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6. ANTARCTICA AND THE SOUTHERN OCEAN

Kyle R. Clem and Marilyn N. Raphael, Eds.

a. Overview

—K. R. Clem and M. N. Raphael

It was an extraordinary year in Antarctica and the surrounding Southern Ocean in 2022,
marked by new records in temperature, surface mass balance, ice-sheet mass balance, surface
melt, and sea ice. Many of these records can be linked to two strong and persistent atmospheric
circulation anomalies: a deep Amundsen Sea Low that occupied the Bellingshausen, Amundsen,
and Ross Seas for most of the year and a strong blocking high in the far southwest Pacific north-
east of Wilkes Land, East Antarctica. These features directed warm, moist northerly flow to the
Antarctic Peninsula/West Antarctica and East Antarctica, respectively, which was accompanied
by an anomalously high number of landfalling atmospheric rivers (long and narrow regions of
extreme poleward moisture transport), heavy snowfall, and well above-average surface mass
balance in these two regions. This resulted in new record highs in net annual Antarctic surface
mass balance and ice-sheet mass balance in 2022; this was the first time since 1993, the start of
satellite-derived ice-sheet mass balance measurements, in which a positive net mass balance
was observed in Antarctica, highlighting the extraordinary contribution of surface processes
(i.e., snow accumulation) in 2022.

Offshore, these regions of persistent warm northerly flow, particularly across the
Bellingshausen/Weddell Seas and the southeast Indian Ocean, enhanced sea-ice melt during
the 2021/22 retreat season, prevented sea-ice growth during the autumn and winter advance
phase, and led to early and rapid sea-ice retreat to start the 2022/23 retreat phase from late
September onward; over 100 days of record-low sea-ice extent and sea-ice area were observed
throughout 2022, including new all-time annual record lows in net sea-ice extent and area on the
25th and 21st of February 2022, respectively. Furthermore, on the eastern Peninsula, the warmth
produced anomalously high surface melt across the Larsen Ice Shelf during the 2021/22 summer,
punctuated by a record-breaking heatwave and surface melt event on the Peninsula in early
February 2022. Combined with the large deficit of protective offshore sea ice in the Weddell Sea,
which exposed the fast ice to open ocean swells, this contributed to the disintegration of a large
area of decade-old fast ice in the remnant Larsen B embayment, as discussed in Sidebar 6.2.
The breakup of fast ice was followed by rapid retreat and even collapse of upstream glaciers to
which the fast ice had been attached. In East Antarctica, there was an unprecedented heatwave
and coastal surface melt event in March due to a strong atmospheric river, which is detailed in
Sidebar 6.1. Across a large portion of the high-elevation East Antarctic plateau, temperatures
exceeded the previous March record maxima for several consecutive days, and a new all-time
record-high temperature of —-9.4°C (44°C above the March average) was set at Dome C II auto-
mated weather station on 18 March. Such high temperatures were especially remarkable to
occur during March, which is the winter transition period characterized by rapid cooling on
the plateau. Despite multiple historic warm events across Antarctica during the year, much of
Antarctica closed the year with record to near-record-low temperatures and pressures associated
with a strongly positive Southern Annular Mode pattern during November—December.

In the Southern Ocean, there were well-below-average annual-mean sea-surface tempera-
tures (SSTs; 0.5 to 1.0°C below average) and above-average mixed layer depth in the South
Pacific sector, which coincided with the enhanced storminess (more and/or deeper cyclones)
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across the Amundsen Sea Low
region through most of the year.
In the South Atlantic, SSTs were . 7 Y
well above average through the { A . ettty SO
year, especially from September ‘3 Relay Station g "

to December, likely due in part
to the expansive open water ‘
across the northern Weddell 92,8 i
Sea that is normally occupied [RETIEPRIITN -2 South Fole

by reflective sea ice. Finally, the
Antarctic ozone hole re-emerged
in early September and was the Amundsen
18th largest (near average) in the
43-year satellite observational

record. Following a similar o Paocci Ziac,,
seasonal development seen in e

2020 and 2021, the 2022 ozone oA ic Weath
hole had a slower-than-average [ Started Stations
growth rate that is consistent
with ozone recovery; however,
also like the previous two years, the ozone hole was very long-lived due to weaker-than-average
planetary wave activity from September through early November, and it did not break up until
16 December.

More details on Antarctica’s climate and cryosphere, the Southern Ocean, and the ozone hole
for 2022 are presented in this chapter. In most cases, where data are available, 2022 anomalies
and standard deviations are based on the 1991-2020 climatological average. Otherwise, the
climatological period is provided within each section. The geographical locations of place names
mentioned throughout the chapter are provided in Fig. 6.1.

Sea il East Queen Mary B

Antarctica o vostok Lang

0

Fig. 6.1. Map of stations and geographic regions discussed in this chapter.

b. Atmospheric circulation and surface observations

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

Many of the major climate themes over Antarctica and the surrounding Southern Ocean in
2022 were a continuation of those seen during 2021. Most notable was the persistence of a deep
Amundsen Sea Low (Clem et al. 2022) over the South Pacific, which produced another warm year
on the Antarctic Peninsula; it was the second-warmest year on record for all five of the long-term
staffed weather stations located on the Peninsula. Coupled with above-normal pressure over
much of the southern middle latitudes and generally weak- to below-average pressure elsewhere
over Antarctica, the Southern Annular Mode (SAM; Marshall 2003), the difference in pressure
anomalies between the southern middle latitudes and Antarctica, remained in a strongly positive
state through most of the year (except June), and 2022 saw the third-highest annual-mean SAM
index on record (since 1957). This reflects a remarkably persistent positive SAM pattern over the
Southern Hemisphere that dates back to October 2020: 24 of the past 27 months have recorded a
positive monthly-mean SAM index. Furthermore, the persistence of La Nifia through all of 2022
(see section 4b for details), combined with positive SAM conditions, enhanced the deepening
and expansion of the Amundsen Sea Low (Fogt et al. 2011), especially from July onward when
La Nina strengthened. This contributed to three of the five Peninsula stations recording their
warmest July-December period on record. Lastly, there were two exceptional warming events
in 2022 due to strong atmospheric rivers: one in early February on the Antarctic Peninsula (not
shown; Gorodetskaya et al. 2023) and one in March on the East Antarctic plateau (see Sidebar
6.1 for details). A detailed overview of other noteworthy climate and circulation anomalies across
Antarctica in 2022 is provided below.
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Atmospheric circulation anomalies were
examined using the European Centre for
Medium-Range Weather Forecasts Reanalysis
version 5 (ERA5; Hersbach et al. 2020).
Figure 6.2 shows the monthly geopotential
height (Fig. 6.2a) and temperature (Fig. 6.2b)
anomalies averaged over the polar cap
(60°S-90°S) and the monthly circumpolar
zonal wind anomalies (Fig. 6.2c) averaged
over 50°S-70°S. Surface climate anomalies
were grouped into three periods of relatively
persistent features: January—March,
April-October, and November—December
(Fig. 6.3). Monthly temperature and pressure
anomalies are also shown for select Antarctic
staffed and automated weather stations
(AWS; Fig. 6.4; see Fig. 6.1 for station
locations).

