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6. ANTARCTICA AND THE SOUTHERN OCEAN

M. N. Raphael and K. R. Clem, Eds.

a. Overview

—M. N. Raphael and K. R. Clem

In 2024, atmospheric conditions over Antarctica exhibited significant anomalies, and were
marked by major surface and stratospheric warming and pressure fluctuations. The first half of
the year (January-June) featured persistent below-normal surface pressure over the continent,
a distinct zonal wavenumber-3 pattern with three deep atmospheric troughs extending over the
Weddell Sea, Prydz Bay, and Ross Ice Shelf, and a positive phase of the Southern Annular Mode,
with strong circumpolar westerlies. Surface pressure anomalies in February and April were par-
ticularly pronounced, with multiple stations recording record-low pressures.

Strong stratospheric warming occurred in July followed by extreme surface warming in
August. The surface warming was likely intensified by a compound event: 1) a strong ridge of
surface high pressure along coastal East Antarctica advected warm maritime air into the conti-
nental interior, and 2) a significant positive geopotential height and temperature anomaly in the
stratosphere propagated downward to the surface. As a result, multiple monthly records for high
temperatures and pressure were set in August.

The Antarctic Ice Sheet’s surface mass balance (SMB) in 2024 was shaped by contrasting
periods of high snowfall and regional drought. The most significant anomaly occurred in May,
when extreme snowfall led to record-high SMB gains across much of East and West Antarctica.
Enhanced meridional moisture transport and atmospheric river events—which funneled
moisture from the South Pacific and Atlantic Oceans toward the continent—supported/gener-
ated this extreme snowfall. In contrast, September emerged as the driest September on record,
with a severe shortage of snowfall over the ice sheet. This was linked to an anomalously deep and
eastward-shifted Amundsen Sea Low, which suppressed precipitation and led to below-average
SMB across West Antarctica.

There was continued ice sheet mass loss in the Amundsen Sea sector of West Antarctica, where
observations show that thinning has persisted since 1992. Additional losses were observed in the
Antarctic Peninsula, particularly near the Larsen C Ice Shelf and Bellingshausen Sea. However,
some regions of East Antarctica, notably Dronning Maud Land and Totten Glacier, exhibited
localized mass gains due to increased snowfall.

A net Antarctic mass loss of 125 Gt occurred between January and November 2024, exceeding
the long-term annual average of 100 Gt per year. Although this loss was not as extreme as in
some previous years, it underscored the continued trend of mass decline, particularly in West
Antarctica and the Antarctic Peninsula.

Antarctic sea ice remained anomalously low in 2024, with record- or near-record-low
extents observed for much of the year. The annual daily minimum sea ice extent was recorded
on 18 February at 1.97 million km?, the third lowest on record. The seasonal cycle was again
disrupted, with delayed autumn-winter expansion and an early spring—summer retreat. By
late 2024, sea ice conditions began to recover slightly, with overall sea ice extent approaching
near-average values in November and December. However, this temporary return to average con-
ditions did not offset the negative trend observed since 2016.

Regionally, the eastern Weddell Sea experienced particularly severe low sea ice coverage,
likely due to warmer sea surface temperatures and weakened stratification in the upper ocean.
Thisreduction in seaice caused increased exposure of coastal regions to oceanic and atmospheric
variability. In contrast, the western Weddell Sea and some parts of the Ross and Amundsen Seas
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saw temporary sea ice expansion driven by localized cold air outbreaks and persistent southerly
winds.

Across the Southern Ocean, sea surface temperatures increased markedly, with positive
anomalies persisting through 2024. This continued the positive trend observed since 2005. The
western Pacific region showed the greatest increases, especially from February to July. In concert
with the sea surface temperatures, ocean heat content also increased to levels higher than pre-
viously experienced. The region of greatest increase in sea surface temperatures coincided with
the regions of below-average sea ice extent. Chlorophyll, an important marker of ocean biogeo-
chemistry, was at elevated levels during December and January (2023/24), most notably in the
Atlantic.

The 2024 Antarctic ozone hole appeared approximately a week later than average on 25 August
and was among the least severe ozone holes recorded over the past three decades. It ranked
26th in size, with an average area of 19.6 million km? from 7 September to 13 October. The daily
minimum ozone concentration was slightly higher than the 1992-2023 mean, and the ozone hole
reached its maximum extent later than usual, peaking at 22.4 million km? on 28 September. The
delayed start to the ozone hole development was due to strong planetary wave activity during
mid-May to mid-August, which led to a significant warming of the Antarctic stratosphere in late
July to early August and transported ozone into the Antarctic stratosphere, increasing concen-
trations at a time when they would normally be decreasing. Additionally, average stratospheric
temperatures in September and decreased levels of chlorine and bromine in the Antarctic polar
vortex led to a 2024 ozone hole that was not as deep nor as extensive as those observed in the
early 2000s. The 2024 ozone hole broke up on 21 December, two weeks later than average.

More details on Antarctica’s climate, weather, ice, ocean, and ozone are presented below for
2024. Unless otherwise stated, the 2024 anomalies and standard deviations are all based on the
1991-2020 climatology. Note that some sections use different climatology periods due to data
availability, while others use non-traditional seasons centered around specific phenomena of
interest, such as surface melt (October to April) and the Southern Ocean chlorophyll season
(June to July); these details are stated at the beginning of each section. Common geographic
regions and place names referenced throughout the chapter are shown in Fig. 6.1.

South Atlantic
Ocean

Baudouin
Ice Shelf

g g
.9/;,,’, ‘ .
Enderby T Indian
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Fig. 6.1. Map of the Antarctic, showing stations, geographic regions, and prominent features discussed in this
chapter. Figure courtesy of Samuel Batzli, University of Wisconsin-Madison.
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b. Atmospheric circulation and surface observations

—K. R. Clem, T. Norton, D. Mikolajczyk, L. M. Keller, M. A. Lazzara, S. Colwell, S. Barreira, and R. L. Fogt

The Antarctic atmosphere in 2024 was largely characterized by month-to-month variability.
The main atmospheric event of the year was a major surface and stratospheric warming during July
and August. The surface warming began over
the eastern Weddell Sea and Dronning Maud
Land in July, triggered by the development of
a strong high-pressure system in the southeast
Atlantic. August saw the greatest number of
new pressure and temperature records during
the event as high pressure in the South Atlantic
built poleward into East Antarctica, and wide-
spread positive pressure anomalies developed
over the remainder of the continent with a
likely connection to downward-propagating
positive geopotential height anomalies from
the stratosphere. For the rest of the year,
pressure and temperature were variable from
month to month. One notable event occurred
in September when a deep cyclone devel-
oped over the Antarctic Peninsula, resulting
in record-low monthly mean pressure at all
long-term staffed weather stations in the
region (dating back to 1950). This pattern
continued to direct warm northerly airflow
over the eastern Weddell Sea and Dronning
Maud Land into spring—a persistent feature
seen there since March 2023—contributing to
more declines and record-low sea ice extents
over the eastern Weddell Sea (section 6f), and
continued increases in surface mass balance
(SMB) over Dronning Maud Land (section 6c).

To investigate these features from 2024 in
detail, we employ ERA5 (Hersbach et al. 2020),
staffed weather station data from the READER
archive (Turner et al. 2004) and automatic
weather station (AWS) data from the Antarctic
Meteorological Research and Data Center
(AMRDC) data repository (AMRDC 2022). First,
surface temperature and pressure anomalies
from ERA5 were grouped and averaged over
four periods of relatively persistent features:
January-June, July-August, September—
October, and November—-December (Fig. 6.2).
Figure 6.3 shows the vertical structure of the
monthly geopotential height (Fig. 6.3a) and
temperature (Fig. 6.3b) anomalies averaged
over the polar cap (60°S-90°S) and the 3 25 -2 -15 -1 1 15 2 25 3
monthly circumpolar zonal wind anomalies Std. Dev.
(Fig. 6.3c) averaged over 50°S—70°S. Observed  Fig. 6.2. (left) Surface pressure (hPa) and (right) 2-m

monthly temperature and pressure anomalies temperature anomalies (°C) relative to 1991-2020 for
for select staffed and automated weather (a)(b) Jan-Jun 2024; (c),(d) Jul-Aug 2024; (e),(f) Sep-Oct

. h in Fie. 6.4 Fig. 6.1 f 2024, and (g).(h) Nov-Dec 2024. Contour interval is 2 for
Stat}ons are S own 1n t1g. 6.5 _See 18. 6.1 10T Koth fields with an additional +1°C contour added for 2-m
station locations and geographical references  temperature; zero contours are omitted. Shading shows
made in this section and throughout the the std. dev. of the anomalies. (Source: ERA5)

Jan-Jun 2024
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chapter. All anomalies and standard deviations presented are based on the 1991-2020

climatology.

The first half of the year (January—June) was characterized by below-normal surface pressure
over the continent (Fig. 6.2a) accompanied by three deep troughs extending offshore over the
Weddell Sea, Prydz Bay, and Ross Ice Shelf/Ross Sea. The three troughs were each flanked by
strong high-pressure anomalies (each 2-3 std. dev. above average) along 50°S—-60°S—one in the
central South Pacific, one south of Africa, and one south of Australia—producing a distinct zonal
wavenumber-3 pattern and a positive phase of the Southern Annular Mode (SAM); the SAM index
was positive in all six months (Fig. 6.3). Within this period were two months of more pronounced
negative pressure anomalies over the polar cap (region south of 60°S) in February and April (as
illustrated by the geopotential height anomalies in Fig. 6.3a), with April also seeing a significant
strengthening of the circumpolar westerlies to more than 2 std. dev. above average (Fig. 6.3c).

Record-low monthly mean pressures were
recorded at various stations, including
Neumayer in February (since 1981; not shown),
and in April at Dumont d’Urville (Fig. 6.4d),
Marble Point AWS (Fig. 6.4e), Ferrell AWS
(since 1985; not shown), and Gill AWS (since
1981; not shown). In June, McMurdo recorded
its lowest monthly pressure on record (since
1956; not shown).

