, climate warming may not
ease navigation conditions in the Northwest Passage (Melling
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2002). Climate models have difficulty resolving the processes
that create choke points within narrow Northwest Passage
channels and may present a false sense of optimism regarding
the feasibility of future navigation (Mudryk et al. 2021).

When warming does clear the Northwest Passage of sea
ice, this is only temporary as sea ice returns most rapidly to
the choke point regions, resulting in only a moderate increase
in the shipping season. Cook et al. (2024) demonstrated that
even during the recent low ice period from 2007 to 2021, the
Northwest Passage shipping season length was reduced in
several choke point regions. Sea ice is able to return to the
choke points because it is sourced from the reservoir of the
Arctic’s oldest and thickest ice situated north of the CAA. As
long as this multi-year sea ice reservoir remains and acts as
an ice source for the choke points, climate change is unlikely
to result in sustained shipping season increases in many
Northwest Passage regions. The reservoir of multi-year ice
to the north of the CAA is expected to persist even when the
Arctic Ocean is classified as sea ice-free during the summer
months (Sigmond et al. 2018; Notz and SIMIP Community
2020; Jahn et al. 2024; Fol et al. 2025). Overall, consistent
lengthening of the shipping season along the entirety of all
Northwest Passage routes as a result of climate change will be
highly variable, and assumptions that less sea ice will enable
safe transit should be avoided.
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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, K. D. Mankoff,

T. G. Askjaer, J. H. Scheller, R.S. Fausto, and M. Tedesco

The Greenland Ice Sheet loses mass when the sum of surface melt, surface water vapor flux,
submarine melt, and discharge of solid ice exceeds the accumulated snowfall and rainfall. Net
mass loss has occurred annually since the 1990s (Mouginot et al. 2019; Mankoff et al. 2021).
Three independent estimates of the mass balance of the ice sheet over the 2024 mass balance
year (1 September 2023 to 31 August 2024) are presented: input—output-derived mass balance
of —76+48 Gt, gravity-derived mass balance of -55+35 Gt, and elevation-derived mass balance

of -98+63 Gt. These three independent
values agree within measurement uncer-
tainties. All three measurements indicate
that the Greenland Ice Sheet lost mass;
however, the loss was 50%-80% less than the
2002-23 annual average.

Surface mass balance (SMB) comprises
mass input from net snow accumulation and
rainfall, and mass loss from melt, sublima-
tion, and evaporation. These quantities are
influenced by turbulent heat and water vapor
energy fluxes, snow cover, and albedo, for
which we summarize observations over the
2024 mass balance year.

Meteorological data from land-based
weather stations (operated by the Danish
Meteorological Institute) and on-ice weather
stations operated by the Programme for
Monitoring of the Greenland Ice Sheet
(PROMICE; Fausto et al. 2021) across Greenland
indicate that air temperatures were near the
1991-2020 average. During autumn
(September—November 2023) and winter
(December—February 2023/24), temperatures
were above average. Spring (March—May 2024)
temperatures were average, with
above-average temperatures only in the far
west and north. Summer (June—August 2024)
temperatures were slightly above the
1999-2020 average at stations in the north and
northeast, while Summit Station
(+1.9°C anomaly) had its fourth-highest tem-
perature on record (Fig. 5.18; section 5c).
Summer temperatures were as much as 2.6°C
below average in the south and west (Fig. 5.18),
consistent with results from the Copernicus
Arctic Regional Reanalysis (CARRA; Schyberg
2020; not shown). Thus, in situ data and
CARRA suggest that the ERA5 summer
2024 anomaly is too positive for the west and
south (Fig. 5.6¢). Snow accumulation on the
ice sheet (Vandecrux et al. 2023) during
September 2023 through June 2024 was slightly
below the 1991-2020 average in the north and
northeast and substantially above average in
the south and west (Fig. 5.18). The results from
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Fig. 5.18. Snowfall accumulation anomalies observed at
10 on-ice Programme for Monitoring of the Greenland Ice
Sheet (PROMICE)/Greenland Climate Network (GC-Net)
automated weather stations from Sep 2023 through
Jun 2024 compared to 1991-2020 (top number, %) and
near-surface air temperature anomalies from Jun through
Aug 2024 compared to 1999-2020 (bottom number, °C).
Summit Station (SUM) and Danish Meteorological Institute
stations along the coast show air temperature anomalies
compared to 1991-2020. Contours illustrate elevation
above sea level. Red text indicates a warm temperature
anomaly or a negative accumulation anomaly, while blue
text indicates a cold temperature anomaly or a positive
accumulation anomaly.
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ERAS5 (Fig. 5.8) are integrated over three-month seasons while the in situ data are integrated over
the hydrological season from end-of-summer 2023 to end-of-summer 2024. The in situ data both
for air temperature and snowfall have added credibility in their spatial coherence of the
anomalies.

The average albedo during the melt season across the Greenland Ice Sheet was recorded by
Sentinel-3 (Wehrlé et al. 2021) and found to be higher (brighter) than average (Fig. 5.19a). This
was largely because of anomalously low air temperatures and excess snow cover, especially
across the western ice sheet. Snow cover on the ice sheet in May and June slowed the onset of
melt (Fig. 5.19b), especially in the west, where surface melt extent remained largely below the
1991-2020 mean all summer. This resulted in a below-average number of melt days observed
across much of the western ice sheet (Fig. 5.19c; Sidebar 5.2). Across the eastern ice sheet,
however, the melt season saw above-average duration.
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Fig. 5.19. (a) Greenland daily snow and ice albedo from Sentinel-3 for the 2024 melt season, alongside the 2017-23 average
and recent bright-albedo (2018) and dark-albedo (2019) years. (b) Surface melt extent as a percentage (%) of ice sheet area
during autumn 2023 (red) and spring/summer 2024 (blue), derived from passive microwave satellite observations (Mote
2007). (c) Number of surface melt days from 1 Apr to 31 Aug 2024, expressed as an anomaly with respect to 1991-2020, also
derived from passive microwave.

The Modéle Atmosphérique Régionale version 3.14.1 regional climate model (MAR; Fettweis
et al. 2020) forced by ERA5 (Hersbach et al. 2020) provides SMB values at 5-km horizontal resolu-
tion. The ice-sheet-wide total SMB over the 2024 mass balance year was 433+39 Gt, which is 17%
above the 1991-2020 mean of 372+124 Gt yr™. This above-average SMB resulted from precipitation
that was 7% higher than the 1991-2020 mean (6% higher snowfall, 21% higher rainfall), as well
as runoff that was 5% lower. These anomalies do not exceed the 1991-2020 standard deviation
and are thus statistically insignificant.