Pressure/geopotential height over
the southern polar cap was near the
long-term average for most of 2022
(Fig. 6.2a) before decreasing significantly in
November—December. The only noteworthy
exceptions were lingering negative geopo-
tential height anomalies in the stratosphere
(above 200 hPa) in January, tied to one of
the longest-lived ozone holes on record in
2021 (Kramarova et al. 2022), and the rede-
velopment of negative geopotential height
anomalies and the ozone hole in the strato-
sphere around September 2022 (see section
6h for discussion of the 2022 Antarctic
ozone hole). These anomalies propagated
downward into the lower troposphere during
November and December, likely contrib-
uting to the strong negative surface pressure
anomalies (-8 to —10 hPa) over the continent
in these months. Stratospheric temperature
anomalies generally followed the geopoten-
tial height anomalies (Fig. 6.2b), with strong
negative temperature anomalies in January
2022 that redeveloped in August and there-
after peaked in October and November at

(a) 2022 polar-cap (60°S—-90°S) averaged geopotential height anomalies (m)
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(b) 2022 polar-cap (60°S—-90°S) averaged temperature anomalies (°C)
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(c) 2022 circumpolar (50°S—70°S) averaged zonal wind anomalies (m s™')
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Fig. 6.2. Area-averaged (weighted by cosine of latitude)
monthly anomalies over the southern polar region in 2022
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) circumpolar
(50°S-70°S) averaged zonal wind anomalies (m s™'; contour
interval is 2 m s' with an additional contour at £1 m s™').
Shading depicts standard deviation of monthly anomalies as
indicated by color bar at bottom. Red vertical bars indicate
the three climate periods used for compositing in Fig. 6.3;
the dashed lines near Dec 2021 and Dec 2022 indicate circu-
lation 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.)

around 6°C-8°C (0.5-1 std. dev.) below the 1991-2020 average; there was also a modest strato-
spheric cooling event from April to June that peaked in May (1.5°C [1.5 std. dev.] below average).
In the troposphere, temperatures averaged over the polar cap were generally about 1°C warmer
(1-1.5 std. dev.) than average from February onward. The most noteworthy polar cap-wide
warming event occurred in June, coinciding with positive surface pressure anomalies observed
everywhere across the continent except on the Peninsula (Fig. 6.4) and the only month in which
the SAM index was negative during 2022 (Fig. 6.2). There were no months with below-average
tropospheric temperatures when averaged over the polar cap; however, there were several sig-
nificant regional cold events throughout the year (Fig. 6.4).
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Consistent with the positive SAM pattern,
circumpolar westerly winds were near or
above their long-term average strength
throughout the troposphere and stratosphere
during the year (Fig. 6.2c). A few signifi-
cant intensifications of the tropospheric
westerlies in April, August-September,
and November-December coincided with
the highest monthly SAM index values
of the year. Meanwhile, the strength of
the stratospheric westerlies followed the
same pattern as the stratospheric pressure
and temperature anomalies, including a
continued stronger-than-average  polar
vortex in January and the redevelopment
of a stronger-than-average polar vortex
in September, with westerly wind speeds
10 m s to 15 m s (1-1.5 std. dev.) above the
long-term mean in November.

The surface pressure and temperature
anomalies in Fig. 6.3 illustrate the impressive
persistence and extent of the deep Amundsen
Sea Low and associated warm conditions
across the Peninsula region during the year.
From January to March, below-average
surface pressures of more than —6 hPa (2 std.
dev.) were located in the Amundsen and Ross
Seas extending onto adjacent areas of West
Antarctica and the Ross Ice Shelf (Fig. 6.3a)
along with above-normal temperatures in s
the Amundsen Sea Embayment and north- Std. Dev.
east Peninsula (Fig. 6.3b). South of New  Fig. 6.3. (left) Surface pressure (hPa) and (right) 2-m

Zealand and Tasmania, an exceptionally temperature anomalies (°C) relative to 1991-2020 for
strong positive pressure anomaly of >6 hPa  (a)(b) Jan-Mar 2022; (c),(d) Apr-Oct 2022; and (e),(f) Nov-
3 std. dev.) was present, coupled with Dec 20?2. Contour interval is 2 hPa for surface pressure

: : > anomalies and 1°C for 2-m temperature anomalies.
below-average pressure off the coast of East Shading shows the standard deviation of the anomalies.
Antarctica near 90°E. These features reflect (Source: ERAS5.)

the circulation pattern that produced the
exceptional warming event on the East Antarctic plateau in March (see Sidebar 6.1), where Dome
C II AWS (Fig. 6.4e) recorded its second-warmest March on record (5.4°C above the March
average), and contributed to positive temperature anomalies of +1 to +2°C (1-2 std. dev.) on the
plateau and Ross Ice Shelf. Lastly, a short-lived but strong zonal wave 3 pattern (three
positive-negative pressure anomaly pairs over the Southern Ocean; Raphael 2007) occurred in
January (not shown), which produced warm northerly flow onto Dronning Maud Land where
Relay Station AWS recorded its warmest January on record at -25.8°C (3.1°C above average).
From April onward, the Amundsen Sea Low deepened and gradually grew in size (Fig. 6.3c),
albeit with a sudden and short-lived eastward shift from the Ross Sea to the Bellingshausen Sea
in June (not shown), illustrated by the rapid reversal of pressure anomalies between Gill AWS
on the Ross Ice Shelf (Fig. 6.4f) and Vernadsky on the western Peninsula (Fig. 6.4a). Throughout
April-October, seven-month average temperature anomalies of +1°C to +3°C (1.5-2.5 std. dev.)
encompassed a vast region of the southeast Pacific and South Atlantic, including the Antarctic
Peninsula. The evolution and significance of these positive temperature anomalies were captured

Jan—Mar 2022

Nov-Dec 2022

SEPTEMBER 2023 | State of the Climate in 2022 o0 o BAMSE o researcr 8- ANTARCTICA AND THE SOUTHERN OCEAN < ;. $331



at Vernadsky, including two new record-high monthly temperatures recorded in August (4.8°C
above average) and September (4.7°C above average). Other notable temperature records on the
Antarctic Peninsula (not shown) include the warmest spring for Vernadsky and Bellingshausen,
the warmest August at Rothera, and the warmest November at Bellingshausen.

Elsewhere around Antarctica, surface pressure and temperature anomalies were highly
variable from April to October. Dome CII AWS experienced a dramatic flip fromits second-warmest
March on record to its coldest April on record (4.1°C below average) as cold offshore flow devel-
oped in this region on the southwest side of the Amundsen Sea Low. Neumayer (Fig. 6.4b)
experienced anomalously warm conditions from April to June followed by an anomalously cold
August. Farther east at Davis (Fig. 6.4c), anomalously warm conditions developed from June to
October (Fig. 6.3d) with the development of a deep cyclone west of Davis that produced warm
northerly flow to this region.

In the final two months of the year, strong negative surface pressure anomalies of -8 hPa
to —-10 hPa (2-3 std. dev.) developed over much of the continent, and the circumpolar pattern
transitioned to a prominent zonal wave 3 structure (Fig. 6.3e). This produced three distinct
regions of warm northerly flow in the South Atlantic, Indian, and southwest Pacific Oceans,
while below-average temperature anomalies of —1°C to —2°C (0.5-1.5 std. dev.) developed over the
interior (Fig. 6.3f). All six stations experienced well-below-average pressure anomalies ranging
from -5 hPa to -12 hPa during November and December. Numerous new record-low monthly
pressures were recorded: Neumayer, Relay Station AWS, and Dome C II AWS all recorded their
lowest November pressure on record, while Davis recorded its lowest pressure on record for
both November and December. Some of the coldest temperatures occurred on the Ross Ice Shelf,
where Gill AWS recorded its coldest November on record.