Surface temperature anomalies during
January-June reflect the wave-3 structure,
with three main regions of above-average
temperatures on the eastern sides of the
troughs, and below-average temperatures on
the western sides. Western Dronning Maud
Land and western Marie Byrd Land experi-
enced the most pronounced warming, while
below-average temperatures were noted over
Adélie Land. Two new temperature records
were set: Neumayer recorded its warmest
February on record (since 1981), and Dome C II
AWS recorded its coldest April on record (since
1980; neither shown). The regionally varying
temperature anomalies largely cancel out
when averaged over the polar cap (Fig. 6.3b),
except in February and March, which stood
out with above-average temperatures over the
continent.

July and August were marked by two major
events: a strong stratospheric warming eventin
July (section 6h) and a major surface warming
event in August (Fig. 6.3b), both of which
produced monthly anomalies well over 3 std.
dev. above the months’ respective climatolo-
gies. The dominant surface circulation feature
was a strong ridge of high pressure centered
along the East Antarctic coast between 40°E
and 60°E (Fig. 6.2c). Warm maritime air from
the South Atlantic flowed onshore across
Dronning Maud Land and Prydz Bay, pene-
trating deep into the continental interior and
reaching the high plateau and Adélie Land
(Fig. 6.2d). The ridge was most pronounced
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Fig. 6.3. Area-averaged (weighted by cosine of latitude)
monthly anomalies over the southern polar region in
2024 relative to 1991-2020: (a) polar cap (60°S-90°S)
averaged geopotential height anomalies (m; contour
interval is 25 m up to £100 m and 100 m after £100 m);
(b) polar cap averaged temperature anomalies (°C; contour
interval is 0.5°C up to +2°C and 2°C after +2°C); (c) circum-
polar (50°S-70°S) averaged zonal wind anomalies (m s™7;
contour interval is 2 m s™' with an additional contour at
+1 m s7'). Shading depicts standardized monthly anoma-
lies as indicated by the color bar at bottom. Red vertical
bars indicate the four climate periods used for compos-
iting in Fig. 6.3; the dashed lines near Dec 2023 and Dec
2024 indicate circulation anomalies wrapping around the
calendar year. Values from the Marshall (2003) Southern
Annular Mode (SAM) index are shown below (c) in black
(positive values) and red (negative values). (Source: ERA5)
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along the coast in July, confining the warming to Dronning Maud Land but, in August, it
extended poleward into East Antarctica (Fig. 6.2d), compounded by the downward propagation
of positive geopotential height anomalies from the stratospheric warming (Fig. 6.3a). Notably,
the SAM index reached its lowest August value since 1963, which was the second-lowest August
value on record (since 1957).

Numerous monthly mean records were set in July and August. Syowa recorded its highest
pressure on record in July (Fig. 6.4b) when the ridge was centered along the coast. In August,
record-high pressures were reported in nearly every region of Antarctica, including Relay Station
AWS on the plateau (Fig. 6.4f), Marble Point AWS on the Ross Ice Shelf (Fig. 6.4e), and
Bellingshausen on the Antarctic Peninsula (not shown). There were also record-high tempera-
tures throughout much of East Antarctica in August, with Relay Station AWS, Syowa, Mawson,
and Davis all recording their warmest August on record (Fig. 6.4; Davis not shown). While
weather observations are sparse over the ice sheet interior, ERA5 estimates a broad area of tem-
peratures 6°C-10°C above average across much of the interior for the two-month period
(Fig. 6.2d), consistent with available observations (Fig. 6.4). Also noteworthy was Dome C II
AWS, which recorded its windiest August on record (since 1980; not shown).
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Fig. 6.4. Observed monthly Antarctic surface air temperature and station pressure anomalies during 2024 from six repre-
sentative stations (four staffed [a]-[d], and two automatic [e],[f]). Anomalies for temperature (°C) are shown in red and
mean sea level pressure/surface pressure (hPa) are shown in blue. Filled circles denote monthly mean records set in 2024.
The station records start in 1950 for Vernadsky, 1957 for Syowa, 1954 for Mawson, 1956 for Dumont d’Urville, 1980 for
Marble Point automatic weather station (AWS), and 1995 for Relay Station AWS. See Fig. 6.1 for station locations. Note
the y-axis in (a) extends from +14 to -20, while all other panels range from +14.
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Pressure and temperature largely returned to average values during September and October
(Figs. 6.2e,f, 6.3a,b), except for a regionally significant low-pressure system that developed
over the Antarctic Peninsula in September, with Vernadsky recording pressure 20 hPa below
average. Vernadsky (Fig. 6.4a), Rothera, Bellingshausen, Esperanza, and Marambio all recorded
their lowest September pressure on record. Above-average surface pressure persisted over the
southeast Atlantic Ocean and coastal East Antarctica. The low-high pressure couplet resulted in
continued warm northerly flow and above-average temperatures over the eastern Weddell Sea
and Dronning Maud Land, contributing to record-low sea ice extents in the eastern Weddell Sea
during the winter of 2024 (section 6f). The cyclone also suppressed precipitation across West
Antarctica, contributing to record-low SMB over the grounded ice sheet in September (section
6C).

The year concluded with a moderate (1.5 std. dev.) negative pressure anomaly over the
polar cap in November followed by generally above-average pressure in December (Fig. 6.3a).
November featured a pronounced positive phase of the SAM (highest SAM index value of the year:
+3.4) with intensified circumpolar westerlies and below-average temperatures over the polar cap
(Figs. 6.3b,c). The Ross Ice Shelf region saw record-low November pressures at Ferrell AWS and
Gill AWS (not shown). December was relatively calm (not shown), with generally above-average
temperatures and near-average pressure, except for a strong ridge of high pressure (>2 std. dev.)
over the Antarctic Peninsula and Weddell Sea, which led to anomalously warm conditions in
West Antarctica.
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c. Ice sheet surface mass balance

—L. Trusel, M. Maclennan, R. Baiman, M. Bahrami, C. Kittel, R. Tri Datta, and C. Amory

Surface mass balance (SMB) represents the net effect of all processes that add or remove mass
from the surface of an ice sheet. For the Antarctic Ice Sheet (AIS), snowfall is the primary SMB
contributor, delivering ~2300 Gt annually (van Wessem et al. 2018; Agosta et al. 2019; Mottram
et al. 2021). Sublimation represents the largest negative term in the AIS SMB, given that most
surface melt refreezes within the firn (Mottram et al. 2021). Strong SMB gradients exist spatially
(Fig. 6.5a), with high relief coastal areas receiving >500 mm water equivalent (w.e.) yr compared
to <50 mm w.e. yr! across the high-elevation plateau of East Antarctica. Strong seasonal vari-
ability likewise exists, with the largest mass gains occurring in austral autumn (March—May)
and the least in austral summer (December—February; Fig. 6.6a). Although only SMB on grounded
ice directly affects sea level, SMB on floating ice shelves is critical for maintaining firn layer
health and ice shelf stability (The Firn Symposium Team 2024). Typically, high-magnitude
extreme precipitation events (EPEs) delivered by atmospheric rivers (ARs) drive AIS SMB gains
(Turner et al. 2019; Wille et al. 2021; Maclennan et al. 2022), while reduced AR activity can lead
to anomalously low snowfall and a more negative mass balance (Davison et al. 2023). Sea ice can
also play an influential role in SMB by modulating the amount and extent of moisture transport
over the ice sheet (Wang et al. 2020; Trusel et al. 2023; Hanna et al. 2024; Kolbe et al. 2025).
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Fig. 6.5. (a) Model for Surface Mass Balance of the Arctic Ice Sheets (MAR) 2024 surface mass balance (SMB; mm water
equivalent [w.e.] yr'). (b) Time series of SMB in Gt (10" kg) yr' over the full ice sheet and its grounded and floating
portions. (c) Annual MAR, ERA5, and MERRA-2 SMB anomalies for 2024 relative to the 1991-2020 mean (%). The 2024 SMB
anomalies are higher than the 1991-2020 standard deviation of the respective datasets in the hatched areas outlined in
black.
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Here, we estimate the 2024 SMB as total precipitation minus evaporation and sublimation
(P-E) using ERAS5 (Hersbach et al. 2020) and MERRA-2 (Gelaro et al. 2017) reanalyses, following
recent studies (e.g., Medley and Thomas 2019; Lenaerts et al. 2019). Though important biases
remain, particularly regarding ice sheet—-cloud-radiation feedbacks and precipitation,
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Fig. 6.6. (a) Monthly cycle of (grounded and floating) Antarctic Ice Sheet surface mass balance (SMB) in Gt month~" for
MERRA-2 (pink), ERA5 (blue), and the Model for Surface Mass Balance of the Arctic Ice Sheets (MAR; gray). The 2024 values
are shown with a solid line and the 1991-2020 average is shown in a dotted line; 1 std. dev. is shaded. (b) Monthly SMB
anomalies (ERA5), with hatched regions indicating anomalies exceeding 1 std. dev. relative to the 1991-2020 average.
(c) Anomalies in ERA5 meridional integrated vapor transport (vIVT) with negative values (reds) indicating enhanced
moisture transport toward Antarctica, contours representing the number of days featuring atmospheric rivers detected
in MERRA-2, and yellow dot representing the monthly mean Amundsen Sea Low center following Hosking et al. (2014).
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evaluations of both reanalyses indicate that they reliably represent recent Antarctic climate
(Gossart et al. 2019; Medley and Thomas 2019; Wang et al. 2016). SMB was also assessed using
the polar-oriented regional climate model Model for Surface Mass Balance of the Arctic Ice
Sheets (MAR) forced by ERA5, which explicitly represents ice sheet SMB processes, including
firn evolution and meltwater runoff (Kittel et al. 2021). ERA5 offers the highest resolution (0.25°),
followed by MAR (35 km) and MERRA-2 (0.625° x 0.5°). While ERA5 and MAR extend back to 1979,
MERRA-2 begins in 1980. To ensure spatial consistency, each dataset was bilinearly regridded to
the ERAS5 grid before masking with grounded and floating ice extents from the Antarctic Digital
Database (Gerrish et al. 2023). Annual and monthly anomalies in SMB and vector-invariant water
transport (vIVT) are compared to 1991-2020 climatologies and we detect ARs in MERRA-2 using
an approach adapted from Wille et al. (2021).