Tidewater glaciers contribute to ice mass loss by discharging icebergs into the ocean and
through submarine melt. PROMICE estimates the sum of iceberg discharge and submarine melt
from mass flow rate measurements collected near, but not precisely at, glacier calving fronts
(Mankoff et al. 2020). Because the calving undergoes short-term advance and retreat, this is an
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approximation of terminus mass loss. For the 2024 mass balance year, estimated terminus mass
loss was 488+46 Gt. This is 7% above the 1991-2020 mean and continues a period of increased
loss that began in 2005 and peaked over 2020/21.

The terminus mass loss (488+46 Gt output) and basal melt (23+6 Gt output, Karlsson et al.
2021) is subtracted from the net SMB (431+39 Gt input) to obtain an input-output mass balance
of -76+48 Gt over the 2024 mass balance year (Fig. 5.20). This is just 51% of the average
input-output-derived annual mass loss over 1991-2020 of -156+80 Gt.

The Gravity Recovery and Climate Experiment (GRACE; 2002-17) and GRACE Follow-On
(GRACE-FO; 2018-present) satellite missions measure gravity anomalies to observe changes in
total ice mass (Tapley et al. 2019). We follow Colgan et al. (2015) to eliminate peripheral non-ice-
sheet ice from these observations, yielding —55+35 Gt over the 2024 mass balance year (Fig. 5.20).
This is just 21% of the average annual loss of 26616 Gt over the 2002-23 GRACE/GRACE-FO
record.

ICESat-2 measures ice sheet surface height. Changes in this value reflect changes in ice mass
and firn air content; thus, model-based estimates of the latter (Gardner et al. 2023; Medley et al.
2022) were subtracted from ICESat-2 observations (Smith et al. 2023) to report mass change. We
quantify uncertainty from the difference between models and from uncertainties in the height
measurement and the air content. ICESat-2-derived mass change over the 2024 mass balance
year was -98+56 Gt (Fig. 5.20).

The ICESat-2, GRACE-FO, and input-output mass balances agree within 43 Gt (56%) and give
an average 2024 mass balance across all three methods of —77+50 Gt. This below-average ice loss
occurred due to above-average precipitation, below-average melt, and despite glacier flow rates
that were higher than the 1991-2020 average.
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Fig. 5.20. (a) Observed mass balance (Gt) of the Greenland Ice Sheet over the 2024 mass balance year from the Gravity
Recovery and Climate Experiment Follow-On (GRACE-FO), ICESat-2, and input-output, with uncertainties shaded.
(b) Histogram of annual mass balance in years from 2003 to 2023, with full mass balance year observations by more than
one method, shown as the average of the methods; and the multi-method averaged 2024 mass balance of -77+50 Gt.
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Sidebar 5.3: Why Greenland Ice Sheet melt was so low in 2024

—J.BOX

Greenland Ice Sheet mass loss was muted in summer
2024 by the combined effect of anomalously north polar air
influx and snowfall. The summer 2024 Greenland low melt
anomaly was part of an Arctic-wide extreme in atmospheric
circulation characterized by an extremely positive Arctic
Oscillation Index (AOI). When the AOl is in its positive phase,
a ring of strong winds circulating around the North Pole acts
to confine colder air across the Arctic. This atmospheric state
shielded Greenland from warm south air. The downstream
air—sea exchange over near-record-warm North Atlantic sea
surface temperatures (Timmermans and Labe 2024; see section
3b) instead entered the Barents Sea, producing record-high
air temperatures and glacial melt on Svalbard to the east of
Greenland (Arctic Council 2024; NASA 2024).

Here, additional details are provided on this low mass loss
year for Greenland. Ice sheet automatic weather station data
(Fausto et al. 2021; Vandecrux et al. 2023) recorded

Anomaly (m)

Fig. SB5.5. Jul-Aug 2024 ERA5 (Hersbach et al. 2020)
wind vectors (arrows, m s7') at 700 hPa and geopotential
height anomalies (m) at that level, approximately 3000 m
above sea level, indicate the prevailing pattern during
mid-to-late melt season. The 2024 season was marked by
suppressed melt that resulted from cold polar air flowing
southward along the western ice sheet where most
surface melting typically occurs.
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below-average June—August near-surface air temperatures
and above-average snow accumulation (see section 5g,
Fig. 5.18). A survey of Greenland and Arctic atmospheric circu-
lation explains the situation. The June—August Greenland
Blocking Index (GBI), which is useful in indicating south-to-
north atmospheric heat and moisture transport for Greenland,
(Hanna et al. 2016), ranked 2024 as the eighth lowest since
1961 (z-score of —1.1), consistent with projections for the GBI to
have a negative tendency under anthropogenic climate change
(Delhasse et al. 2021). Atmospheric circulation during July, and
even more so in August (Fig. SB5.5), drew cold polar air down
the western ice sheet where melting is normally concentrated.
The typical southern summer warm air masses were deflected
away from Greenland, as indicated by the second-highest AQI
(z-score of +1.95) since 1961 (Fig. SB5.6). When the AOl is in its
positive phase, a ring of strong winds circulating around the
North Pole reduces north—south air exchanges between the
polar region and the midlatitudes. The AOI was especially
positive in August and moderately positive in July, but essen-
tially neutral in June. The reduced summer temperatures over
Greenland as compared with northern Canada (see section 5¢,
Fig. 5.6¢) may have also been influenced by additional north-
erly advection due to the strong blocking high pressure over
Canada (see section 5b, Fig. 5.3¢).
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Fig. SB5.6. A highly anomalous summer 2024 Arctic
Oscillation Index (AOI) relative to historical conditions
since 1961 and the 1991-2020 average. Vertical lines
indicate the June -August (JJA) 1991-2020 average (black)
and the JJA 2024 AOI (blue). The bars indicate the number
of years since 1961 within AOI intervals of 0.0924. The
Arctic Oscillation is a weather pattern that involves the
shifting of air pressure between the Arctic and midlati-
tudes (NCEP 2025; Zhou et al. 2001). The AOI is obtained
from the 2024 pattern relative to the leading mode of
empirical orthogonal function (EOF) analysis of monthly
mean 1000-mb heights during the 1979-2000 period.
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h. Arctic river discharge

—J. W. McClelland, A. 1. Shiklomanov, A. Suslova, M. Tretiakov, R. G. M. Spence, S. E. Tank, and S. Zolkos

The Arctic Ocean accounts for approximately 1% of the global ocean’s volume, yet receives
more than 10% of global river discharge (McClelland et al. 2012). Consequently, effects of river
inputs on ocean processes are more pronounced in the Arctic, and changes in river inputs have
greater potential to impact physics, chemistry, and biology than in other oceans. Because rivers
naturally integrate the processes that are occurring throughout their watersheds, trends in the
discharge and chemistry of Arctic rivers can also be indicative of widespread changes in precip-
itation, permafrost thaw, and other anthropogenic impacts on land (Holmes et al. 2013; Tank

et al. 2023).