(a) Faraday/Vernadsky (b) Neumayer

Fig. 6.4. Observed monthly
Antarctic climate anomalies
during 2022 from six
representative stations (three
staffed [a]-[c] and three
automatic [d]-[f]). Anomalies
for temperature (°C) are shown
in red and mean sea-level
pressure/surface pressure (hPa)
are shown in blue, with filled
circles denoting monthly-mean
records set for each station in
2022. All anomalies are based
on the monthly 1991-2020
averages where possible. The
station observation records start
in 1950 for Vernadsky, 1981 for
Neumayer, 1957 for Davis, 1995
for Relay Station automated

JF M A M J J A S O N D JF M A M J J A S 0O N D weather station (AWS), 1980
(¢) Dome C I AWS Menth (7) Gill AWS Nonth for Dome C Il AWS, and 1985 for
— — — R Gill AWS. See Fig. 6.1 for station
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Sidebar 6.1: The Antarctic heatwave of March 2022
—R. T. DATTA, J. D. WILLE, D. BOZKURT, D. E. MIKOLAJCZYK, K. R. CLEM, Z. YIN, AND M. MACFERRIN

In the middle of March 2022, East Antarctica experienced an
unprecedented, large-scale heatwave, despite March histori-
cally marking the transition to Antarctic winter. This event was
associated with an intense atmospheric river, which reached
deep into the Antarctic interior, and was shortly followed by
the collapse of the critically-unstable Conger Ice Shelf. While
short-lived and unprecedented, these intense phenomena
are more probable in future climate scenarios, with impacts
including both enhanced precipitation and surface melt (Wille
et al. 2023).

Temperatures

Between 14 and 20 March, temperatures over a large
region of East Antarctica exceeded 10°C above the March cli-
matological mean (Fig. SB6.1a), both at the coast and inland
over the cold interior. The Dome C Il automatic weather station
(AWS) located high on the plateau at 3250 m a.s.l. (shown in
green), captured the evolution of the heatwave at a high
temporal resolution. For the first half of March, temperatures
were near the Dome C Il AWS March climatological mean of
—53.4°Cand ranged from around —45°C to —60°C (Fig. SB6.1b).

(b) Dome C AWS, Mar 2022
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Fig. SB6.1. (a) Mean 2-m temperature anomaly (°C) for 14-20 Mar 2022 as compared to the 1991-2020 Mar mean (Source:
ERAS5) and (b) UW-Madison Dome C Il automated weather station (AWS; 75.106°S, 123.347°E) 10-min quality-controlled
temperature observations for Mar 2022 (°C; red line). The black horizontal dashed line denotes the Dome C Il March
climatological mean temperature (-53.4°C). The gray dashed line denotes the temperature (-9.6°C) 6 std. dev. above the
mean, where 1 std. dev. is £7.3°C. (c) ERA5-Total precipitation anomaly (%) for Mar 2022 as compared to the 1991-2020
reference period with Wilkes and Adélie Land region outlined in red. (d) Surface melt area (x 10° km?) over the Wilkes
and Adélie Land region outlined in (d) as retrieved from passive microwave.
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Temperatures followed a general cooling pattern with the
onset of winter and exhibited diurnal cycles typical of March at
this site. Beginning midday on 15 March, temperatures began
a rapid and steady increase that overwhelmed the diurnal
cycle signature, as the pressure and wind speeds also increased
(not shown). The temperature reached a maximum of —9.4°C
on 18 March at 04:40 UTC, establishing a new all-time high
temperature record at the Dome C Il AWS and breaking the
previous all-time high temperature of —10.0°C set in the peak
of summer on 2 January 2002. The occurrence of this record
during the transition to winter is especially remarkable as the
high-elevation interior ice sheet is marked by extreme radia-
tional cooling during this time. Thereafter, temperatures only
gradually decreased and did not return to normal until
23 March. For the remainder of the month, temperatures
resumed the typical diurnal cycle pattern about the climatolog-
ical average of around —-60°C.

Impacts

The impacts on the surface of the ice sheet included an
increase in both rain and snowfall as well as a short period
of intense surface melt. Within the larger Wilkes and Adélie
region, total precipitation in March from European Centre for
Medium-Range Weather Forecasts Reanalysis version 5 (ERA5)
exceeded 300% of the 1991-2020 climatological mean for the
month of March (Fig. SB6.1c), contributing to 2022 having the
highest annual surface mass balance in at least four decades
(see section 6¢). Throughout East Antarctica, large increases

(b) 13 Mar

in firn air content from snowfall gains were observed. Surface
melt was limited to the coasts, geographically centered on
the Holmes, Totten, and Moscow ice shelves. On 17 March,
the region experienced a record-high maximum melt area
of 28,100 km? (Fig. SB6.1d), more than doubling the previous
record March melt area of 10,600 km? from 2002. It was the
most extensive melt event recorded of any late-summer
date beyond 4 February in the Wilkes and Adélie region of
Antarctica since the beginning of the observational record in
1979. Additionally, the lack of sea ice and large swells associ-
ated with storms impacted the Conger ice shelf at the margins
of this region (Wille et al. a,b submitted), which had been
increasing in fragility in recent years and finally collapsed fol-
lowing this event (Baumhoer et al. 2021).

Large-scale drivers

The intruding burst of heat and moisture over East
Antarctica was facilitated by the development of multiple
moist tropical air masses over the Atlantic and Indian Oceans
over several days that eventually merged and were directed
toward the continent by a mid-level blocking ridge within a
quasi-stationary zonal wave 3 pattern over the Southern Ocean
(Fig. SB6.2). The evolution of this moisture can be seen in snap-
shots of integrated vapor transport from 10 March (Fig. SB6.2a
in the Atlantic), strengthening over the Indian Ocean (Figs.
SB6.2b,c) and finally reaching the continent on 16 March
(Fig. SB6.2d). The intensified quasi-stationary mid-level ridge
extending from New Zealand and southeast Australia toward

(d) 16 Mar

(c) 15 Mar
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Fig. SB6.2. Snapshots of integrated water vapor transport (IVT) anomaly (kg m-' s-') compared to the 1991-2020 refer-
ence period. Shown for (a) 10 Mar, (b) 13 Mar, (c) 15 Mar, and (d) 16 Mar. Vectors correspond to IVT vector deviations
(zonal and meridional components) from the reference period. Also shown are 500-hPa geopotential height deviations
(solid and dashed contours for positive and negative anomalies, respectively, every 75 m) from the 1991-2020 clima-

tology. (Source: ERA5.)
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East Antarctica and a mid-level trough on the western flank of
the ridge during 15-16 March (Figs. SB6.2¢,d) appeared crucial
for the strong poleward meridional moisture transport within
an intense atmospheric river (Fig. SB6.2d).

Atmospheric rivers are rare events that represent the trans-
port of subtropical/midlatitude heat and moisture toward the
polar regions. According to the polar-specific atmospheric river
detection algorithm from Wille et al. (2021), a prolonged and
intense atmospheric river was detected over East Antarctica
during 14-18 March (Fig. SB6.3). The low-level moisture asso-
ciated with the atmospheric river was transported by a warm
conveyor belt into the upper troposphere leading to strong

0 200 400

(d)

upper-level latent heat release from cloud formation. This ulti-
mately led to strong diabatic modification of potential vorticity
which further reinforced and entrenched the downstream
atmospheric ridge creating blocking conditions (Wernli and
Davies 1997).