In 2024, the grounded AIS SMB equaled 2291 Gt (ERA5), 2333 Gt (MERRA-2), and 2472 Gt
(MAR), representing anomalies of 1.2 to 1.7 std. devs. above the 1991-2020 climatological means
(ERA5: 2104109 Gt yr'; MERRA-2: 2186+106 Gt yr'; MAR: 2254+97 Gt yr). These results were the
second highest on record in MAR (behind only 2022), fifth highest in ERA5, and sixth in MERRA-2.
Considering floating ice shelves alone, 2024 ranked as the highest on record in MAR and second
highest in ERA5 and MERRA-2. Despite elevated SMB in 2024 and other recent years, no signifi-
cant trend (p<0.01) was detected for total or grounded SMB, although significant positive trends
exist across the AIS’s floating ice shelves in MAR (0.6 Gt yr?) and MERRA-2 (1.5 Gt yr?).

Examination of SMB across months further highlights the exceptional conditions in 2024. May
emerged as the most anomalous month of the year (Fig. 6.6a) and ranked among the snowiest on
record over the full ice sheet (first, second, and third in MAR, MERRA-2, and ERAS5, respectively).
Heavy gains in May more than offset the largely typical low SMB observed from January through
April, yielding the highest cumulative SMB on record from May to August according to ERA5,
before below-average precipitation during September—November ultimately reduced the cumu-
lative SMB anomaly. The positive SMB anomalies in May were widespread, with much of East and
West Antarctica experiencing significant mass gains (Fig. 6.6b). This pattern aligned with positive
anomalies in southward vIVT and AR activity that funneled moisture from lower latitudes into
the Ross—Amundsen and Wilkes Land sectors (Fig. 6.6c). Moreover, moisture transport toward
West Antarctica passed over regions exhibiting sea surface temperature anomalies exceeding
2°C in the South Pacific Ocean (section 6g) and reduced sea ice in the Ross—Amundsen Sea (not
shown; section 6f), conditions that likely contributed to enhanced SMB. The widespread but
generally low-magnitude, positive SMB anomalies of May contrast to the high localized SMB
conditions in July, when particularly strong SMB increases in Dronning Maud Land were driven
by focused ARs (Fig. 6.6) on the western side of a strong ridge of high pressure (section 6c).

In contrast, September was the driest on record over the grounded ice sheet in all datasets
assessed, driven by an acute shortfall of precipitation across West Antarctica (Fig. 6.6b).
Typically, 6.5+0.8 Gt day™ of snowfall occurs in September according to MERRA-2 climatology,
yet 2024 averaged only 4.9 Gt day, largely due to an absence of EPEs. Normally, days in the top
15% of snowfall contribute 78+41 Gt (38% of total September snowfall), but no days in September
2024 featured snowfall in the top 15% of daily precipitation. Antarctic EPEs are often associated
with elevated vIVT anomalies and ARs (Turner et al. 2019; Wille et al. 2021; Maclennan et al.
2022), however, in September 2024, few ARs with high vIVT reached the continent and instead
were concentrated equatorward over the Amundsen Sea (Fig. 6.6¢). A likely driver of this lack
of snowfall and landfalling ARs was the extreme eastward position of the Amundsen Sea Low
(see Fig. 6.2e)—farther east than any September since 1959 according to the approach of Hosking
et al. (2016)—which acted to suppress moisture transport toward West Antarctica and contrib-
uted to the extreme low SMB.
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d. Ice sheet seasonal melt extent and duration

—M. MacFerrin, T. Mote, A. F. Banwell, and T. Scambos

Surface melt on the Antarctic Ice Sheet (AIS) occurs primarily on the low-elevation coastal
margins, especially on the Antarctic Peninsula and on the ice shelves surrounding the conti-
nent. It plays a small role in the total mass balance of the AIS relative to far larger contributions
from snow accumulation, glacier calving, and basal melting. However, surface melting is a key
measure of ice sheet and ice shelf stability. As meltwater percolates and re-freezes, it increases
the density of the underlying firn, and if melt volume is sufficient, the accumulated meltwater
can induce ice shelf break up (Banwell et al. 2013) and glacier acceleration through hydrofrac-
ture (Scambos et al. 2014). This section focuses on the melt season spanning 1 October 2023
through 30 April 2024. The 2024/25 Antarctic melt season will be discussed in next year’s report.

Daily surface melt is mapped using satellite-derived passive-microwave brightness tempera-
tures. The source data are distributed as daily composited polar stereographic brightness
temperatures by the National Snow and Ice Data Center (NSIDC; products NSIDC-0001, Meier
et al. 2019 and NSIDC-0007, Gloerson 2006) spanning 1979 through the present day. Daily passive
microwave brightness temperatures using the 37-GHz horizontal polarization as well as the
37- and 19-GHz vertical polarization channels have been acquired by the Scanning Multichannel
Microwave Radiometer (SMMR), Special Sensor Microwave Imager (SSM/I), and Special Sensor
Microwave Imager Sounder (SSMIS) sensors aboard the NOAA Nimbus7 and Defense
Meteorological Satellite Program (DMSP) F8, F11, F13, F17, and F18 satellites. The austral melt
season is defined here as 1 October through 30 April. Although small brief melt events can be
measured along Antarctica’s coastal margins throughout the year and even during the austral
winter, the vast majority of melt happens during these seven months, with most melt typically
occurring in December and January. An ice extent mask of 25-km grid cells for the AIS was devel-
oped from the Quantarctica v3.0 Detailed Basemap dataset (Norwegian Polar Institute 2018). All
25-km cells that contain >50% land ice or ice shelf are included. We divide the AIS into seven
melt extent and climate regions by clustering glaciological drainage basins (based on The IMBIE
Team 2019; Fig. 6.7b). Melt is determined by 37-GHz horizontally polarized brightness
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temperatures that exceed a dynamically established threshold each season from a simple micro-
wave emission model that would be expected in the presence of liquid water in near-surface
layers of ice and snowpack. The method used here was first developed to track the Greenland Ice
Sheet’s surface melt (Mote and Anderson 1995; Mote 2007, 2014). Large seasonal fluctuations in
passive microwave emissions from some areas of dry polar firn in Antarctica can create false
positive melt indications in an unmodified version of the Greenland algorithm. This was miti-
gated by filtering areas that only marginally exceed the melt threshold (<10K) in the 37-GHz
horizontal polarization in regions with a negative 18/19-GHz minus 37-GHz frequency gradient in
the vertical polarization, which has been used in previous season reports of Antarctic melt
(MacFerrin et al. 2021, 2022, 2023).

According to passive-microwave satellite observations, the 2023/24 melt season recorded an
overall below-average cumulative melt index (days - area) of 6.90 million km?days; this was
about 8.6% below the median melt index of 7.55 million km?-days during the 19902020 baseline
period (Fig. 6.7). However, the 2023/24 melt season was punctuated by substantial spatial and
temporal positive and negative anomalies in individual regions.

The Antarctic Peninsula (Figs. 6.8a,c) saw an annual melt index of 4.72 million km?days,
10.2% above the baseline mean value of 4.28 million km?-days. Melt in the Peninsula was strongly
affected by significant melting in late December and early January, followed by two widespread
melt events in late February and early March that resulted in the northern Larsen C Ice Shelf
having up to 30 days more melt than the baseline 1990-2020 median. Those late-season melt
periods (28-29 February and 4-8 March 2024) broke previous daily records for areal melt extents
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Fig. 6.8. (a),(b) Daily 2023/24 melt extent (%; from National Snow and Ice Data Center [NSIDC]-0001, 0007) over (a) the
Antarctic Peninsula region and (b) the Dronning Maud Land and Enderby Land region. (c),(d) Maps of 2023/24 melt
anomalies (days) over (c) the Antarctic Peninsula region and (d) the Dronning Maud Land and Enderby Land region.
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in the satellite record since 1979, both for the Antarctic Peninsula and the continent as a whole
(which is dominated by Peninsula melt; see https://nsidc.org/ice-sheets-today for details
on this event).

Like the Peninsula, the Dronning Maud and Enderby Land region of Antarctica also dis-
played a higher-than-average melt season (Figs. 6.8b,d), recording a total melt index 24.5% more
than the baseline period, with several substantial melt events from mid-November through
mid-February. The Maud and Enderby region experienced a pair of relatively extensive melt
events on 1 February and 18 February 2024 that broke the previous daily records for that region.
Melt extent there was concentrated on the Standcomb-Brunt and Riiser-Larsen ice shelves on
the eastern side of the region, and the Baudouin and Prince Harald ice shelves on the western
side. Portions of the Baudouin Ice Shelf, in particular, experienced more than 30 days melt
duration in excess of a median year (Fig. 6.8d).

All other regions of Antarctica experienced a melt index in 2023/24 that was lower than their
baseline values, contributing to a relatively modest (8.6% below-average) melt index for the
Antarctic continent.
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e. Ice sheet mass balance

—S. Adusumilli and H. A. Fricker

The Antarctic Ice Sheet (AIS) stores 58 m of global sea level equivalent. AIS mass balance is
the difference between mass gained through accumulation (snowfall minus sublimation) at the
surface across the continent and mass lost around margins where ice is delivered to the ocean
through its floating ice shelves. For any given time period, the net mass balance for the grounded
AIS is the difference between competing processes (mass gain from accumulation and mass loss
from dynamic thinning), which depends on the integrated effects of interactions between the
ice, ocean, and atmosphere (e.g., Smith et al. 2020). Since 1992, the AIS has experienced overall
net mass loss of grounded ice (Otosaka et al. 2023), dominated by trends in the West Antarctic
Ice Sheet (WAIS), and its contribution has increased, reaching 0.32 mm of sea level rise per year
between 2017 and 2020.