Multiple studies over the past 20 years have demonstrated that discharge from Arctic rivers
is increasing. Evidence first emerged from long-term Russian datasets (Peterson et al. 2002) and
more recently from shorter U.S. and Canadian datasets (Durocher et al. 2019). While uncertainty
remains around drivers of this trend, it is consistent with intensification of the Arctic hydro-
logic cycle (Rawlins et al. 2010). Warming is driving increased atmospheric moisture transport
into the Arctic, resulting in greater precipitation (section 5d). This is particularly evident during
colder months of the year. For example, snowfall has increased during autumn and early winter
in western Siberia (Wegmann et al. 2015) and in the Canadian Arctic (Kopec et al. 2016; Yu and
Zhong 2021). Evaporation is also increasing with warming, but the river discharge trend aligns

with an overall increase in net precipitation.

River discharge was last included in the
2022 State of the Climate report, so discharge
data for 2023 and 2024 are presented here.
Data analysis and presentation focus on eight
rivers that collectively drain much of the
pan-Arctic watershed (Fig. 5.21). Six of these
rivers are in Eurasia and two are in North
America. Discharge measurements for the
Eurasian rivers were initiated during different
years, with discharge being tracked on all six
by 1936. Discharge measurements did not
begin until 1973 for the Mackenzie River and
1976 for the Yukon River in North America.
Years are presented as “water years”,
1 October-30 September, a common practice
in hydrology to align runoff and associated
precipitation within the same year. Thus,
water year 2024 covers the period 1 October
2023 through 30 September 2024. The data
used in this analysis are freely available
through the Arctic Great Rivers Observatory
(arcticgreatrivers.org).

Combined annual discharge for the eight
rivers was 2387 km’ for 2023 and 2447 km’ for
2024 (Table 5.1). These values were similar to

Pan-Arctic Watershed
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Fig. 5.21. Watersheds of the eight largest Arctic rivers
included in this analysis. Collectively, these rivers drain
approximately 70% of the 16.8 million km? pan-Arctic
watershed (indicated by the red boundary line). The
red dots show the location of the discharge monitoring
stations.

Table 5.1. Annual discharge (km?3) for the eight largest Arctic rivers. Results are shown for 2023 and 2024 along with mean
values for the 1991-2020 reference period. Values for years 2024 and 2023 are provisional data and are subject to modifi-
cation until official data are published.

Water Year Yukon Mackenzie S. Dvina Pechora Yenisey

2024 242 192 102 118 471 743 491 88 2447
2023 273 233 70 84 337 731 578 80 2387
1991-2020 215 297 108 119 424 618 582 80 2442
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average discharge for the 1991-2020 reference period, differing by less than 3% from the refer-
ence average for both years. There were, however, notable departures from reference averages
for some individual rivers. For example, Yenisey discharge was much higher (+18% in 2023,
+20% in 2024) and Mackenzie discharge was much lower (-22% in 2023, —35% in 2024) than the
reference during both years. The Yenisey values continued a pattern of higher-than-reference
discharge that was highlighted in the 2022 State of the Climate report, but these values should be
viewed with caution as data accuracy for the Yenisey has declined significantly since 2003 due
to a lack of direct discharge measurements for rating curve updates (Tretiyakov et al. 2022). In
contrast with the Yenisey, discharge values for the Mackenzie swung from remarkable highs in
the 2022 report to record lows in this report. The low Mackenzie discharge values during 2023,
and even more so during 2024, were driven by extreme drought conditions in southerly portions
of the watershed (Government of Northwest Territories 2025; section 5d).

Average monthly discharge values for the Eurasian rivers during 2023 and 2024 were similar
to average reference values throughout the year (Fig. 5.22a). The North American rivers, on the
other hand, showed substantial departures from reference averages during some months
(Fig. 5.22b). Average discharge for the North American rivers was particularly low during May,
June, and July 2024. This effect was driven by very low discharge in the Mackenzie River. Discharge
was also below average in the Mackenzie during all other months of 2024, but these lows were
opposed by above-average discharge in the Yukon. Monthly discharge values were lower in the
Mackenzie and higher in the Yukon (relative to reference) during 2023 as well, but the Mackenzie
lows were less extreme during 2023 than during 2024 for most months. Exceptions were July,
August, and September, when discharge in the Mackenzie was far below average during both
years.

The 89-year time series available for the Eurasian Arctic rivers demonstrates a continuing,
and perhaps accelerating, increase in their combined discharge (Fig. 5.23a). There is a positive
linear trend across the entire time series showing that average annual discharge of Eurasian
Arctic rivers is increasing by 2.5 km’ per year. When data are considered from 1976 through
2024 (the period of record for North American rivers), the average annual increase in discharge
for Eurasian Arctic rivers is 3.9 km? per year. For the North American Arctic rivers, the average
discharge increase over the 1976-2024 timeframe is 1.1 km’® per year (Fig. 5.23b). These observa-
tions show that, although river discharge varies widely over interannual to decadal timeframes,
longer-term increases in river discharge are a pan-Arctic phenomenon. Evidence of increasing
Arctic river discharge is strongest for Eurasian rivers where datasets are longest, but the signal
of change in North American rivers is becoming increasingly robust as discharge measurements

(a) Eurasian rivers (b) North American rivers
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Fig. 5.22. Monthly discharge (km?3) in (a) Eurasian and (b) North American rivers for 2023 and 2024 compared to monthly
discharge throughout the 1991-2020 reference period. Gray dots mark the combined monthly discharge of contributing
rivers during individual years, and black bars mark the average monthly discharge of combined rivers over the reference
period. Note the different magnitudes of discharge between the Eurasian and North American rivers (see y-axes).
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continue and the overall observational period @ 2500
1 Eurasian rivers :
becomes longer‘ slope = 3.87 + 1.05 km® yr' Reference period

The timing of the spring freshet, when dis-

charge rapidly shifts from low to high flow T
conditions, is also changing across the 3 2997
pan-Arctic domain (Fig. 5.23c). The spring &
freshet is starting earlier in Eurasia and North -
America, showing a linear change of approxi- o o
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This seasonal shift is associated with earlier ] WM

snowmelt in the Arctic (Derksen and Mudryk oo
2023; section 5g), which is driven by warming
air temperatures as well as more frequent
rain-on-snow events during the spring
(Shrestha et al. 2021; Dou et al. 2021).
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Fig. 5.23. Long-term trends in annual discharge (km?) for
(a) Eurasian (dark red) and (b) North American (blue) Arctic
rivers, and (c) freshet start day anomalies relative to the
1991-2020 reference period average for both. Freshet
start day anomalies were calculated for individual rivers
and then averaged by continent. Time series gaps reflect
insufficient monthly (North American river discharge) and
daily (Eurasian river freshet start day anomalies) data for
calculations during some timeframes. Reported slopes are
for 1976-2024 (p<0.05 in all cases).
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i. Terrestrial snow cover