The net impact of this intense atmospheric river primarily
increased surface mass balance with enhanced snowfall.
However, in future climate scenarios, higher temperatures
may enhance the relative mass loss during atmospheric river
events, as surface melt contributes to both runoff (reducing
surface mass balance directly) and to the increased fragility of
buttressing ice shelves.

(b) 15 Mar 20°W 10°E

----------

600 800 1000

IVT (kg m™ s™)

Fig. SB6.3. Atmospheric river shape. Integrated vapor transport (IVT; kg m="' s") in blue shading with the atmospheric
river outline as detected by the meridional IVT (red outline) and integrated water vapor (IWV, orange outline) schemes
in the detection algorithm described in Wille et al. (2021) along with 500-hPa geopotential height (contours). Shown for
(a) 14 Mar, (b) 15 Mar, (c) 16 Mar, and (d) 17 Mar at 1200 UTC. (Source: MERRAZ2.)
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c. Ice-sheet surface mass balance

—R. T. Datta, R. Baiman, Z.Yin, J. D. Wille, D. Dunmire, M. L. Maclennan, L. D. Trusel, and D. Bozkurt

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 grounded Antarctic Ice Sheet (AIS), snowfall is the
dominant SMB term, with approximately 2300 Gt accumulating each year (Agosta et al. 2019;
Lenaerts and van den Broeke 2012; Mottram et al. 2021). Strong coast-to-plateau gradients in
SMB exist across the AIS (Fig. 6.5b), with mass gains in coastal areas exceeding 500 mm water
equivalent (w.e.) yr' compared to <50 mm w.e. yr in the high-elevation interior of the East
Antarctic Ice Sheet. At ice sheet wide and regional scales, as much as 40%-60% of annual
snowfall results from “extreme precipitation events”, defined as delivering snowfall in the top
10% of the long-term daily mean snowfall, often in the form of atmospheric rivers (ARs; Turner
et al. 2019; Maclennan and Lenaerts 2021; Wille et al. 2021). These mass gains are countered by
losses from sublimation, the leading negative SMB term for the AIS (Mottram et al. 2021). While
surface melt and hydrology are extensive across AIS ice shelves (Bell et al. 2018; Bevan et al.
2020; Banwell et al. 2021; Arthur et al. 2022), and observations of lake drainages suggest some
meltwater runoff exists (Dunmire et al. 2020; Trusel et al. 2022), nearly all AIS surface melt is
thought to refreeze within the firn layer (the layer of partially compacted snow from previous
years located beneath the new surface snow accumulation), making it a negligible term in the
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Fig. 6.5. (a) Time series of annual surface mass balance (SMB) in Gt (10" kg) yr'. (b) MERRA-2 2022 SMB (kg m-2 yr").
(c) MERRA-2 2022 SMB anomaly relative to the 1991-2020 mean (%). The 2022 SMB anomaly is higher than the 1991-
2020 standard deviation in the stippled areas. (d) 2022 atmospheric river occurrence anomaly (days) relative to the

1991-2020 mean from MERRA-2.
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contemporary AIS SMB (van Wessem et al. 2018). It should be noted that despite its relatively
small role in the total mass balance of the AIS, surface melt is an important indicator of pro-
cesses and anomalies in the coastal regions with important consequences such as ice-shelf
destabilization (discussed in section 6d). In future warming scenarios, surface melt is expected
to intensify and play a more direct role in the AIS mass balance and ice shelf stability (Trusel
et al. 2015; Kittel et al. 2021; Gilbert and Kittel 2021), while enhanced snowfall and SMB gains
over the grounded ice sheet are also projected (Seroussi et al. 2020; Dunmire et al. 2022).

Globhal reanalysis products are useful tools to quantify AIS SMB in near-real time. Given
negligible surface meltwater runoff in Antarctica today, AIS SMB can be reliably approximated
as total precipitation minus surface evaporation and sublimation (i.e., P-E; e.g., Medley
and Thomas 2019; Lenaerts et al. 2019; Mottram et al. 2021). Here, we use two reanalyses,
Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2; at 0.5°
x 0.625° horizontal resolution, Gelaro et al. 2017) and European Centre for Medium-Range
Weather Forecasts Reanalysis version 5 (ERA5; at 0.25° horizontal resolution, Hersbach et al.
2020), to analyze the 2022 AIS SMB, its spatial and seasonal characteristics, and compare it
to the 1991-2020 climatological period. Though important biases remain associated with, for
example, ice sheet—cloud-radiation feedbacks and precipitation, evaluations of various reanal-
ysis products over Antarctica indicate that MERRA-2 and ERA5 represent recent Antarctic climate
and SMB well (Gossart et al. 2019; Medley and Thomas 2019; Wang et al. 2016).

In 2022, SMB (driven by snowfall) was the highest on record (since 1980), at 2480 Gt
(MERRA-2) or 2302 Gt (ERAS5), over the grounded ice sheet, as compared to the climatological
mean of 2155+128 Gt yr' (MERRA-2) and 1977+105 Gt yr (ERA5; Figs. 6.5a,b). Though the AIS
SMB from ERA5 is significantly (p<0.05) drier than from MERRA-2 during the climatological
period, both reanalyses have comparable interannual variations during the climatological
period, and neither suggest a significant long-term trend in SMB (Fig. 6.5a). The 2022 AIS SMB
was 2.5 std. dev. higher than the MERRA-2 climatological mean and 3.1 std. dev. higher than the
ERAS5 climatological mean. We note that the SMB estimates still need to be further validated to
consider model uncertainties. Since both reanalysis datasets produce similar spatial results, we
use MERRA-2 hereafter to focus on spatial characteristics of the 2022 SMB.

The historic high 2022 SMB is reflected spatially in Fig. 6.5c, indicating positive anomalies
over much of West Antarctica with relative maxima around the northern Antarctic Peninsula
and Palmer Land and Ellsworth Land in West Antarctica (>150% above the climatological mean),
and over a broad swath (75°E-165°E) of East Antarctica including Victoria Land and Wilkes Land
(>80% above the climatological mean). These regions of high SMB in 2022 coincide with regions
of below-average sea ice in the surrounding ocean (section 6f) and anomalously high ice-sheet
mass balance (section 6e). They also coincide with the deep and persistent Amundsen Sea Low
(ASL) that was present for nearly all of 2022 and a strong blocking high pressure south of New
Zealand and Tasmania from January through October (section 6b). The ASL produced warm
northerly flow across the Peninsula and West Antarctic (section 6f), while the blocking high in
the far southwest Pacific/southeast Indian Oceans, reflecting the pattern seen during the East
Antarctic heatwave in March (see Sidebar 6.1), delivered warm northerly flow to large portions
of East Antarctica for much of the year. Despite the magnitude of the 2022 SMB, portions of
Dronning Maud Land and the Ross Sea region feature anomalously low SMB (<50% of the clima-
tological mean). Regions with high SMB are coincident with regions experiencing anomalously
high numbers of ARs (Fig. 6.5d), favored by the aforementioned blocking high/low pressure
anomaly couplets shown in Fig. 6.3, triggering poleward heat and moisture transport.
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The climatological AIS SMB varies considerably throughout the year (Fig. 6.6a), with a
minimum in summer (124 Gt-172 Gt month™) and a maximum in austral fall and winter
(195 Gt-220 Gt month™). In 2022, the SMB diverged substantially from the climatological mean in
both MERRA-2 and ERAS5 reanalyses in January (2.9 std. dev. above the mean in MERRA-2), March
(2.5 std. dev.), July (2.9 std. dev.), September (1.6 std. dev.), and November (1.4 std. dev.; Fig. 6.6a).
The positive SMB anomaly in January is attributed to high snowfall over Dronning Maud Laud in
East Antarctica and the Amundsen Sea sector in West Antarctica. In March, the positive SMB
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Fig. 6.6. (a) Seasonal cycle of (grounded) Antarctic Ice Sheet integrated surface mass balance (SMB) in Gt (10'2 kg) month-',
according to MERRA-2 (red) and ERAS5 (blue), with 2022 value shown in solid line, 1991-2020 mean shown in a dashed
line with shading showing 1 std. dev. MERRA-2 SMB anomaly for the month relative to the month’s 1991-2020 mean
for (b) Mar 2022 and (c) Jul 2022, with stippled areas indicating regions where the SMB anomaly is higher than the
1991-2020 1 std. dev. MERRA-2 anomaly (days) when an atmospheric river (AR) was detected for the month compared