Three complementary techniques track grounded AIS mass changes: 1) satellite altimetry,
with elevation changes combined with a firn density model; 2) mass fluxes from synthetic
aperture radar (SAR) ice flow rates, ice thickness, and climate models; and 3) gravimetry (e.g.,
Gravity Recovery and Climate Experiment [GRACE], only for grounded ice). The European Space
Agency (ESA)/NASA Ice Mass Balance Intercomparison Exercise (IMBIE) combines all three
methods for robust mass change assessments (Otosaka et al. 2023). At the time of writing, there
were no published estimates of total AIS mass or height change for 2024. Hence, two different
techniques are used: techniques: ICESat-2 satellite laser altimetry and GRACE/GRACE Follow-On
(GRACE-FO). Only grounded ice changes are considered, as altimetry-derived height changes
over ice shelves at sub-annual time scales are noisy and require further processing, and gravim-
etry cannot detect mass changes on floating ice.

Following the same approach as used for previous years of this report (e.g., Clem et al. 2023,
2024), estimates of height changes over the grounded ice sheet were derived from NASA’s
ICESat-2 laser altimeter using all available data for 2024 (until 7 November 2024). The ATLAS/
ICESat-2 L3B Slope-Corrected Land Ice Height Time Series, version 6 (Smith et al. 2022), which
provides precise estimates of height along repeated ground tracks at 60-m along-track resolu-
tion, was used. Along-track height changes between the available data in Cycle 25 (centered
around November 2024) and the corresponding data from Cycle 21 (centered around November
2023; Fig. 6.9) were derived. To analyze seasonal variability, height changes over three-month
intervals between successive ICESat2 data acquisition cycles during the November 2023 to
November 2024 period (Fig. 6.10) were also derived. The final height change maps were smoothed
using a Gaussian filter with a 30-km diameter.

Annual mass anomalies derived from NASA’s satellite gravimeter (GRACE-FO; Fig. 6.9b) for
2024 were calculated. Data from the Jet Propulsion Laboratory GRACE and GRACE-FO Ocean,
Ice, and Hydrology Equivalent Water Height Coastal Resolution Improvement (CRI) Filtered
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Fig. 6.9. Annual change maps for the Antarctic Ice Sheet from Nov 2023 to Nov 2024. (a) Height change from ICESat-2 (cm
day™"); and (b) ice equivalent mass change from Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) (cm ice
equivalent day™').

AUGUST 2025 | State of the Climate in 2024 BAMS Brought to you by FﬁAM@EW%M%'C‘E&H%Tﬂxﬁﬁ!ﬁmé%ﬁ%%/zi 01 :?S&?[STC



Release 06 version 02 “mascon data” was used. Mascons (or mass concentration blocks) are
3° x 3° spherical caps placed on an elliptical approximation of Earth’s surface over which these
data are provided (Wiese et al. 2023a). Gravity-derived mass anomalies were calculated for
approximately the same period as used for ICESat-2 (November 2023 to November 2024), with the
same three-month averaging. To determine ice sheet mass anomalies, all mascons containing
more than 10,000 km? of land were identified, according to the provided CRI land mask. The
area-averaged rates of change were interpolated using bilinear interpolation according to the
location of the geometric center of the land area contained within the mascon. All non-land
areas were then masked using the Bedmachine ice mask (Morlighem et al. 2020). Time series of
mass changes integrated over the ice sheet (Fig. 6.11) from the Level 4 Antarctica Mass Anomaly
Time Series data product (Wiese et al. 2023b) were also retrieved.

The maps of annual change in ice sheet height for November 2023 to November 2024 from
ICESat-2 (Fig. 6.9a) and mass from GRACE-FO (Fig. 6.9b) show ongoing losses of ice in the
Amundsen Sea sector of WAIS, where losses have been observed since 1992 (e.g., Smith et al.
2020; Clem et al. 2022). Continued ice loss is occurring in the Antarctic Peninsula, particularly
the outlet glaciers north of central Larsen C and in the Bellingshausen Sea. In East Antarctica,
continued losses at Totten Glacier are found throughout the record (Fig. 6.9b), as well as increases
in snowfall/height in the Dronning Maud Land region (Fig.6.9a), especially during August to
November 2024 (Fig. 6.10d).

(a) Nov 2023—Feb 2024 (b) Feb-May 2024

(c) May—Aug 2024

-0.6 -0.3 0 0.3 0.6
Height change (cm day™)

Fig. 6.10. Maps of height change from ICESat-2 shown at three-month intervals for (a) Nov 2023—-Feb 2024, (b) Feb-May
2024, (c) May-Aug 2024, and (d) Aug-Nov 2024. Dates represent the central month of each three-month ICESat-2 data
acquisition cycle.
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The GRACE-FO data show a net mass loss
over AIS between January and November
2024 of 125 Gt, which was slightly higher than
the average annual mass loss of 100 Gt
yr! between 2003 and 2023 (Fig. 6.11). Mass
changes are on a similar trajectory to those in
2023 and reflect continued mass loss since the
record-breaking 298 Gt mass gain
that occurred in 2022. The ICESat2
three-monthly maps (Fig. 6.10) enable the con-
straint of the timing of some of these larger
mass fluctuations. For example, they reveal
that temporal mass gains in 2023 were in part
due to snow accumulation across Dronning
Maud Land and a large signal in the Amundsen
Sea sector and on the Siple Coast in May to
August 2024, which although much lower in
density, offset some of the large mass losses in
coastal WAIS.
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Fig. 6.11. Annual mass change (Gt) from Gravity Recovery
and Climate Experiment (GRACE) and GRACE Follow-On
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f. Sea ice extent, concentration, and seasonality

—P. Reid, S. Stammerjohn, R. A. Massom, S. Barreira, T. Scambos, and J. L. Lieser

Antarctic sea ice—formed from the freezing of the ocean surface—is a critical component of
Earth’s climate system and biophysical environment, and performs the following functions:
moderates solar heating of the ocean and the global energy budget by strongly reflecting
incoming solar radiation (Riiheld et al. 2021); modulates ocean—atmosphere interactions (Josey
et al. 2024); contributes to the global ocean circulation (Meredith and Brandon 2017); protects
ice shelves from potentially destructive wave action (Massom et al. 2018); and serves as a key
habitat for a plethora of polar species that are highly adapted to (and dependent on) its presence
and seasonal rhythms (Thomas 2017).

Throughout most of 2024, both the net sea ice extent (SIE) and sea ice area (SIA—the product
of sea ice extent and concentration) remained well below average or at record-low levels for
the satellite time series from 1979 onwards (Fig. 6.12a). However, sea ice coverage rebounded to
near-average values towards late December. The record for monthly mean low SIE for November
set in 2023 (Reid et al. 2024) was broken in 2024, and several daily record lows were recorded in
early September and mid-November (a number of days of record-low SIA also occurred through
July to November). Antarctic coastal exposure (Reid and Massom 2022) was at record-breaking
high daily values through much of January and February, at times more than twice the long-term
(1991-2020) average. Similarly, the areal extent of summertime fast ice (Fraser et al. 2023) crashed
to a record low (since its analysis started in 2000) during 2024. Annual daily minimum of both
net SIE and SIA was recorded on 18 February (1.97 x 10° km? and 1.40 x 10° km?, respectively); they
were, respectively, third and second lowest on record. Annual daily maximum values of net SIE
and SIA were recorded on 30 and 21 September, respectively (1718 x 10° km? and 13.55 x 10° km?),
with both being the second lowest on record (behind 2023; Reid et al. 2024).

The well-below-average SIE observed in 2024 marks a continuation of the pattern of low and
record-low coverage since 2016. In particular, and as with 2023 (Reid et al. 2024), overall sea
ice seasonal growth in 2024 lagged well behind the long-term mean during the autumn-winter
advance phase. Changes in upper-ocean conditions may be largely responsible for the increasing
persistence in negative Antarctic SIE anomalies and reduced duration observed since 2016
(Cheng et al. 2022; Purich and Doddridge 2023; Raphael et al. 2025). However, the net values of
SIE do not capture important regional and seasonal variations, which are outlined below.

In the lead-up to 2024 (October through December 2023), a deep Amundsen Sea Low and a
general contraction of circumpolar lows enhanced northward advection of sea ice within the
Ross, Amundsen, and Bellingshausen Seas to warmer waters. This led to an unusually early sea
ice retreat for 2023/24, and a near-record annual daily SIE minimum that was marginally greater
than the previous two summers. From January through March, Antarctic SIE was substantially
below average around most of the continent, except for parts of the Amundsen, western Ross,
and Weddell Seas, where SIE was slightly above average (Fig. 6.12b); sea ice concentration was
anomalously high in the central Weddell Sea (Fig. 6.12c).

Sea ice conditions changed abruptly in April, when development of a zonal wave-3 atmo-
spheric pattern (section 6b) retarded sea ice growth and advection to the east of the central
low-pressure systems (~60°E, 150°E, and 60°W) while enhancing SIE to the west. As a result, SIE
from April through August remained substantially below average in the Ross and eastern Weddell
Seas and across much of the western Pacific (Fig. 6.12b). These regions of relatively low SIE also
coincided with regions of high SST (section 6g). In particular, SIE in the eastern Weddell Sea
(~10°W-60°E) was greater than five standard deviations below average. Lower sea ice growth in
this region was likely influenced by a diminished Winter Water layer—a cold subsurface layer
that is a remnant of the previous winter’s mixed layer capped by seasonal warming and fresh-
ening (see Park et al. 1998; Sabu et al. 2020; Spira et al. 2024)—and enhanced vertical mixing of
warmer waters from below. This is somewhat supported by the enhanced ocean—atmosphere
heat flux in the Atlantic region of the Southern Ocean in August (Fig. 6.14d). Moreover, the strato-
spheric warming event in July (sections 6b, 6h) likely contributed to the substantial reductions
in SIE (Fig. 6.12b) by increasing monthly averaged near-surface air temperatures across the sea
ice zone off Dronning Maud Land (~15°E-30°E) by ~10°C during July—August (section 6b). Sea ice
coverage in the eastern Weddell Sea remained much lower than average through to the end of
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the year. Conversely, there was a significant expansion of sea ice across the western Pacific and
western Ross Sea (~110°E-180°E) and in the Amundsen—Bellingshausen and western Weddell
Seas between April and June. This sea ice advance continued in the western Weddell Sea and
was particularly rapid in August (Fig. 6.12b); SIE values there exceeded four standard deviations
above average, likely due to persistent cold southerly winds beginning in May. A similar albeit
less pronounced rapid sea ice advance occurred in the western Ross Sea during early August.
The sudden sea ice expansion within these two regions is reflected in the net SIE graph (Fig. 6.12a).
(@) (b)