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

Many components of the Arctic land surface are directly influenced by snow cover, including
the surface energy budget, permafrost, terrestrial and freshwater ecosystems, and the ground
thermal regime, with implications for the carbon cycle (Brown et al. 2017; Meredith et al. 2019;

and references therein). 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 during
1967 to 2024 are illustrated for both the North
American and Eurasian sectors of the Arctic in
Fig. 5.24 (relative to the 1991-2020 baseline;
data from the NOAA snow chart climate data
record; Robinson et al. 2012). In May 2024,
Eurasian Arctic SCE was slightly above normal
(20th-lowest May value in the 58-year record),
related to cold spring conditions over northern
Europe and western Russia (section 5c,
Fig. 5.6b); however, by June, Eurasian SCE had
dropped below normal (14th-lowest June value
in the 58-year record). North American Arctic
SCE during 2024 was below normal throughout
May and June (SCE values for each month
ranked seventh lowest in the 58-year record).
See section 2c5 for more details.

Snow cover duration (SCD) anomalies for
the 2023/24 snow season (difference from the
average number of days with snow cover) are
shown in Fig. 5.25 (data from the NOAA daily
Interactive Multisensor Snow and Ice Mapping
System [IMS] snow cover product; U.S.
National Ice Center 2008). SCD anomalies are
computed separately for each half of the snow
season: the “onset period” of August 2023 to
January 2024 (relative to a 25-year baseline
starting in August 1998; Fig. 5.25a), and the
“melt period” of February 2024 to July 2024
(relative to a 25-year baseline starting in
February 1999; Fig. 5.25b). During the
2023/24 snow season in Eurasia, broad
portions of the continent experienced either
early snow onset (northern Europe and parts
of eastern Siberia) or delayed snow melt
(western Russia and easternmost Siberia).
This combination of early onset and delayed
melt led to one of the longer snow seasons of
the past 26 years across the majority of the
Eurasian Arctic (rank of season length
shown in Fig. 5.25c). For North America,
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Fig. 5.24. Monthly snow cover extent (SCE) anomalies for
Arctic terrestrial land areas (poleward of 60°N) for (a) May
and (b) Jun from 1967 to 2024. Anomalies are relative to
the average for 1991-2020 and standardized (each obser-
vation 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. Filled circles highlight 2024 anoma-

lies. (Data source: Robinson et al. [2012].)
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a combination of late onset and early spring melt resulted in one of the shortest snow seasons of
the last 26 years across portions of northern Canada (Fig. 5.25c).

Finally, snow water equivalent (SWE), a measure of water contained within the snowpack, is
used to characterize Arctic snow accumulation over the 2023/24 season. Maps of SWE anomalies
are shown in Fig. 5.26 (anomaly shown for each month is the average of four products relative to
their respective 1991-2020 baselines: Snow Climate Change Initiative [CCI; Luojus et al. 2022],
MERRA-2 [GMAO 2015], ERA5-Land [Mufioz Sabater 2019], and Crocus-ERA5 [Decharme et al.
2024]). Four datasets are considered because averaging multiple SWE products has been shown
to be more accurate than individual datasets when validated with in situ observations (Mortimer
et al. 2020). In April 2024, the majority of Arctic land areas on both continents had positive SWE
anomalies, indicating higher-than-normal snowfall accumulations since the preceding autumn
(April is the approximate month that total snow mass across the terrestrial pan-Arctic region
peaks, before increasing May and June temperatures lead to melt). Strong reductions in the
relative amount of SWE occurred over the North American Arctic during May, while over Eurasia
large regions of above-normal SWE still existed. By June, the amount and extent of Eurasian
snow cover was also greatly reduced, consistent with the anomalies in Fig. 5.24b. However, SWE
anomalies between the Ob and Yenisei Rivers and at the far eastern tip of the continent were still
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Fig. 5.25. Snow cover duration (SCD) anomalies (% difference relative to climatological number of snow-free days for
the 1998/99-2022/23 baseline) for the 2023/24 snow year: (a) snow onset period (Aug 2023-Jan 2024) and (b) snow
melt period (Feb-Jul 2024). (c) Rank of the 2023/24 snow season length within the past 26 years of observation. Brown
(green) indicates more (fewer) snow-free days than average. Latitude 60°N is marked by the gray dashed circle. (Data
source: U.S. National Ice Center [2008].)

Fig. 5.26. Snow water equivalent (SWE) anomalies (% difference from the 1991-2020 baseline) in 2024 for (a) Apr, (b) May,
and (c) Jun. Brown (green) indicates lower (higher) snow amounts than average. Latitude 60°N is marked by the gray
dashed circle. (Data source: selection of four SWE products from Snow Climate Change Initiative [CCI; Luojus et al. 2022];
MERRA-2 [GMAO 2015]; ERA5-Land [Muioz Sabater 2019]; and Crocus [Decharme et al. 2024].)
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above normal, consistent with the longer-than-normal melt season observed in those regions
(Fig 5.25b). Over North America, most of the Canadian Arctic Archipelago had below-normal
SWE during June except for Baffin Island.

In summary, snow accumulation during the 2023/24 winter was above average across both
continents; however, the duration of the snow season contrasted strongly between them.
Over much of northern Canada, warm spring temperatures resulted in a shorter-than-normal
snow season, consistent with or even shorter than what has typically been observed over the
last 15 years (Fig. 5.25c). Over broad portions of Eurasia and Alaska, early snow onset and
above-normal SWE during most of May resulted in a longer-than-normal snow season (Fig. 5.25¢)
and higher-than-average May SCE (Fig 5.24a). However, by June, Eurasian SCE was back down to
values consistent with those seen over the past 15 years.
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j. Permafrost

—S. L. Smith, V. E. Romanovsky, K. Isaksen, K. E. Nyland, N. . Shiklomanov, 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 (especially if ice-rich), active-layer thickening, and ground ice melt cause changes
in surface topography, hydrology, and landscape stability, with implications for Arctic infra-
structure, ecosystem integrity, and human livelihoods (Smith et al. 2022; Hjort et al. 2022; Wolken
et al. 2021). Changes in permafrost conditions also affect the rate of release of greenhouse gases
into the atmosphere, potentially 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 reflect
local variability due to influences such as
snow cover, vegetation characteristics, and
soil moisture (Romanovsky et al. 2017; Smith
et al. 2022). Monitoring sites across the Arctic
(Fig. 5.27) have been recording ground tem-
perature 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) fluctuations in climate and are especially
sensitive to changes in summer air tempera-
ture and precipitation.