to the 1991-2020 mean for (d) Mar 2022 and (e) Jul 2022.
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anomaly (up to 400%) was primarily driven by a powerful AR that made landfall in East
Antarctica from 15 to 19 March, which is discussed in Sidebar 6.1. July saw near ice sheet-wide
anomalously high SMB (contributing 12% of the total SMB in 2022), with the strongest anomalies
across Wilkes Land driven by ARs as well as poleward heat and moisture advection enhanced by
the atmospheric blocking south of Tasmania (Figs. 6.6c,e). This blocking is accompanied by
positive SMB anomalies across Marie Byrd Land, the Antarctic Peninsula, and Ellsworth Land.
Deep cyclones over the Ross Sea in September (Fig. 6.3c) and over the Antarctic Peninsula and
most of East Antarctica in November (Fig. 6.3e) led to anomalously high SMB over the AIS in
these months as well.

d. Ice-sheet seasonal melt extent and duration

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

Surface melt on the Antarctic Ice Sheet (AIS) occurs primarily on the coastal margins, espe-
cially on the Antarctic Peninsula and on the ice shelves surrounding the continent. Surface melt
runoff plays a relatively small role in the total mass balance of the AIS compared to far larger
contributions from snow accumulation, iceberg calving, and basal melting of ice shelves and the
ice sheet. However, surface melting can be seen as a vital measure of ice-sheet health as it has
a large effect on increasing the density of underlying firn in areas of significant melting. If melt
volume is a large fraction of the annual accumulation, surface melt can contribute to ice-shelf
break up and upstream grounded glacier acceleration through hydrofracture (Scambos et al.
2014; Banwell et al. 2013). Since the austral melt season spans two calendar years, we focus here
on melt season spanning October 2021 through April 2022. The 2022/23 Antarctic melt season
will be discussed in next year’s report.

Daily surface melt is mapped using satellite-derived passive-microwave brightness tem-
peratures. The source data are distributed as daily composited polar stereographic brightness
temperatures by the National Snow and Ice Data Center (Meier et al. 2019; Gloersen 2006)
spanning 1979 through present day. Daily passive microwave brightness temperatures using the
37-GHz horizontal polarization as well as the 37- and 19-GHz 363 vertical polarization channels
are acquired by the Scanning Multi-channel Microwave Radiometer (SMMR), Special Sensor
Microwave Imager (SSM/I), and Special Sensor Microwave Imager/Sounder (SSMIS) sensors.
The austral melt season is defined here as 1 October through 30 April. Although small, brief
melt events can be measured along Antarctica’s northern coastal margins during the austral
winter, the vast majority of melt happens during these seven months, with the most typically in
December and January. An ice-extent mask of 25-km grid cells for the AIS was developed from
the Quantarctica v3.0 Detailed Basemap dataset (Norwegian Polar Institute 2018). The AIS is
divided into seven melt extent and climate regions by clustering glaciological drainage basins
(based on Shepherd et al. 2012; Fig. 6.8a). The methods used here were first developed to track
Greenland’s ice-sheet surface melting on a daily basis (Mote and Anderson 1995; Mote 2007,
2014), modified slightly to accommodate Antarctic surface conditions, as outlined in previous
reports (MacFerrin et al. 2021, 2022).

According to the passive-microwave satellite observations, the 2021/22 melt season recorded
slightly higher-than-average cumulative melt index (days x area) of 7.92 million km? days (Figs.
6.7a,c), about 5.1% greater than the median melt index of 7.54 million km? days during the
1990/91-2019/20 baseline period. However, this near-typical melt season averaged across the
continent was punctuated by substantial spatial and temporal anomalies in individual regions.
The Antarctic Peninsula (Fig. 6.8b) saw an annual melt index more than 31% above the baseline
median value. Peninsula melt was affected by four consecutive extensive melt events in December
and early January. Melting extended to an area of decade-old landfast ice in the embayment of
the former Larsen B Ice Shelf, pre-conditioning it for a breakup that began on 18 January 2022
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(see Sidebar 6.2). Late in the season on the Peninsula, a season-high melt event on 8 February
covered a maximum area of 240,000 km? and broke the observational historical record for melt
extent for the month of February, previously set at 233,000 km? on 1 February 1988. A majority of
the area of the southern Larsen C and Larsen B-remnant ice shelves observed 30 more melt days
than average (Fig. 6.7b). Indeed, Antarctica’s cumulative melt index is dominated by melting in
the Peninsula, and greater-than-average melting in the 2022 season was driven by events where
low pressure in the southern Bellingshausen Sea combined with high pressure in the Scotia Sea
or Falklands delivered warm high-moisture air over the Peninsula, inducing foehn events along
the northeastern Peninsula. The pattern was responsible for the 8 February spike in melt
(Gorodetskaya et al. 2023) and the earlier December events as well. Considering the rest of the
Peninsula, including the George VI and Wilkins ice shelves on the western Peninsula, melt days
were on average also 10 to 20 days higher than the reference period (Figs. 6.7a,b). However, melt
days on the George VI and Wilkins ice shelves were still less than the exceptional melt season of
2019/20 (Banwell et al. 2021).
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Fig. 6.7. Surface melt across the Antarctic Ice Sheet as detected from passive-microwave satellites. (a) Map of the sum of
melt days from 1 Oct 2021-30 Apr 2022. (b) Map of the sum of melt days relative to the 1990-2020 baseline average.
(c) Daily melt extent (%, solid red line) compared to median values (dashed blue line), interquartile ranges (dark gray),
and inter-decile ranges (light gray) from the 1990-2020 reference period.
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The Maud and Enderby regions of Antarctica also displayed a higher-than-average melt
season in terms of days, with relatively extensive melt in late December and an extensive melt
event in early January that briefly covered nearly 10% of the region’s area (Fig. 6.8c). Melt on the
Wilkes and Adélie coast of Antarctica typically occurs only on a limited amount of its total land
area because of the relatively small area of coastal ice shelves there. Most of the 2021/22 melt
season was muted in the
Wilkes and Adélie region
(Fig. 6.8d), registering nearly %
no melt with the exception of " ;‘;Qz( e
two extensive melt events in @ < L
mid-December and  mid- " g .