Wedd| IndOc | WestPac | RossSea | Amund |Bell | Weddell J
Jan RRRazan: FALLSARRRI ' T T - T l T ) an
o (4
Feb 1 fi,f + , | Feb
Mar 4+ %\\ 1 L Mar
B
Apr + &; 4 + Apr
v
May + 'Ié -+ - May
1
Jun + g,’ Jun
7
NIVI ‘Y Jul
TN
Aug ——} 5 &? Aug
- 3
Sep + > Sep
e~
Oct + {} 'g; Oct
1
Nov - = { Nov
<y
Dec + 5 > %~ Dec
él" | I \\&'I\:c
PR 1 PR v, ST ISR = F | | |
=3 =2 -1 0 1 2 120°E 180° 120°W
Sea-ice extent anomaly (x 10° km?) ] ] i —
-6 -14-12 -10 -8 6 -4 -2 2 4 6 8 10 12 14 16
Sea-ice extent anomaly (x 10° km?)
(c) Feb 0° (d) Sep 0°

90°W LRI 7 February ) ) : s 20°W 1 September

-50 -40 -30 -20 -10 0 10 20 30 40 50
Sea-ice concentration anomaly (%)
-4 -3 -2 -1 -05 0.5 1 2 3 4

SST anomaly (°C)

Fig. 6.12. (a) Time series of net daily sea ice extent (SIE) anomalies for 2024 (solid black line; based on a 1991-2020 clima-
tology). Gray shading represents historical (1979-2023) daily SIE anomalies, red dashed line represents *2 std. dev., and
(b) Hovmoller (time-longitude) representation of daily SIE anomaly (x 10° km? per degree of longitude) for 2024. Maps of
sea ice concentration anomaly (%) and sea surface temperature (SST) anomaly (°C; Huang et al. 2021) for (c) Feb 2024 and
(d) Sep 2024. Sea ice concentration is based on satellite passive-microwave ice concentration data (Cavalieri et al. 1996,
updated yearly for climatology; Maslanik and Stroeve 1999 for the 2024 sea ice concentration). See Fig. 6.1 for relevant
place names.
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Regional patterns of sea ice coverage changed again in September in response to a marked
shift in large-scale atmospheric circulation (section 6b). The formation of the deep low-pressure
anomaly over the Antarctic Peninsula and the southwestern Pacific (~150°E) combined with
high-pressure systems over the eastern Ross and eastern Weddell Seas (Fig. 6.2e) ushered
warmer northerly winds and surface waters into the Ross and western Weddell regions to reduce
sea ice coverage there. In the Bellingshausen and Amundsen Seas, as well as north of Victoria
Land at ~150°E (Fig. 6.12d), a late surge in seasonal sea ice growth reversed the early September
record lows, producing a late annual daily SIE maximum. This positive SIE anomaly in the
Amundsen-Bellingshausen Seas intensified in October and persisted into December (Fig. 6.12b).

During November and early December, regional sea ice coverage was strongly influenced by

a southward contraction of the circumpolar
westerlies associated with the strongly positive
Southern Annular Mode (SAM) phase (section
6b), followed by a northward expansion of the
westerlies (reflecting a negative SAM) in late
December (section 6b). These shifts led to a
lack of storm activity along the sea ice edge,
which was not conducive to broad-scale sea
ice retreat. Although net SIE briefly reached
record-low values in early November, it was
close to average by the end of December
(Fig. 6.12a). This net average, however, com-
prises the sum of distinctly different regional
components (Fig. 6.12b). Notably, the eastern
Weddell Sea continued to exhibit greatly
reduced sea ice cover (a pattern that began in
May) and early annual retreat, along with parts
of East Antarctica (~90°E-110°E), the Ross Sea
(~160°E-190°W), and the Bellingshausen Sea
in late December. Elsewhere, SIE remained
above average, most notably in the western
part of the western Pacific sector, the western
Ross Sea, and the western Weddell Sea
(Fig. 6.12b).

In parallel with SIE and SIA, the timings of
annual sea ice advance and retreat, and resul-
tant duration of coverage (where a sea ice year
here is mid-February 2024 to mid-February
2025 [Stammerjohn et al. 2008]), show distinct
regional anomalies (Fig. 6.13) that mirror those
of the SIE and SIA records for 2024 (Fig. 6.12b).
Annual sea ice advance was delayed by
30 days-60 days (compared to the
1991/92-2020/21 mean) across extensive tracts
of the central Weddell Sea, extending east-
wards across the Indian and western Pacific
Ocean sectors, and the central Ross Sea
through the Amundsen Sea (Fig. 6.13a). In
contrast, advance was as much as
30 days—60 days earlier in the northwestern
Weddell Sea, the western Antarctic Peninsula
region, and across an inner band off East
Antarctica (east of ~90°E-~170°W; Fig. 6.13a).
The retreat pattern was patchier but mostly
aligned with the advance pattern, with the
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Fig. 6.13. Maps of seasonal sea ice anomaly (days) in
2024 during (a) autumn ice-edge advance, (b) spring
ice-edge retreat, and (c) winter ice season duration;
together with (d) winter ice season duration trend (days
yr'; Stammerjohn et al. 2008). The seasonal anomalies
(a)—(c) are computed against the 1991/92-2020/21 clima-
tology; the trend (d) is computed over 1979/80-2024/25.
The climatology (for computing the anomalies) is based
on data from Comiso (2017; updated yearly), while the
2024/25 ice-edge retreat duration-year data are from
the NASA Team Near-Real-Time Defense Meteorological
Satellite Program Special Sensor Microwave Imager
Sounder Daily Polar Gridded Sea Ice Concentrations
(NRTSI) dataset (Maslanik and Stroeve 1999); the trend is
based on the merged dataset containing 1979-2023 data
from Comiso (2017) and 2024/25 data from the NASA Team
NRTSI dataset (Maslanik and Stroeve 1999).
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retreat being earlier (later) by 30 days—-60 days where the advance was later (earlier) by
30 days—60 days. The exception was the eastern Ross Sea and outer Amundsen Sea, where the
advance and retreat were both later. Seasonality maps show the marked passage of Iceberg A23a
(Figs. 6.13a—c; see Sidebar 6.1). Studies have suggested an increase in sea ice concentration and
thickness due to iceberg melt, so it is possible that A23a is having an influence (Merino et al.
2016; Haid et al. 2017), although analysis around Iceberg A68 (Meredith et al. 2023) suggests this
to be quite localized.

The continuation during 2024 of the recent (post-2016) reduced net sea ice coverage provides
further observational support of a transformation in the atmosphere—ocean-sea ice interaction
system, which points to an overall decline in sea ice due to a warmer global climate.
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Sidebar 6.1: How to train your iceberg: Iceberg A23a drift track in 2024
—T. SCAMBOS, C. SHUMAN, P. REID, A. MEIJERS, M. MEREDITH, AND J. LIESER

Movement of the trillion-ton iceberg A23ain 2024 illustrated
several processes that have only recently been appreciated as
key drivers of large iceberg drift. Foremost among these are
the Taylor Column effects beneath the ice plate (see explana-
tion below), which causes the iceberg’s movement to respond
to bathymetric features far below the base of the ice (Stern
et al. 2019). Another is iceberg spin, related to ocean surface
slope oscillations due to the tidal cycle and the variations in
thickness across the ice plate (MacAyeal et al. 2008; Scambos
et al. 2008).

Iceberg A23a calved in 1986 from the Filchner Ice Shelf ice
front, as a large rift named the “Grand Chasm” by explorers
in the 1950s finally separated completely, releasing three
large icebergs spanning the Filchner front (Ferrigno and Gould
1987), from west to east: A22, A23a, and A24. The much
smaller A25 south of the three was also released. Originally,
A23a was nearly 4000 km? and ~400 m thick. It drifted about
200 km northward and ran aground (Swithinbank et al. 1988;
Griggs and Bamber 2011), and for the next 34 years moved
very little, before finally drifting free in June 2020 (Barbat et al.
2021). In 2023 it moved northward along the continental slope
break to the east of the Antarctic Peninsula, pushed along by
the Weddell Gyre.

As 2024 began, A23a was northeast of the tip of the
Antarctic Peninsula, about 150 km east of Elephant Island.
Drift progressed to the east and northeast, with the iceberg
also rotating about once every 25 days, although there were
long periods of more rapid eastward transit where the iceberg
moved laterally without rotating (NASA Worldview MODIS
data, https://worldview.earthdata.nasa.gov).

Around 1 April 2024, A23a entered an area of trapped coun-
terclockwise ocean flow centered over Pirie Bank, north of the
South Orkney Islands (Fig. SB6.1). This trapped vortex is charac-
terized as a Taylor Column, a rotating cylinder of water that,
under the right flow conditions, can be created above a topo-
graphic obstacle in a rotating fluid (Taylor 1922). Such columns
are widely known in fluid dynamics experiments and have
been observed in atmospheric and oceanic environments
above mountains and seamounts, respectively. They are
believed to be widespread across the more topographically
rugged regions of the Southern Ocean, for example at Maud
Rise in the Weddell Sea, but also across various locations
including the seamounts that comprise the South Scotia Ridge,
one of which is Pirie Bank (Meredith et al. 2015). By early June,
A23a had shifted about 75 km to the northwest and began a
new pattern of oscillations for the next four months, likely
reflecting the impact of time-varying incident ocean flow on
the complex shape of the bathymetry.
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Still another form of topographic control on iceberg drift
can be caused by the keel depth of the iceberg itself in areas
of flatter underlying oceanographic terrain. Recent studies
have pointed out the strong relationship between sections of
iceberg drift tracks and deep bathymetric topography, with the
moving iceberg steered in a way that avoids higher ridges or
slopes (i.e., conserves potential vorticity in the column of water
beneath the iceberg; Neuhaus and MacAyeal 2012; Scambos
et al. 2024). Movement of A23a in mid-2023 along the eastern
edge of the Antarctic Peninsula’s continental slope and around
Powell Basin in the northern Weddell Sea was likely guided by
this process, as many other icebergs have been (Li et al. 2017).