Since the 1980s, permafrost temperatures
have continued to increase on a decadal time
scale across the Arctic. Greater increases are
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generally observed in colder permafrost (tem-
perature <-2°C) at higher latitudes (Smith et al.
2022, 2024a), partly due to greater increases in
air temperature (Figs. 5.27, 5.28). Over the last
30 years, positive ALT trends (Fig. 5.29) are
evident from all permafrost regions examined,
but trends are more muted for the Alaskan
North Slope, northwestern Canada, and East
Siberia (Smith et al. 2024a).

Air temperature trend (°C decade™)

Fig. 5.27. Locations of the permafrost tempera-
ture monitoring sites (for which data are shown
in Fig. 5.28), superimposed on annual average
surface air temperature trends (°C decade™') during
1981-2024 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.

1. PERMAFROST TEMPERATURE

Permafrost temperatures in 2024 were the highest on record at 8 of the 25 reporting sites; all
of the record sites were in North America except for one on Svalbard (Table 5.2). Temperatures
were higher in 2024 compared to 2023 at 13 of 21 North American sites (Figs. 5.28a,b). In the
Beaufort—Chukchi region, permafrost temperatures in 2024 were the same or up to 0.2°C higher
than those in 2023 at seven of eight sites (Fig. 5.28a). The higher temperatures reflect the
increase in air temperatures that occurred in 2023 following a period of cooling that started in
2019/20. For discontinuous permafrost in Alaska and northwestern Canada, the 2024 perma-
frost temperatures were higher than those in 2023 at 5 of the 10 of sites, three of which reported
record-high temperatures (Fig. 5.28b). Record-high temperatures were also observed at all three
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sites reporting in the eastern and high Canadian Arctic (Fig. 5.28c). The high Arctic cold perma-
frost of Svalbard was warmer in 2024 at the two sites reporting compared to 2023 (Fig. 5.28d). In
warmer permafrost at one of two other reporting Nordic sites, temperatures in 2024 were higher
than in 2023 (Fig. 5.28d; Table 5.2).

Throughout the Arctic, warming of permafrost with temperatures near 0°C (temperatures
>-2°C) is slower (generally <0.3°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 decade™ to 0.8°C decade with similar
increases (0.3°C decade™ to 0.8°C decade™) for the three sites reporting in 2024 in the eastern
and high Canadian Arctic (Figs. 5.28a,c; Table 5.2). Permafrost in Svalbard has warmed by up to
0.7°C decade™ (Fig. 5.28d; Table 5.2), and significant permafrost warming has been detected
down to 100-m depth (Isaksen et al. 2022). In the discontinuous permafrost regions of Scandinavia
(Juvvasshge and Iskoras), warming is continuing at rates of about 0.1°C decade™ to 0.2°C
decade™, with thawing occurring at Iskoras (Fig. 5.28d; Isaksen et al. 2022). Similar rates
(Figs. 5.28hb,d) are observed in the warm permafrost of northwestern North America (e.g., Smith
et al. 2024b).
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Fig. 5.28. Time series of mean annual ground temperature (°C) at depths of 9 m-26 m below the surface at selected
measurement sites that fall roughly into 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 permafrost of eastern and
high Arctic Canada (Baffin Davis Strait); and (d) continuous to discontinuous permafrost in Scandinavia, Svalbard, and
Russia/Siberia (Barents region). Temperatures are measured at or near the depth of zero annual amplitude, where the
seasonal ground temperature variations are less than 0.1°C. Note differences in y-axis value ranges. Borehole locations
are shown in Fig. 5.27 (data are updated from Smith et al. 2024a).
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Table 5.2. Rate of change in mean annual ground temperature (°C decade") for permafrost monitoring sites shown in Fig.
5.28. 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
2024 temperatures are indicated with a thermometer icon (m) and are underlined. Asterisks denote sites not reporting in
2024. Regions correspond to those shown in Fig. 5.28.
Region Site Entire Record Since 2000
Northeast Siberia " +0.4
(Beaufort-Chukehi Region) PRI EI DY) e (2009-20)
Alaskan Arctic plain West Dock (WD), Deadhorse (De), +0.5to +0.8 +0.5t0 +0.7
(Beaufort-Chukchi Region) Franklin Bluffs (FB) ﬂl , Barrow (Ba) ﬂ] (1978-2024) (2000-24)
Northern foothills of the Brooks Range, Alaska . +0.4 +0.4
(Beaufort-Chukchi Region) gyl Gl i L (el (1983-2024) (2000-24)
Northern Mackenzie Valley . % +0.4t0 +0.6
(Beaufort-Chukchi Region) Norris Ck (No)*, KC-07 (KQ) NA (2008-24)
Southern foothills of the Brooks Range, Alaska

; ; . ! Coldfoot (Co) m , Chandalar Shelf (CS), Old Man +0.2 to +0.4 +0.2 to +0.3
(Discontinuous Permafrost: Alaska and —_— (1983-2024) (2000-24)
Northwestern Canada) (Om)
Interior Alaska College Peat (CP), Birch Lake (BL) +0.1t0+03 <+0.05t0 +0.4
(Discontinuous Permafrost: Alaska and " % y ’ p '
Northwestern Canada) Gulkana (Gu)*, Healy (He) (1983-2024) (2000-24)
Central Mackenzie Valley
(Discontinuous Permafrost: Alaska and Norman Wells (NW), Wrigley (Wr1, Wr2 m ) A all O 2

! r—= (1984-2024) (2000-24)
Northwestern Canada)
Baffin Island . +0.3
(Baffin Davis Strait Region) Pangnirtung (Pa) [, Pond Inlet (P1)* NA (2009-24)
High Canadian Arctic * +1.1
(Baffin Davis Strait Region) e M (2009-22)
High Canadian Arctic | | | | +0.6, +0.4 +0.8, +0.6
(Baffin Davis Strait Region) Alert (A) @ 15 m ], Alert (A)) @ 24 m ] (1979-2024) (2000-24)
Northwest Siberia " " +0.2 to +0.5 +0.1to +0.8
(Barents Region) Urengoy 15-06* and 15-08* {Ur) (1974-2021) (2005-21)
Russian European North « « +0.1t0+0.3 0to+0.5
(Barents Region) Bolvansky 56 and 65* (Bo) (1984-2022) (2001-22)
Svalbard Janssonhaugen (Ja), Bayelva (Bay)*, +0.7 +0.1t0 +0.7
(Barents Region) Kapp Linne 1 (KL [ﬂ (1998-2024) (2000-24)
Northern Scandinavia +0.1to0 +0.5
(Barents Region) Tarfalarggen (Ta)*, Iskoras Is-B-2 (Is) [ﬂ NA (2000-24)
Southern Norway - +0.2 +0.2
(Barents Region) (1999-2024) (2000-24)
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2. ACTIVE-LAYER THICKNESS

Active-layer thickness is measured either directly using thaw tubes or inferred from the
end-of-season thaw depth measurements by mechanical probing or from the maximum seasonal
depth of the 0°C isotherm interpolated from borehole temperature records. The ALT trends
shown in Fig. 5.29 are based primarily on spatially distributed mechanical probing across repre-
sentative landscapes to determine the depth to the top of permafrost.