March, each of which briefly mncsen 51 ol &
broke  daily  melt-extent 3
records in the satellite

observational history. The tel i#) ‘ —
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mid-March event was associ- 10 |1.996,000 km? 1417000 e
ated with an atmospheric river
that caused record-breaking
high-temperature anomalies
high onto the East Antarctic
plateau (see Sidebar 6.1). This 2 JM
event, with a peak extent of 0 el )
28,100 km? on 17 March 2022, ——- 1990-2020 Median Interdecile range
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during the month of March in | . . i ) )

Wilkes and Adélie land by Fig. 6.8. (a).Map of major regions of Antarctica used in reglm:lal anfalyses.
. (b)-(d) Regional daily melt extents (%) from (b) the Antarctic Peninsula,

164% (17,100 km?), and is thus  (c) Maud and Enderby, and (d) Wilkes and Adélie regions.

far the most significant

late-season melt event

recorded in this region later than 4 February in any recorded melt year of the satellite observa-
tional record. Most of the remainder of the Antarctic continent saw near-to-below-average melt
compared to the reference period, with the Ross Embayment registering nearly no melt for the
second consecutive year.
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e. Ice-sheet mass balance

—S. Adusumilli, H. A. Fricker, and A. S. Gardner

The Antarctic Ice Sheet gains mass from accumulation (snowfall minus sublimation) at the
surface and primarily loses mass at the margins through its floating extensions, most of which
are called ice shelves. Mass loss can occur due to the calving of icebergs at ice shelf fronts,
which occurs episodically on multi-annual to multi-decadal time scales, or through continuous
ocean-driven basal melting (Rignot et al. 2013; Depoorter et al. 2013; Adusumilli et al. 2020). For
any given time period, the net mass balance between competing mass gains and losses depends
on the cumulative effects of interactions between the ice, ocean, and atmosphere (e.g., Smith
et al. 2020a). Over the past two decades, the ice sheet has experienced net mass loss of grounded
ice (e.g., The IMBIE Team 2018), which is in part due to net mass loss of its floating ice shelves
(e.g., Paolo et al. 2015) and a corresponding reduction in their “buttressing” effect that other-
wise slows the flow of grounded ice into the ocean (e.g., Gudmundsson et al. 2019). Mass loss
over the ice sheet has sometimes occurred rapidly in the past (e.g., during the collapse of Larsen
B Ice Shelf; Scambos et al. 2004), stressing the need for continuous monitoring through satellite
observations.
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At the time of writing, there were no published estimates of total Antarctic mass or height
change for 2022; however, recent studies (e.g., Smith et al. 2020a) have shown changes in height
and mass over the previous decade. The conversion of height changes to mass changes requires
a firn density model (e.g., Ligtenberg et al. 2011), which is not yet available for this period. We
derived estimates of height changes over the grounded ice sheet from NASA’s Ice, Cloud and
land Elevation Satellite-2 (ICESat-2) laser altimeter using data for 2022 until the latest available
date (12 October 2022). We used the Advanced Topographic Laser Altimeter System (ATLAS)/
ICESat-2 ATLO6 L3A Land Ice Height data product version 5 (Smith et al. 2020b), which provides
precise estimates of height along repeated ground tracks at 20-m along-track resolution. We
derived along-track height changes between Cycle 13 (October-December 2021) and Cycle 16/17
(August—October 2022; Fig. 6.9a). To analyze seasonal variability, we also derived height changes
over three-month intervals between successive ICESat-2 data acquisition cycles during the
October 2021 to October 2022 period (Fig. 6.10). We smoothed the final height change map using
a Gaussian filter with a 25-km diameter. We only consider changes in mass over the grounded
portion of the ice sheet for the remainder of this study.

For further context, we provide an annual mass change estimate derived from NASA’s satel-
lite gravimeter Gravity Recovery and Climate Experiment Follow-on (GRACE-FO; Fig. 6.9b) for
2022. We used data from the Jet Propulsion Laboratory Gravity Recovery and Climate Experiment
(GRACE) and GRACE-FO Ocean, Ice, and Hydrology Equivalent Water Height Coastal Resolution
Improvement (CRI) Filtered Release 06 Version 03 “mascon data” (Wiese et al. 2023a). 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). We calculated the
gravity-derived mass change for November 2021 to November 2022, approximately the same
period as used for ICESat-2. To determine ice sheet mass change, we identified all mascons
containing more than 10,000 km? of land, according to the provided Coastline Resolution
Improvement (CRI) land mask. We interpolated the area-averaged rates of change using bilinear
interpolation according to the location of the geometric center of the land area contained within
the mascon. We then masked all non-land areas using the Bedmachine ice mask (Morlighem
et al. 2020). We also show a time series of mass changes integrated over the ice sheet (Fig. 6.10a)
from the Level 4 Antarctica Mass Anomaly Time Series data product (Wiese et al. 2023b).

The maps of annual changes in ice-sheet height 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 West Antarctica,
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Fig. 6.9. Maps of (a) height change (cm day~") from ICESat-2 for the Oct 2021-Oct 2022 period and (b) ice equivalent mass
change (cm ice equivalent day-') from GRACE-FO for the Nov 2021-Nov 2022 period.
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the same region where losses have been observed over the previous two decades (e.g., Smith
et al. 2020a; Clem and Raphael 2022). However, time series of mass changes (Fig. 6.10a) suggest
a net mass gain of 290 Gt over the grounded portion of the ice sheet between January 2022 and
November 2022, which was unprecedented in the past two decades and substantially different
from the average annual mass loss of 120 Gt yr between December 2003 and December 2021.
The 2022 surface mass balance anomaly over grounded ice was estimated with reanalysis data
to be +325 Gt (see section 6c¢), which is in line with the GRACE estimate of +290 Gt of mass gain
during 2022, combined with the annual average mass loss 120 Gt yr'. Many of the spatial patterns
of increases in height across Antarctica correspond well with patterns of record-high positive
surface mass balance anomalies reported in 2022 (see section 6¢). For example, large increases
in height over Wilkes Land, East Antarctica, during February—May (Fig. 6.10c) coincided with
increased frequency of landfalling atmospheric rivers during this period (Fig. 6.6d). This further
suggests a major contribution of surface processes in driving seasonal and interannual height
and mass changes. Although these increases led to a high positive mass balance signal in 2022,
given the exceptional nature of the surface mass gains in 2022 that is unlikely to occur every
year, we expect the Antarctic Ice Sheet to revert to its previous state of mass loss in coming years.
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Fig. 6.10. (a) Time series of monthly mass changes from GRACE and GRACE-FO, with 2021 and 2022 highlighted in black
and red, respectively. (b)-(d) Maps of height change (cm day-') from ICESat-2) shown at three-month intervals between
Nov 2021 and Aug 2022. Dates represent the central month of each three-month ICESat-2 data acquisition cycle.
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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