A further process controlling iceberg flow on a daily to
monthly scale is ocean tides. In the open ocean, tides are man-
ifested as a cyclical change in ocean surface slope, typically in
the range of a few parts in 10, Like a surfboard, the iceberg
slides downward on the ocean slope. The net effect of the daily
tidal cycle is a circular iceberg movement that varies in ampli-
tude with the bi-weekly tidal cycle, which is observable in the
drift tracks of icebergs (Fig. SB6.2) with daily Global Navigation

250" VBT
T ;
toward South Georgia Island
| .
|

A-23A drift
120241124
120241107
120241024
[ 120241012

20240927

thinner ice

original T
ice flow
direction

[120240807
[ 120240720

20240626
120240609
120240516 |
120240429
120240419
(120240409

1 annanan0 B

.~ manmap
origin of
A23 b

South Orkney Islands

A

Fig. SB6.1. Bathymetric map of the region near Pirie Bank
showing outlines of Iceberg A23a for several dates in
2024. Drift track with weekly positions of A23a shown as
a gray line, with arrows showing drift direction. Lower
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Satellite System (GNSS) data (MacAyeal et al. 2008; Scambos
et al. 2008; Martin et al. 2010). Moreover, as part of this effect,
the iceberg can be rotated based on the varying thickness of
the ice across it, with the thicker (and therefore heavier) side
tending to lead a bit more in the downslope direction. However,
the response of large icebergs, like A23a, is generally too slow
relative to the pace of tidally-driven ocean slope aspect change
to execute daily rotations due to tides. Ocean current gradients
and non-tidal sea surface slope variations further affect
rotation and drift; thus, the observed rotation is complex and
non-steady, particularly in the filamented and eddy-rich
Antarctic Circumpolar Current.

Following the extended interaction with the Taylor Column
above Pirie Bank, A23a drifted towards South Georgia in
early 2025, threatening to run aground on its shoals and
potentially disrupt the abundant ecosystems there as A38 did
when it grounded there in 2004. Later in its evolution, A23a
will succumb to basal thinning, flexure by long-period ocean
waves, and meltwater-driven hydrofracture, leading to rapid
calving and disintegration.
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Fig. SB6.2. Map of the drift tracks of all major calved
pieces of Icebergs B-15 and C-19—two of the largest
icebergs in the historical record that calved from the Ross
Ice Shelf front in 2000 and 2002, respectively—serving as
an illustration of typical drift paths of Antarctic tabular
icebergs. Drift track orientations are affected by deep
bathymetry throughout the Southern Ocean; three
bathymetric features where icebergs are guided out of
westward circumpolar drift are labeled. Drift track data
from Budge and Long (2018).
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g. Southern Ocean

—S. J. Thomalla, A. M. Hancock, R. L. Beadling, A. Josey, J. Milward, A. Mohamed, L. P. Pezzi, M. du Plessis,

T. J. Ryan-Keogh, C. Schulz, J-R. Shi, and E. Souza

The Southern Ocean (SO) plays a disproportionately large role in regulating Earth’s climate
through the uptake of heat and carbon dioxide (CO,; Frélicher et al. 2015). The SO drives global
ocean circulation and supplies oxygen to the deep ocean and nutrients worldwide (Oschlies
et al. 2018; Henley et al. 2020). The SO is undergoing rapid change culminating in substan-
tial warming and record-low sea ice extent, with cascading impacts on ocean biogeochemistry
(Beadling et al. 2022; Pezzi et al. 2023; Thomalla et al. 2024). Here, the state of the SO in 2024 is
assessed, with focus on a suite of physical and biogeochemical properties that influence SO
ventilation and its capacity to take up heat and carbon. In 2024, the SO experienced substantial
warming, continuing the warming trend of recent years (Cai et al. 2023) with ocean heat content
(OHC) reaching its highest level to date. In some sectors, higher-than-usual salinities and shal-
lower mixed layers were associated with a shift toward a negative Southern Annular Mode (SAM)
from August to December (section 6b). Ocean biogeochemistry responded with elevated summer
chlorophyll and lower surface oxygen in the Atlantic and eastern Pacific. These findings under-
score the consequences of evolving atmosphere—ocean dynamics, reinforcing the SO’s critical
role in regulating climate.

1. SEA SURFACE TEMPERATURE, SALINITY, AND MIXED-LAYER PROPERTIES

Anomalies for 2024 (relative to a 1991-2020 climatology) were calculated for sea surface tem-
perature (SST) from the NOAA monthly Optimum Interpolation product (Reynolds et al. 2002).
Anomalies were calculated for sea surface salinity (SSS) and mixed-layer depth (MLD; according
to de Boyer Montegut et al. 2004) from the Argo dataset (Roemmich and Gilson 2009), relative to
a 2004-20 climatology. Abnormally warm surface waters prevailed across most of the SO, with
positive SST anomalies (+0.4°C to +1.5°C; Fig. 6.14a) persisting throughout the year, following
the warming tendency of previous years (Beadling et al. 2022; Pezzi et al. 2023; Thomalla et al.
2024). This was most notable in the western Pacific from February to July (Fig. 6.14e). The excep-
tions were the eastern Pacific, along the west coast of South America, and Drake Passage, where
negative anomalies (—0.3°C to —0.6°C) reveal surface cooling in February and March (Fig. 6.14e).
Positive anomalies in SSS (up to 0.20 PSU) dominate large parts of the SO (Fig. 6.14b), espe-
cially in spring, with the most extreme (~0.12 PSU) occurring in the Atlantic sector (Fig. 6.14f).
These positive SSS anomalies typically occur north of the Subantarctic Front (SAF) and along
the southern edge of subtropical gyres (STGs), possibly indicative of a strengthened gyre and
enhanced salt import into the SO. A spin up of the STG was expected for the latter half of the year
coinciding with the predominantly negative SAM phases. Weak negative anomalies in SSS were
observed in summer/autumn (January-May), predominantly due to anomalies in the western
Pacific (Fig. 6.14f) north of the SAF (Fig. 6.14b). The pattern of MLD anomalies in the SO is starkly
different from recent years (2021-23), where persistent positive anomalies reflected deeper MLDs
in the East Pacific (Beadling et al. 2022; Pezzi et al. 2023; Thomalla et al. 2024). In 2024, both
Pacific sectors instead show significant shoaling of MLDs with negative anomalies north of the
SAF and in the Indian sector south of Australia (Fig. 6.14c). For most sectors the onset of negative
MLD anomalies occurred in May/June and peaked in August/September. This seasonal pattern
aligns with the timing of positive SSS anomalies when the SAM shifted into a persistent negative
phase favoring shallower MLDs when the westerlies shift equatorward into subtropical regions
of anomalously positive SSS.

2. AIR-SEA HEAT FLUX

The 2024 net air—sea heat flux anomaly was determined using monthly mean ERA5 reanalysis
(Hersbach et al. 2020) relative to the 1991-2020 climatology. Higher-than-average air-sea fluxes
occurred across most of the subpolar SO, depicting anomalous ocean heat gain. Negative heat
fluxes in the lower latitudes of the Atlantic (Fig. 6.14d) suggest anomalous ocean cooling in
winter (Fig. 6.14h). North of the SAF, the imprint of ocean mesoscale variability on the air-sea
flux is evident in alternating positive and negative anomalies, particularly in the Algulhas
Retroflection region of South Africa extending into the Indian sector along ~60°S (Fig. 6.14d).
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Fig. 6.14. Annual average (Jan-Dec 2024) anomalies of Southern Ocean (a) sea surface temperature (SST; °C; relative to
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where N is the number of years in the climatology).

AUGUST 2025 | State of the Climate in 2024 BAMS Brought to you by EP{M%E@F'F‘%&%Q&@E&Q%Iﬂxﬁﬁ!?‘dé)eﬁ%%5/25 01 :ﬁ?fﬁich



Additional cooling in winter is also to be expected at high latitudes close to the Antarctic, as
ongoing sea ice declines have recently been shown to substantially increase winter ocean heat
loss to the atmosphere (Josey et al. 2024). Averaged across the SO, the mean net air—sea heat flux
was 1.5 W m™ higher than the climatology, albeit with considerable variability within the dif-
ferent sectors. In particular, the east Pacific and Atlantic sectors displayed large monthly mean
heat flux changes in spring that exceed 30 W m~2 and 50 W m, respectively (Figure 6.14h). The
SOheat fluxasymmetryindex (Josey et al. 2023), which measures the difference in Atlantic—Indian
and Pacific sector surface heat exchange, was —0.96 in 2024, which is a slight weakening of the
degree of asymmetry relative to the 2023 value of —1.48.