The highest long-term (1999-2024) rates of ALT increases of 0.4 m decade™ and 0.2 m
decade™are observed in the Alaskan Interior and West Siberia, respectively, with 2024 ALT values
well above the 2009-18 mean for both regions. A record-high 2024 ALT anomaly was observed
on Svalbard in response to exceptionally high summer air temperatures, especially in August.

Sites on the North Slope of Alaska, Greenland, northwestern Canada (2023 data), and East
Siberia (2023 data) indicate no significant ALT changes over the last five years. This can be par-
tially attributed to climatic influences, such as a lack of recent pronounced summer warming
in northern Alaska and the Russian European North (Kaverin et al. 2021; Nyland et al. 2021).
However, thaw propagation into ice-rich ground layers can cause surface subsidence that is not
accounted for in thaw depth measurements, as manual probing obscures the relation between
atmospheric climate and permafrost thaw. Widespread subsidence has been documented across
northwestern Canada (O’Neill et al. 2023) and reported from a few sites in Alaska (Nyland et al.
2021), suggesting the underestimation of ice-rich permafrost thaw inferred from ALT records.
Presently, the absence of standardized, long-term observations of ground surface displacement
precludes the analysis of subsidence contribution to permafrost thaw at a broad geographic
scale (Streletskiy et al. 2025).
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Fig. 5.29. Average annual active-layer thickness (ALT) anomalies (m), relative to the 2009-18 mean, for six Arctic regions
observed by the Circumpolar Active Layer Monitoring program. Positive and negative anomalies indicate thicker or
thinner ALT than the 10-year reference, respectively. Numbers of sites vary by region because only sites with >20 years
of continuous thaw depth observations from the end of the thaw season are included. Asterisks represent atypical
observations, for example, due to pandemic-related restrictions (fraction of sites for these years are provided on graph).
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
during any summer between 2019 and 2021, although the data point is plotted in 2021. Site-specific data and metadata

are available at https://www2.gwu.edu/~calm/.
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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, P. M. Montesano, R. . Magnusson, C.S. R. Neigh, G. K. Phoenix, H. Tammervik, 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 bounded 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 heterogeneous across spatial scales, ranging from broad latitudinal
climate gradients to landscape-scale variations in soil, hydrological, and permafrost conditions
(Fig. 5.30). During past millennia, Arctic ecosystems have accumulated large amounts of carbon,
as a large proportion of the carbon fixed by
living plants became preserved in permafrost
(Schuur et al. 2022; See et al. 2024). In recent
decades, the Arctic has warmed dramatically,
far exceeding the global rate of warming
(section 5c) and placing the circumpolar
region at the forefront of global climate and
environmental change. Today, the circumpolar
region lies at the crossroads of multiple
feedback mechanisms that connect the living
Arctic with a warming climate, declining near-
shore sea ice extent, changes in seasonal snow
cover, and thawing permafrost soils that
contain large amounts of carbon (section 5f).
Some of the most compelling evidence of
broad scale changes in this remote region

come from long-term satellite observations Fig- 5.30. Arctic tundra landscapes exhibit a variety of

that began in 1982. By the late 1990s striking geomorphic landforms and vegetation patterns
Earth-ob . 11" b d > that arise from permafrost processes, such as (a) solif-
arth-observing satellites began to detect a luction on hillslopes and (b) ice-wedge development in

sharp increase in the productivity of tundra polygonal ground (both Seward Peninsula, Alaska). Many
vegetation, a phenomenon known today as of these features are sensitive to climate warming;
“the greening of the Arctic.” (c) thawing of ice-rich permafrost can lead to surface

Global vegetation has been continuously subsidence (thermokarst) and changes in soil moisture, as

. . seen in polygonal ground in Svalbard. (d) Changes in the
monitored from space since late 1981 by a amount and persistence of seasonal snow can also affect

series of satellites equipped with the Advanced  the productivity and phenology of tundra vegetation.
Very High-Resolution Radiometer (AVHRR),

providing a record that has entered its 44th year. Beginning in 2000, the circumpolar AVHRR
record has been complemented by newer sensors that provide surface reflectance products with
improved calibration and higher spatial resolution, including the Moderate Resolution Imaging
Spectroradiometer (MODIS) and a constellation of several Landsat satellites. While both AVHRR
and MODIS are nearing the end of service, continuity of these records will be maintained by
Landsat and the Visible Infrared Imaging Radiometer Suite (VIIRS) sensor, first launched in 2011
(Roman et al. 2024). All of these spaceborne sensors monitor 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, respectively. Here,
the ongoing phenomenon of Arctic greening based on the legacy AVHRR, MODIS, and Landsat
datasets is reported upon.

The long-term AVHRR NDVI dataset is the Global Inventory Modeling and Mapping Studies
third generation version 1.2 dataset (GIMMS-3g+) with a spatial resolution of about 8 km (Pinzon
et al. 2023). For MODIS, trends were computed by combining 16-day NDVI products from the
Terra (MOD13A1, version 6.1) and Aqua (MYD13A1, version 6.1) satellites (Didan 2021a,b), referred
to as MODIS MCD13A1, at a much higher spatial resolution of 500 m. Landsat provides tundra
greenness data at a much higher spatial resolution of 30 m; a time series of greenness from
Landsat Collection 2 (Crawford et al. 2023) was computed using the methods of Berner et al.
(2023). All data were masked to the extent of the Circumpolar Arctic Vegetation Map (Raynolds
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et al. 2019) and exclude permanent ice and
water. For all records, the annual maximum
NDVI (MaxNDVI), the peak greenness value
observed in midsummer (late July or early
August in most of the Arctic), is summarized.
In 2024, the circumpolar average MaxNDVI
value from GIMMS-3g+ was the fifth highest in
the 43 years of record for that sensor, but none-
theless represented a 2.6% decline compared
to 2023 (Fig. 5.31). The MODIS-observed cir-
cumpolar average MaxNDVI value in 2024 was
the second highest in the 25-year record for
that sensor, continuing a sequence of record or
near-record values that began in 2020. Based
on the MODIS record, tundra greenness
reached a new record-high value in the North
American Arctic, and was much higher than
normal in northern Alaska, central and eastern
Canada, and Greenland (Fig. 5.32). Localized
areas of lower-than-normal greenness in
Canada’s Northwest Territories were likely the
result of intense wildfire activity in 2023 and
2024. The Eurasian Arctic, however, featured a
mixture of positive and negative departures