Net sea-ice extent (SIE) and sea-ice area (SIA) were well below or at record-low levels for all of
2022 (based on satellite passive-microwave ice concentration data since 1979 when the
near-homogenous satellite record began; Cavalieri et al. 1996). Indeed, there were more than
80 record low daily values of SIE and SIA (Fig. 6.11a, with most occurring during the late
2021/22 retreat and early 2022/23 advance phase (January-March), the wintertime phase
(June-September), and the mid 2022/23 retreat phase (December). A new record-low SIE annual
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Fig. 6.11. (a) Time series of net daily sea-ice extent (SIE) anomaly for 2022 (solid black line; based on a 1991-2020
climatology). Gray shading represents historical (1979-2020) daily SIE anomaly, red dashed line represents *2 std.
dev., and (b) Hovméller (time-longitude) representation of daily SIE anomaly (x 103 km? per degree of longitude) for
2022. Maps of Sea-ice concentration anomaly (%) and sea-surface temperature (SST) anomaly (°C; Reynolds et al. 2002;
Smith et al. 2008) for (c) Feb 2022 and (d) Sep 2022. 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 2022 sea-ice
concentration). See Fig. 6.1 for relevant place names.
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daily minimum of ~1.96 x 10° km? was recorded on 25 February (Turner et al. 2022; Wang et al.
2022; NSIDC 2022), breaking the previous record of ~2.08 x 10° km? on 1 March 2017 (Turner and
Comiso 2017; Reid et al. 2018) using the same sea-ice concentration dataset. The annual daily
minimum of SIA (~1.25 x 10° km? on 20 February) was also a record low value, while the
2022 annual daily maximum SIE of ~18.28 x 10° km? (recorded on 13 September) was the fifth
lowest on record. Three months (February, June, and July) observed record-low monthly-mean
values of SIE, while there were five months of record-low monthly values of SIA throughout the
year. The record-low monthly SIEs continue a recent trend since January 2016, whereby over
85% (72 out of 84) of monthly net SIE values have been below the long-term (1991-2020) average.
This reduction in SIE has been most prominent in the late retreat phases (January and February)
where net SIE has been below average or at record-low values for every year (2016-22). Fraser
et al. (2023) observed record-low values of coastal fast ice area in 2022, along with record-high
values of coastal exposure (which refers to the length of coastline without offshore sea ice cover;
Reid and Massom 2022). Regionally and after May, the Ross Sea, then Amundsen Sea, experienced
generally much greater-than-average SIE, while most other sectors recorded average or
lower-than-average SIE throughout the year (Figs. 6.11b,d). Regional and temporal variations are
discussed more fully below and closely reflect the three atmospheric phases shown in Figs.
6.2 and 6.3 (see section 6b).

Regional patterns of sea-ice coverage in January—March 2022 largely continued those observed
in the latter part of 2021 (Reid et al. 2022), with strong negative SIE anomalies being 1-2 std. dev.
below average in the Ross, Bellingshausen, and Weddell Seas (Fig. 6.11b). The negative net SIE
anomaly (Fig. 6.11a) at this time was dominated by sea-ice loss in the Ross Sea which saw SIE
anomalies of >2 std. dev. below average from late January onward (Fig. 6.11b). This major loss
event was driven by wind anomalies associated with an intense and persistent Amundsen Sea
Low (ASL; see section 6b, Fig. 6.3a) that had strengthened during September—December 2021
(Fig. 6.3g in Clem et al. 2022), resulting in strong northward ice advection from the Ross Sea into
the Amundsen Sea. In the Ross Sea, this contributed to a rapid 2021/22 seasonal retreat (Fig. 6.12b
in Reid et al. 2022) followed by persistently low summer sea-ice coverage (Figs. 6.11b,c) with
extensive melting of sea ice in the lower latitudes of the northern Ross Sea. The onshore winds
associated with the ASL influenced, possibly through melt and/or compaction, the low sea-ice
coverage across eastern Bellingshausen and western Weddell Seas during the spring of 2021 and
summer of 2022 (Figs. 6.11b,c). During this time, however, greater-than-average sea-ice extent
occurred across several less-extensive regions (Figs. 6.11b,c): in the Amundsen and western
Bellingshausen Seas (from ~80°W to 120°W) and off Oates Bank (~170°E-180°E), Bunger Hills
(~100°E-110°E), and the Amery Ice Shelf (~70°E-80°E). Most of these positive ice anomalies were
associated with below-normal sea-surface temperatures to the north of the ice edge (Fig. 6.11c).

In March, initial autumn sea-ice advance was particularly late around most of the continent
except for a few coastal areas with small pockets of persistent summer sea ice (centered on
20°W, 90°E, 170°E, 105°W, 80°W; Fig. 6.12a). Seasonal advance was particularly slow in the Ross,
western Amundsen, and Bellingshausen Seas where persistent and strong cyclonic activity
occurred from January to March (see Fig. 6.3a) and in most of the Weddell Sea with relatively
warm northerly flow on the eastern side of the ASL. In addition, as elsewhere, the reduced/
delayed sea-ice formation was coincident with the presence of slightly above-average surface
water temperatures (see section 6g) possibly as a result of a combination of enhanced solar
heating and upwelling.

The unprecedented East Antarctic “heatwave” event on 17-18 March (see Sidebar 6.1) did
not initially impact on the large-scale sea-ice pattern off Wilkes Land (the heatwave epicenter).
Rather, on 21 March a distinct SIE anomaly was observed farther to the west, off the Amery Ice
Shelf, possibly as the abnormal heat became entrained in a subsequent low-pressure system,
reducing SIE in that region (Fig. 6.11b) and delaying sea-ice advance (Fig. 6.12a).
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Fig. 6.12. Maps of seasonal sea-ice anomaly (days) in 2022 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 to 2020/21 climatology; the trend (d) is computed over
1979/80-2022/23. The climatology (for computing the anomalies) is based on data from Comiso (2017; updated yearly),
while the 2022/23 ice-edge retreat duration-year data are from the NASA Team NRTSI dataset (Maslanik and Stroeve
1999); the trend is based on the merged dataset containing 1979-2021 data from Comiso (2017) and 2022/23 data from
the NASA Team NRTSI dataset (Maslanik & Stroeve, 1999).

During April-October, the ASL both persisted and deepened (see Fig. 6.3c; especially in
April-May and August-September, not shown), with relatively benign atmospheric conditions
around the rest of the continent. Hence, annual sea-ice advance continued to be later than usual
around most of the continent (Fig. 6.11b), the exception being around ~100°E-110°E (Bunger
Hills) where the sea ice had not fully retreated in the previous year and subsequently advanced
earlier than usual (shown in blue, Fig. 6.11b and in red, Fig. 6.12a). This region then had
greater-than-average SIE through the end of May. Of some prominence is a pattern from May
onward of an ice advance recovery in the outer Ross Sea (Fig. 6.11b), with a substantially
higher-than-average SIE from mid-May onward that intensified at the beginning of August
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(through early December). This was again consistent with the unusual persistence of a strong
ASL (see Figs. 6.3c,e), which drew colder air seaward off the continent to enhance both north-
ward sea-ice advection and freezing conditions over the Ross Sea. During this time, SIE within
the Ross Sea was generally 1-2 std. dev., but as much as 2-4 std. dev., above average.

Elsewhere and from April through October, SIE was considerably lower than normal, with
two regions being exceptionally low. The first is the Amery region (~60°E-100°E), an area across
which transient cyclones are preferentially steered and then stalled by a strong blocking high to
the east during this period (see Fig. 6.3c). One particularly deep cyclone on about 9 June caused
a relatively rapid sea-ice retreat within the Amery region (leading to a SIE of >4 std. dev. below
average for a few days), and localized SIE remained substantially lower than average through
the end of 2022 (Fig. 6.11b). The second region that saw below-average SIE from April through
October was the Bellingshausen-western Weddell Seas sector (~80°W-10°E). There, the per-
sistence and eastward migration of the intense ASL maintained warm northerly winds, which
substantially delayed or minimized ice advance and/or formation, leading to below-average
SIE. For the region ~80°W-40°W, sea ice retreated early (Fig. 6.11b), exposing much of the
far southwestern Peninsula and Eights Coast to open-ocean (sea ice-free) conditions. Hence
during September when net SIE reached its annual maximum, only the Ross and Amundsen
Seas had positive SIE anomalies (Figs. 6.11b,d). The September sea-ice concentration anomalies
(Fig. 6.11d) further reflect the synoptic-scale effects of the repeat passage of transient cyclones
across the Amundsen Sea (facilitating ice-edge expansion through divergence) and their sub-
sequent stalling and weakening in the Bellingshausen Sea, causing warmer conditions and
ice-edge compaction.