3. UPPER-OCEAN HEAT CONTENT

The 0 m—-2000 m upper OHC was retrieved from monthly gridded Argo temperature data
(Roemmich and Gilson 2009) with 2024 anomalies determined relative to the 2004-20 clima-
tology. The upper ocean gained heat in 2024 (Fig 6.15a) with positive OHC anomalies mainly
north of the SAF. The upper ocean cooling observed in the eastern Pacific in 2023 (Thomalla et al.
2024), became neutral in 2024, with most of the SO exhibiting positive OHC anomalies (increased
by 4.1 Z] compared to 2023). Based on the records from the past two decades, the time series of
the OHC anomaly shows long-term warming since 2005, reaching its highest level to date in 2024
(Fig. 6.15h).
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Fig. 6.15. (a) 2024 annual average ocean heat content (OHC; x 10° J m~2) anomalies. (b) Time series of monthly average
0 m-2000 m OHC anomaly (ZJ or 10%' J) relative to 2004-20 Argo climatology within 40°5-65°S (red line) with 12-month
running mean on top (black line) and 2024 highlighted (yellow shading). (c) Annual average (Jul 2023-Jun 2024) anomalies
of eight-day, 4-km chlorophyll (mg m-3) relative to 1999-2020 climatology and (d) the 2024 seasonal cycle of anomalies
for the Atlantic (70°W-20°E), Indian (20°E-170°E), western Pacific (170°W-120°W), and eastern Pacific (120°W-70°W)
between 40°S and 65°S. Error bars represent the standard error of the climatological mean (i.e., std. dev. divided by /N,
where N is the number of years in the climatology). Overlaid on (a) and (c) are the Subantarctic and Southern Boundary
Antarctic Circumpolar fronts (purple lines) as defined by Orsi et al. (1995). (e) Dissolved oxygen (DO) anomalies (umol
kg") with pressure (dbar) for Jul 2023-Jun 2024 relative to the 2004-20 Argo climatology. (f) Distribution of Argo profiles
from 2004-20 for the different ocean sectors (blues) relative to the distribution of profiles for the 2023/24 period (pinks
and red).
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4. OCEAN BIOGEOCHEMISTRY

Chlorophyll data from the eight-day European Space Agency Ocean Colour Climate Change
Initiative (OC-CCI) product (v6.0; Sathyendranath et al. 2019) were processed as per Thomalla
et al. (2023) with 2024 anomalies computed relative to the 1999-2020 climatology. Positive
anomalies dominated the SO south of the SAF (Fig. 6.15c) in austral summer (Fig. 6.15d), most
notably in the Atlantic (Weddell Gyre and east coast of South America) and Indian (south of 60°S)
sectors, where higher-than-usual chlorophyll concentrations occurred (anomalies up to 0.4 mg
m~). Weaker negative anomalies (<0.2 mg m=) were more persistent north of the SAF (Fig. 6.15¢)
in autumn (Fig. 6.15d). Anomalies in dissolved oxygen (DO) for 2024 (relative to 2004-20 cli-
matology) were derived per ocean basin from BGC-Argo (Wong et al. 2020). The Indian sector
showed positive DO anomalies from the surface to ~150 m, consistent with 2023 (Fig. 6.15e). In
the Atlantic, where positive anomalies in chlorophyll were largest, DO anomalies were instead
negative near the surface and positive below 150 m (Fig. 6.15e), indicating that the large positive
SST anomalies are more likely driving the surface signal in DO. In the eastern Pacific, DO profiles
were biased toward lower latitudes (Fig. 6.15f), where muted chlorophyll anomalies make SST
anomalies the likely driver of negative DO anomalies near the surface. In the western Pacific,
low positive anomalies persist from the surface to 400 m, likely influenced by positive chloro-
phyll anomalies or by profiles near the continent (Fig. 6.15f).
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h. 2024 Antarctic ozone hole

—L. R. Lait, P. A. Newman, N. A. Kramarova, B. Johnson, M. L. Santee, I. Petropavlovskikh, L. Coy, and

J. De Laat

The 2024 Antarctic ozone hole ranked in the lower third in severity (26th largest area over
32 years of observations) during the period of full ozone hole development (1992—present). The
2024 0zoneholehad anaverage of19.6 million km?average area (averaged 7 September—13 October).
In 2024 the daily minimum average over 21 September—16 October was 121 Dobson units (DU; 23rd
highest), 5 DU higher than the average of the 1992-2023 minimum averages. The 2024 ozone hole
appeared later than average and reached 22.4 million km?in area on 28 September, in contrast to
the record 29.9 million km? on 9 September 2000.

The 2024 Antarctic polar vortex evolution was relatively normal in early winter. May 2024 water
vapor was higher than average inside the developing vortex because of the January 2022 Hunga
volcanic eruption (Fig. 6.16b, purple line). As in 2023 (Kramarova et al. 2024; Santee et al. 2024),
in 2024 water vapor abundances started high (Fig. 6.16b), but dehydration led to values only
slightly above average by August. Polar cap (60°S-90°S) temperature in the stratosphere (50 hPa)
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Fig. 6.16. Antarctic (a) polar cap temperature (K) at 50 hPa (~20 km or 60 hPa, averaged 60°5-90°S) from MERRA-2. Aura
Microwave Limb Sounder (MLS; updated from Manney et al. 2011) 440-K potential temperature surface (b) water (H,O;
ppmv), (c) chlorine monoxide (CIO; ppbv), and (d) ozone (O;; ppmv). (e) Lower-stratospheric ozone columns (12 km-20 km;
DU) based on sonde measurements at South Pole. (f) Ozone Monitoring Instrument (OMI)/Ozone Mapping and Profiler
Suite (OMPS) Antarctic ozone hole area (x 10° km?; area with ozone total column less than 220 DU). Gray shading shows
daily Antarctic value ranges for 2005-23 (for [d], the data cover 2006-23). The white lines indicate the 2005-23 long-term
means.
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was above average during late July and August (Fig. 6.16a). This above-average temperature
slightly limited dehydration, resulting in above-average H,0 in June—December. There were no
2024 polar stratospheric cloud (PSC) measurements because the NASA Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) lidar instrument ceased operation in June
2023.

Stratospheric wave driving from the troposphere (not shown) was anomalously large in
mid-winter, warming the vortex and reducing the polar night jet’s strength. Stratospheric
wave driving is proportional to the eddy heat flux, which was relatively normal until mid-May.
An extremely strong wavenumber-2 Rossby wave developed during mid-May to mid-August,
increasing the heat flux (not shown). This wavenumber-2 pattern warmed the Antarctic strato-
sphere from late July to early August 2024 (section 6b). The wave-2 amplitude hit a global daily
record high of 1511 geopotential meters (gpm) on 5 August at 10 hPa and exceeded 900 gpm
from 25 July to 10 August, resulting in a 5.5 K temperature increase between 24 July and 4 August
(Fig. 6.16a). The 4 August temperature was 6.7 K above the 1980-2023 average. Additionally,
this wave transported ozone into the polar cap. Polar cap (63°S—90°S) ozone increased 24 DU
between 25 July and 5 August 2024, a period when total ozone column typically declines by
~10 DU.

The wave-2 warming event was the proximate cause of the delayed 2024 ozone hole develop-
ment. The opening of the ozone hole is defined as the date when the area exceeds 7 million km?.
Based on this threshold, the 2024 ozone hole started on 25 August, compared to an average of
18 August between 1992 and the present day. The 2024 delayed formation is consistent with South
Pole ozonesonde data (Fig. 6.16e) and vortex-averaged ozone from the Microwave Limb Sounder
(MLS; Fig. 6.16d), with both showing higher-than-average mid-winter ozone concentrations.

Ozone depletion rates in August-September 2024 were comparable to previous years, with
2006 being the most severe ozone hole in area and depth. Ozone loss rates were slightly smaller
in 2024 than 2006, but both years averaged 40 ppb-50 ppb-per-day losses in early September.
PSCs provide surface areas for heterogeneous reactions that convert reservoir chlorine species
into active forms (e.g., chlorine monoxide, ClO; Fig. 6.16c). ClO catalytically destroys ozone.
While PSC observations were not available in 2024, record-high vortex ClO abundances in
May-June (>200 parts per trillion [ppt]) suggest greater early activation and likely greater PSC
formation than average (as would be expected because of the Hunga injection of water into the
stratosphere). In 2024, chlorine activation generally followed the typical seasonal pattern after
early winter.

The ozone hole severity peaked in the late-September to early-October period. The largest
single-day area was 22.4 million km? (28 September; Fig. 6.16f), the minimum polar cap
ozone value was 107 DU on 5 October, the mass deficit was 28.2 million metric tons of ozone
(28 September), and the polar cap (63°S-90°S) average ozone was 210 DU (27 September). The
South Pole ozone sonde 12 km—20 km column bottomed out in early October and had an absolute
14.8-DU minimum (18 October; Fig. 6.16e).

The ozone hole had near-average September values. Most Antarctic ozone depletion occurs
in the August and September period (Figs. 6.16d—f), making September the key period for evalu-
ating the chemical depletion severity. Figure 6.17a displays September average hole area versus
year, separated into colder years (lower third, blue triangles), average years (middle third, black
dots), and warmer years (upper third, red squares). Year-to-year temperature variability modu-
lates hole severity, with colder (warmer) years leading to greater (lesser) ozone depletion and less
(more) ozone advection into the Antarctic polar region (Fig. 6.17b). The 2024 temperature (purple
triangle) was near average, leading to a near-zero-hole anomaly. Because of the decreased levels
of chlorine and bromine in the Antarctic polar vortex, the 2024 hole was not as deep or extensive
as those observed in the early 2000s.