90°E
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Fig. 5.32. Circumpolar Maximum Normalized Difference
Vegetation Index (MaxNDVI) anomalies for the
2024 growing season relative to mean values (2000-24)
for Arctic tundra (solid 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 the black lines,
and the 2024 minimum sea ice extent is indicated by light
shading.
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Fig. 5.31. Time series of circumpolar mean Maximum
Normalized Difference Vegetation Index (MaxNDVI) from
Advanced Very High-Resolution Radiometer (AVHRR)
Global Inventory Modeling and Mapping Studies third
generation (GIMMS-3g+; 1982-2024; gray), Moderate
Resolution Imaging Spectroradiometer (MIODIS) MCD13A1
(2000-2024; black), and Landsat Collection 2 (2000-23;
pink). The MODIS record is further divided by continent for
Arctic Eurasia (red) and North America (blue).

from normal, a pattern that was also evident in
summer 2023. Interestingly, while some of the
Eurasian regions with below-normal MaxNDVI
also experienced cooler-than-normal summer
temperatures (e.g., the easternmost Chukchi
Peninsula), others experienced very warm
conditions (e.g., north-central Siberia), com-
plicating the degree to which greening can be
attributed simply to warmer summer tempera-
tures (section 5c). Negative anomalies in
northeastern Siberia could partly reflect the
highly active fire season in that region.
Nonetheless, the long-term trend in both
AVHRR- and MODIS-ohserved tundra green-
ness is strongly positive (greening) for most of
the circumpolar region (Fig. 5.33). Trends in
Landsat-observed MaxNDVI are relatively
subdued, but like the other legacy records,
recent MaxNDVI values have exceeded the
long-term average following the record-high
value observed in 2020.

Earth-observing satellites provide founda-
tional datasets for monitoring Arctic
environmental change, and help to overcome
the long-standing access barriers posed by the
region’s remoteness, as well as new ones
arising from the Russian invasion of Ukraine
(Lépez-Blanco et al. 2024) and uncertainties in
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long-standing funding and logistical support for Arctic research in the United States. Nonetheless,
field studies provide crucial information needed to connect spaceborne observations with
patterns of change (or stability) on the ground. Increases in the abundance, distribution, and
height of Arctic shrubs are a major driver of Arctic greening and have important impacts on
biodiversity, surface energy balance, permafrost temperatures, and biogeochemical cycling,
particularly in the Low Arctic (Mekonnen et al. 2021). However, while changes to the Arctic
climate have generally favored greening, ecological disturbances, extreme events, and other
causes of browning are also increasing in frequency (Parmentier et al. 2024; Phoenix et al. 2025).
For example, greening trends in many parts of the Arctic have been partially offset by increasing
wildfires during the past two decades, especially during 2019-21 (Zhu et al. 2024). Understanding
the regional variability of complex Arctic greening trends and attributing its drivers continues to
be a subject of multidisciplinary scientific research.
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Fig. 5.33. Magnitude of the Maximum Normalized Difference Vegetation Index (MaxNDVI) trend calculated as the change
decade™ via ordinary least-squares regression for Arctic tundra (solid colors) and boreal forest (muted colors) north of
60° latitude during (a) 1982-2024 based on the Advanced Very High-Resolution Radiometer (AVHRR) Global Inventory
Modeling and Mapping Studies third generation (GIMMS-3g+) dataset, and (b) 2000-24 based on the Moderate
Resolution Imaging Spectroradiometer (MODIS) MCD13A1 dataset. The circumpolar tree line is indicated by black lines,
and the 2024 minimum sea ice extent is indicated by light shading in each panel.
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Appendix 1: Acronyms

ALT active-layer thickness

AO Arctic Oscillation

AOI Arctic Oscillation Index

AVHRR Advanced Very High-Resolution Radiometer

CAA Canadian Arctic Archipelago

CARRA Copernicus Arctic Regional Reanalysis

ca Climate Change Initiative

EOF empirical orthogonal function

ESA European Space Administration

GBI Greenland Blocking Index

GC-Net Greenland Climate Network

GIMMS-3g+ Global Inventory Modeling and Mapping Studies third generation
GRACE Gravity Recovery and Climate Experiment

GRACE-FO Gravity Recovery and Climate Experiment Follow-On
IMS Interactive Multisensor Snow and Ice Mapping System
MAR Modele Atmosphérique Régionale

MaxNDVI Maximum Normalized Difference Vegetation Index
MODIS Moderate Resolution Imaging Spectroradiometer
NDVI Normalized Difference Vegetation Index

OMI Ozone Monitoring Instrument

OMTO3 Ozone Monitoring Instrument Level-2 Total Column Ozone version 3
PCH polar cap averaged geopotential height

PROMICE Programme for Monitoring of the Greenland Ice Sheet
SAT surface air temperature

SCD snow cover duration

SCE snow cover extent

SLP sea level pressure

SMB surface mass balance

SMOS Soil Moisture Ocean Salinity

SST sea surface temperature

SSW sudden stratospheric warming

SWE snow water equivalent

Tarcric total arctic

Tolosa total global

uv ultraviolet

VIIRS Visible Infrared Imaging Radiometer Suite
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Appendix 2: Datasets and sources

Section 5b Atmosphere

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

5b1, Geopotential Height ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
5b2

Aura Ozone Monitoring

0Ozone, Total Column and Instrument (OMI)/ o
5b2 Stratospheric Microwave Limb Sounder https://disc.gsfc.nasa.gov/datasets/ML203_004/summary
(MLS)
0Ozone, Total Column and OMI/Aura Level-2 Total
5b2 o Column Ozone (OMTO3) https://disc.gsfc.nasa.gov/datasets/OMTO3_003/summary
Stratospheric Version 3

Section 5c Surface air temperature

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable

Pressure, Sea Level or

5a3 ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Near-Surface

5¢c2 lﬁﬁgceerature, e NASA GISTEMPv4 https://data.giss.nasa.gov/gistemp/

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

Surface

Section 5d Precipitation

Su?)- el LS o 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

Section 5e Sea surface temperature

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable

5e Sea Surface Temperature 0ISSTv2.1 https://www.ncei.noaa.gov/products/optimum-interpolation-sst
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https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://disc.gsfc.nasa.gov/datasets/ML2O3_004/summary
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
https://www.ncei.noaa.gov/products/optimum-interpolation-sst

Section 5f Sea ice

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

National Snow and Ice
5f1 Sea Ice Extent Data Center (NSIDC) Sea https://nsidc.org/data/g02135
Ice Extent

European Space Agency
(ESA) Cryosat-2/ Soil

5f2 Sea Ice Thickness Moisture and Ocean https://earth.esa.int/eogateway/ catalog/smos-cryosat-14-sea-ice-thickness
Salinity (SMOS)
NASA Ice, Cloud, and

5f2 Sea Ice Thickness land Elevation Satellite 2 https://icesat-2.gsfc.nasa.gov/icesat-2-data

(ICESat-2)

Section 5g Greenland Ice Sheet

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable

Danish Meteorological
Institute (DMI)/

59 Air Temperature Programme for Monitoring
the Greenland Ice Sheet
(PROMICE) Weather

https://eng.geus.dk/products-services-facilities/data-and-maps/
glaciological-data-from-greenland-promice

PROMICE Glacier Front

59 Glacier Ablation i@l https://doi.org/10.22008/promice/data/calving_front_lines
Gravity Recovery and
Glacier Mass, Area or Climate Experiment ) .
59 Volume (GRACE) /GRACE Follow-On https://grace.jpl.nasa.gov/data/get-data/
(GRACE-FO)
Sentinel-3 Snow and Ice https://eodsociety.esa.int/projects/pre-operational-sentinel-3-snow-
30 Ice Sheet Albedo Products (SICE) and-ice-products-sice/
59 Ice Sheet Discharge Ice Discharge (Greenland) https://doi.org/10.22008/promice/data/ice_discharge/d/v02
5 Ice Sheet Melt Slrsaelleaer [T ELED https://nsidc.org/data/nsidc-0001
9 Imager/Sounder (SSMIS) ps: 019
Ice, Cloud, and land
59 Ice Sheet Surface-Height Elevation Satellite 2 https://icesat-2.gsfc.nasa.gov/icesat-2-data

(ICESat-2)

Copernicus Climate
59 Air Temperature Change Service (C3S) Arctic
Regional Reanalysis

https://cds.climate.copernicus.eu/datasets/reanalysis-carra-single-
levels?tab=overview
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https://nsidc.org/data/g02135
https://earth.esa.int/eogateway/catalog/smos-cryosat-l4-sea-ice-thickness
https://icesat-2.gsfc.nasa.gov/icesat-2-data
https://eng.geus.dk/products-services-facilities/data-and-maps/glaciological-data-from-greenland-promice
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://eo4society.esa.int/projects/pre-operational-sentinel-3-snow-and-ice-products-sice/
https://eo4society.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

Section 5h Arctic river discharge

Sub- General Variable or
section Phenomenon

5h River Discharge

Specific Dataset or Variable

Arctic Great Rivers
Observatory

Source

https//:arcticgreatrivers.org/

Section 5i Terrestrial snow cover

Sub- General Variable or
section Phenomenon
5i Snow Properties
5i Snow Properties
5i Snow Properties
5i Snow Properties
5i Snow Properties
5i Snow Properties

Specific Dataset or Variable

Crocus Snowpack Model
ERA5
MERRA-2

European Space Agency
Snow CCI SWE

NOAA Interactive Multi-
sensor Snow and Ice
Mapping System (Snow
Cover Duration)

NOAA Snow Chart Climate
Data Record

http://www.umr-cnrm.fr/spip.php?article265
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/climate-data-records/snow-cover-extent

Section 5j Permafrost

Sub- General Variable or
section Phenomenon

5i1 Permafrost
5i1 Permafrost
. Temperature, [Near]
5i1
Surface
5i2 Permafrost

Specific Dataset or Variable

Global Terrestrial Network
for Permafrost (GTN-P)

Permafrost Temperature

ERAS

Circumpolar Active Layer
Monitoring Program
(CALM) Active-Layer
Thickness

Source

http://gtnpdatabase.org/

http://permafrost.gi.alaska.edu/sites_map

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

https://www2.gwu.edu/~calm/
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https://arcticgreatrivers.org/
http://www.umr-cnrm.fr/spip.php?article265
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/climate-data-records/snow-cover-extent
http://gtnpdatabase.org/
http://permafrost.gi.alaska.edu/sites_map
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://www2.gwu.edu/~calm/

Section 5k Tundra greenness

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Global Inventory Modeling
and Mapping Studies third
generation (GIMMS-3g+)
Version 1

5k Vegetative Index https://daac.oml.gov/VEGETATION/qguides/Global_Veg_Greenness_GIMMS_3G.html

MODIS MCD13A1 and
MYD13A1 Normalized
Difference Vegetative
Index (NDVI)

5k Vegetative Index https://Ipdaac.usgs.gov/products/mod13a1v006/

Landsat Collection 2
5k Vegetative Index Normalized Difference https://www.usgs.gov/landsat-missions/landsat-collection-2
Vegetative Index (NDVI)

Sidebar 5.1: North American August heat

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

National Centers for
Environmental Prediction
SB5.1 Geopotential Height (NCEP)/National Center https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
for Atmospheric Research
(NCAR) Reanalysis 1

Temperature, [Near]

SB5.1 Surface ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Temperature, [Near] NOAA Applied Climate
SB5.1 P ! Information System Online https://xmacis.rcc-acis.org
Surface
Tool
Temperature, [Near] Environment and Climate o
SB5.1 Surface Change Canada https://climate.weather.gc.ca
SB5.1 Temperature, [Near] NCEP/NCAR Reanalysis 1 https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html

Surface

Canadian Interagency

SB5.1 Wildfire Properties Forest Fire Centre

https://ciffc.net/

Sidebar 5.2: Record-low sea ice conditions in the Northwest Passage in 2024

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

https://www.canada.ca/en/environment-climate-change/services/ice-

5B5.2 Sea Ice Area Canadian Ice Service forecasts-observations/latest-conditions/archive-overview.html
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https://daac.ornl.gov/VEGETATION/guides/Global_Veg_Greenness_GIMMS_3G.html
https://lpdaac.usgs.gov/products/mod13a1v006/
https://www.usgs.gov/landsat-missions/landsat-collection-2
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://xmacis.rcc-acis.org
https://climate.weather.gc.ca
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://ciffc.net/
https://www.canada.ca/en/environment-climate-change/services/ice-forecasts-observations/latest-condi
https://www.canada.ca/en/environment-climate-change/services/ice-forecasts-observations/latest-condi

Sidebar 5.3: Why Greenland Ice Sheet melt was so low in 2024

s:clf(?c;n Ge';i':r:::‘:zgl: or Specific Dataset orVariable

SB5.3 Geopotential Height ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
SB5.3 Teleconnections Arctic Oscillation Index https://www.cpc.ncep.noaa.gov/products/precip/ CWlink/daily_ao_index/ao.shtml
SB5.3 Winds, Upper Air ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
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