The 2024 ozone hole broke up on 21 December (Fig. 6.17c), two weeks after the 7 December
average calculated from the 1992-2024 period (dashed line). The breakup is calculated as the
final date with observed total ozone values less than 220 DU in the Antarctic region (Fig. 6.17f).
An increasing trend from November to December hole breakup dates is seen from 1979 to 1991
(Fig. 6.17c). As levels of chlorine and bromine decline, the hole breakup should fall back into
November. However, there is no apparent breakup trend in the 2000-24 period (Fig. 6.17¢), in
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remarkable contrast to the recovery in the September hole area (Fig. 6.17a). The November hole
area is linearly related to the November 50-hPa polar cap temperature (Fig. 6.17d). Colder-
(warmer-) than-average temperatures lead to a larger (smaller) November hole remnant, and
therefore a later (earlier) breakup date. The November 2024 temperature was near average,
somewhat consistent with the 21 December 2024 breakup. The last five years (2020-24) have
seen late breakups, in contrast to the 2013-19 period. These late breakups are not caused by
chemically driven loss but rather suggest variability or trends of the stratospheric dynamics in
the last five years.
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Fig. 6.17. (a) Annual Sep average Antarctic ozone hole area (x 10° km?). (b) Sep ozone hole area anomalies (see text) vs.
MERRA-2 Sep 50-hPa temperatures (K) averaged over the polar cap (60°5-90°S). (c) Ozone hole break-up dates, where
the horizontal dashed line is the 1992-2024 average. (d) Nov ozone hole areas vs. MERRA-2 Nov 50-hPa temperatures.
In (a), the gray curve shows a quadratic fit of effective equivalent stratospheric chlorine with a 5.2-year mean age of air
(Newman et al. 2007) to the Sep hole areas. Years with temperatures in the lowest (highest) third are shown as blue tri-
angles (red squares). The years 2006 and 2024 are specifically highlighted in orange and purple, respectively. Ozone data
for 1979-92 are from Total Ozone Mapping Spectrometer (TOMS) Nimbus-7; data for 1993/94 are from TOMS Meteor-3;
data for 1996-2004 are from TOMS Earth Probe; data for 2005-15 are from Aura Ozone Monitoring Instrument (OMI); and
data for 2015-24 are from Suomi National Polar-orbiting Partnership (SNPP) Ozone Mapping and Profiler Suite (OMPS).
There are no 1995 satellite mapper total ozone observations.
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Appendix 1: Acronyms

AlS Antarctic Ice Sheet

AMRDC Antarctic Meteorological Research and Data Center

AR atmospheric river

AWS automatic weather station

CALIPSO Cloud—Aerosol Lidar and Infrared Pathfinder Satellite Observations

clo chlorine monoxide

CRI Coastal Resolution Improvement

DMSP Defense Meteorological Satellite Program

DO dissolved oxygen

DU Dobson unit

EPE extreme precipitation event

ESA European Space Agency

GNSS Global Navigation Satellite System

GRACE Gravity Recovery and Climate Experiment

GRACE-FO Gravity Recovery and Climate Experiment Follow-On

IMBIE Ice Mass Balance Intercomparison Exercise

MAR Model for Surface Mass Balance of the Arctic Ice Sheets

MLD mixed-layer depth

MLS Microwave Limb Sounder

NRTSI Near-Real-Time Defense Meteorological Satellite Program Special Sensor Microwave
Imager Sounder Daily Polar Gridded Sea Ice Concentrations

NSIDC National Snow and Ice Data Center

oc-ccl Ocean Colour Climate Change Initiative

OHC ocean heat content

OMI Ozone Monitoring Instrument

OMPS Ozone Mapping and Profiler Suite

P-E total precipitation minus evaporation and sublimation

PSC polar stratospheric cloud

SAF Subantarctic Front

SAM Southern Annular Mode

SAR synthetic aperture radar

SIA seaice area

SIE sea ice extent

SMB surface mass balance

SMMR Scanning Multichannel Microwave Radiometer

SNPP Suomi National Polar-orbiting Partnership

SO Southern Ocean

SSM/I Special Sensor Microwave Imager

SSMIS Special Sensor Microwave Imager Sounder

SSS sea surface salinity

SST sea surface temperature

STG subtropical gyre

TOMS Total Ozone Mapping Spectrometer

vIVT vector-invariant water transport

WAIS West Antarctic Ice Sheet
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Appendix 2: Datasets and sources

Section 6b Atmospheric circulation and surface observations

Sub- General Variable or

. Specific Dataset or Variable Source
section Phenomenon
6b Geopotential Height ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
6b Modes of Variability Rl S AR http://www.nerc-bas.ac.uk/icd/gjma/sam.html
Mode Index
6b Pressure, Sea Level or ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Near-Surface
University of Wisconsin-
Pressure, Sea Level or Ellison) Al s
6b ! Weather Stations— https://amrdcdata.ssec.wisc.edu
Near-Surface . .
Antarctic Meteorological
Research and Data Center
6b Pressure, Sea Level or Staffed Weather Station https://legacy.bas.ac.uk/met/READER/
Near-Surface Data
6b lﬁﬁsfgature, sz ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
University of Wisconsin-
Temperature, [Near] Madison Automated
6b P ' Weather Stations— https://amrdcdata.ssec.wisc.edu
Surface . .
Antarctic Meteorological
Research and Data Center
6b Temperature, [Near] Staffed Weather Station https://legacy.bas.ac.uk/met/READER/
Surface Data
6b Temperature, Upper- ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Atmosphere
6b Wind, Upper-Atmosphere ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
Section 6c¢ Ice sheet surface mass balance

Sul.o- ST L 5 6 Specific Dataset or Variable Source
section Phenomenon
Polar-Oriented Regional
Ice Sheet Surface Mass Climate Model (Model
6¢ for Surface Mass Balance https://arcticdata.io/catalog/view/doi%3A10.18739%2FA28G8F)7F
Balance i
of the Arctic Ice Sheets
[MAR])
6¢ :;:é:ce:t SHlfree s ERA5 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
6¢ :;:é:ce:t Surface Mass MERRA-2 http://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
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https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
http://www.nerc-bas.ac.uk/icd/gjma/sam.html
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://amrdcdata.ssec.wisc.edu
https://legacy.bas.ac.uk/met/READER/
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://amrdcdata.ssec.wisc.edu
https://legacy.bas.ac.uk/met/READER/
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://arcticdata.io/catalog/view/doi%3A10.18739%2FA28G8FJ7F
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
http://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/

Section 6d Ice sheet melt extent and duration

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Defense Meteorological
Satellite Program (DMSP)

6d Ice Sheet Surface Melt . . https://nsidc.org/data/nsidc-0001/versions/6
Special Sensor Microwave
Imager/Sounder (SSMIS)
Nimbus-7 Scanning
Sea Ice Extent/Area/ Multichannel Microwave o .
6d Concentration Radiometer (SMMR) Sea https://nsidc.org/data/nsidc-0007

Ice Concentration

Section 6e Ice sheet mass balance

Sul_)- FaraelThikbl2o; Specific Dataset or Variable

section Phenomenon
Advanced Topographic
Laser Altimeter System

6e Ice Sheet Surface Height (ATLAS) Ice, Cloud and https://nsidc.org/data/atl06/versions/5
Land Elevation Satellite-2
(ICESat-2)

6e Ice Sheet Surface Height ICESat-2 https://icesat-2.gsfc.nasa.gov/

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

6e Ice Sheet Mass https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC-GRFO_MASCON_CRI_GRID_RL06_V2

Section 6f Sea ice extent, concentration, and seasonality

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Near-Real-Time Defense
Meteorological Satellite
Program (DMSP) Special
6f Sea Ice Extent and Area Sensor Microwave Imager/ https://arcticdata.io/catalog/view/doi:10.18739/A2B56D64V
Sounder (SSMIS) Daily
Polar Gridded Sea Ice
Concentrations, Version 1

6f Sea Surface Temperature NOAA 0ISSTv2.1 https://www.ncei.noaa.gov/products/optimum-interpolation-sst

Section 6g Southern Ocean

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

691 Sea Surface Temperature NOAA 0ISSTv2.1 https://www.ncei.noaa.gov/products/optimum-interpolation-sst
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https://nsidc.org/data/nsidc-0001/versions/6
https://nsidc.org/data/nsidc-0007
https://nsidc.org/data/atl06/versions/5
https://icesat-2.gsfc.nasa.gov/
https://podaac.jpl.nasa.gov/dataset/TELLUS_GRAC-GRFO_MASCON_CRI_GRID_RL06_V2
https://arcticdata.io/catalog/view/doi:10.18739/A2B56D64V
https://www.ncei.noaa.gov/products/optimum-interpolation-sst
https://www.ncei.noaa.gov/products/optimum-interpolation-sst

Sub- General Variable or

section Phenomenon Specific Dataset or Variable Source

691 Sea Surface Salinity Argo Monthly Climatology https://sio-argo.ucsd.edu/RG_Climatology.html

691 Mixed-Layer Depth Argo Monthly Climatology https://sio-argo.ucsd.edu/RG_Climatology.html

692 Surface Heat flux ERAS https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
693 Ocean Heat Content Argo Monthly Climatology https://sio-argo.ucsd.edu/RG_Climatology.html

Biogeochemical Argo

694 Dissolved Oxygen (BGC-Argo) https://biogeochemical-argo.org/
ESA Ocean Colour Climate
694 Ocean Chlorophyll Change Initiative (0C-CCI) https://www.oceancolour.org/

product Version 6.0

Section 6h 2024 Antarctic ozone hole

Su?- kb s Specific Dataset or Variable Source
section Phenomenon
6h Cloud Volume CALIPSO http://www-calipso.larc.nasa.gov
6h ;iﬂgcegature, e MERRA-2 http://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
Temperature, Upper- i . . )
6h Atmosphere MERRA-2 https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
0Ozone, Total Column and Aura Microwave Limb P . .
6h Stratospheric Sounder (MLS) http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS/index.shtml
0Ozone Mapping
Instrument (OMI) Ozone
Mapping & Profiler Suite
6h Ozone, Tota] Column and (OMPS), Total Ozone https://ozoneaq.gsfc.nasa.gov/data/ozone/
Stratospheric .
Mapping Spectrum
(TOMS), Earth Probe TOMS
(EPTOMS)
6h Ozone, Lower Stratosphere Ozonesonde https://gml.noaa.gov/dv/spo_oz/
Sidebar 6.1: How to train your iceberg: Iceberg A23a drift track in 2024

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable

NASA Worldview Moderate
Resolution Imaging
Spectroradiometer
(MODIS) data

SB6.1 Iceberg Drift Tracks https://worldview.earthdata.nasa.gov
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https://sio-argo.ucsd.edu/RG_Climatology.html
https://sio-argo.ucsd.edu/RG_Climatology.html
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://sio-argo.ucsd.edu/RG_Climatology.html
https://biogeochemical-argo.org/
https://www.oceancolour.org/
http://www-calipso.larc.nasa.gov
http://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS/index.shtml
https://ozoneaq.gsfc.nasa.gov/data/ozone/
https://gml.noaa.gov/dv/spo_oz/
https://worldview.earthdata.nasa.gov

Sub- General Variable or
section Phenomenon

Specific Dataset or Variable Source

Global Navigation Satellite

SB6.1 Iceberg Drift Tracks System (GNSS) data

https://cddis.nasa.gov/Data_and_Derived_Products/GNSS/daily_gnss_o.html
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