During November—December, the ASL remained stronger than average, combined with an
overall intensification and southward contraction of the circumpolar low-pressure trough that
was especially deep across much of East Antarctica (see Fig. 6.3e)—a pattern reflecting a strong
positive Southern Annular Mode (SAM). Resultant increased cyclonic activity around maritime
East Antarctica led to a rapid seasonal (late spring-early summer) sea-ice retreat and strongly
negative SIE anomalies in this sector (of up to 2—4 std. dev. below average in some regions)i.e., the
Amery region (~70°E-90°E) in early November and Adélie Land (~140°E-170°E) during most of
December (Fig. 6.11b). In November, sea ice continued to retreat rapidly in many sectors, notably
east of 80°E and particularly from 130°E to 170°E, as well as in the southeastern Ross Sea from
120°W to 180°W (Fig. 6.12b). In stark contrast, and as was the case in the early austral summer
of 2021, strong northward sea-ice advection to warmer low latitudes maintained substantially
higher-than-average SIE in the eastern Ross Sea to western Bellingshausen Sea (90°W-160°W)
that persisted well into mid- to late-December (early summer), after which an abrupt switch to
rapid recession/melting occurred (Fig. 6.11b). These rapid sea-ice retreat anomalies (Fig. 6.12b),
coupled with the preceding slow sea-ice advance anomalies (Fig. 6.12a), resulted in anomalously
short sea-ice seasons (duration) for most Antarctic sectors, with the exception of 120°W-170°W
(Fig. 6.12c). The substantially short ice-season duration in the eastern Bellingshausen Sea
(60°W-80°W) and western Amundsen/eastern Ross Seas (120°W-160°W) reinforce the strong
negative ice-season duration trends observed over 1979/80-2022/23 (Fig. 6.12d). Similarly, the
longer ice-season duration anomalies in the outer western Amundsen/eastern Ross Seas sector
reinforce the positive ice-season duration trends observed there. Elsewhere, the 2022 ice-season
anomalies stand in contrast to the 1979/80-2022/23 ice-season trend pattern.

Placing 2022 into longer-term context, the continuation in 2022 (and 2023 as of this writing,
which will be discussed in next year’s report) of a major negative net SIE trend that began in
September 2016—and that abruptly followed on from successive record-high Antarctic SIE
maxima in 2013 and 2014 (Reid and Massom 2015)—raises an important issue as to whether a
major shift has occurred in Antarctica’s tightly coupled sea ice—ocean—atmosphere—ice sheet
system. Turner et al. (2017) attributed the sudden initial transition from near-record-high SIE to
consistently below-average extents to a period of weak circumpolar winds and several strong
cyclones that ushered in both warm air and warmer surface waters. However, the circumpolar
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westerlies were stronger than average for most of 2021 and 2022 when new record-low SIE
values have occurred (see section 6b). The persistently low net SIE since 2017 has since been
attributed to a combination of long-term ocean and springtime atmospheric warming (Eayrs
et al. 2021). Zhang et al. (2022) show that since 2016 the subsurface of the Southern Ocean has
had a more dominant influence in driving the negative Antarctic SIE anomaly in comparison
to atmospheric forcing. Similarly, Hobbs et al. (2023, manuscript submitted to J. Climate) show
that recent summertime sea-ice variability has been largely influenced by the notable lack of
ice coverage in the Amundsen and Bellingshausen Seas, such that net summer SIE in recent
years has been determined by sea-ice variability in the Weddell Sea and hence has a weaker
relationship to major large-scale climate modes such as the SAM. To some degree, apart from the
very high SIE in the outer Ross and eastern Amundsen Seas due to a persistently deep ASL, the
pan-Antarctic SIE (Figs. 6.11b—d) and ice season (Figs. 6.12a—c) anomalies observed in 2022 were
unusually widespread and circumpolar as highlighted in Liu et al. (2023) and Hobbs et al. (2023,
manuscript submitted to J. Climate).

There are major potential implications for a persistently low sea-ice cover. These include
changes in continental snow accumulation (Wang et al. 2020), including: the potential that
the low sea-ice cover in 2022 may have contributed to the record-high surface mass balance
and ice-sheet mass balance in 2022; increased coastal air temperature; exposure of fast ice and
ice-shelf fronts to longer periods of open water and wave action (see Sidebar 6.2; Massom et al.
2018; Teder et al. 2022); changes in deep water and bottom water formation (and hence ocean cir-
culation and temperature); and the potential for greater bioactivity due to increased open-water
fraction during warmer months.
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Sidebar 6.2: Larsen B fast-ice breakout and initial glacier response

—N. OCHWAT, A. BANWELL, AND T. SCAMBOS

Since the disintegrations of the Larsen A and Larsen B ice
shelves in 1995 and 2002, respectively, landfast sea ice (sta-
tionary and consolidated sea ice that is attached to the
coastline, hereafter ‘fast ice’) has formed in the areas previ-
ously occupied by these ice shelves. For the Larsen A, this fast
ice has broken out nearly every summer since the ice shelf's
collapse. For several years following the collapse of the Larsen
B, fast ice in the embayment was also generally absent by
February. However, in late March 2011, fast ice formed in the
Larsen B embayment and remained continuously for the next
11 years. The tributary glaciers along the Larsen B coast
advanced several kilometers into this fast ice during the 11-year

occupation, forming extensive glacial ice tongues that com-
pressed and rifted the adjacent fast ice. On 20 January 2022,
the fast ice abruptly fractured throughout its extent, following
small calving events during 17-19 January (Figs. SB6.4a—c). By
8 February, the embayment was almost completely clear of
broken sea-ice floes. Concurrent with the break-out of the ice,
the Larsen B glaciers in the embayment began a rapid retreat
as the ice tongues calved rapidly into large tabular blocks and
smaller calved ice debris, as shown in a series of aerial photos
of the ice front areas and the mélange acquired by the British
Antarctic Survey on 31 January 2022 (Fig. SB6.4d).

11 -year-old .
~ landfast ice

" LarsenB d
fast ice
4,), 7 ‘
e/‘o 7 “;\
G Yo THEN
196‘9 D ba
KIN (s= :
S, W =7 4 : ~ 28
ey @(//. : ,

b - 8 Dec 2021 21 Jan 2022
gl | @ Crane Glacier
.; "" PSS & > -‘ .‘ -

- ' glacier mélange - o < ,

. _ ARNE

= , | ‘
L ¥4 S~ areaseen . - =

& =0 , L in (d) -

b N
e o S

& 15 Feb 2022 el _81Jan 2022

Fig. SB6.4. (a)-(c) Landsat 8 true-color images of the Larsen A and Larsen B embayments spanning the period of the

breakup of the 11-year-old Larsen B fast ice. (d) Enhanced
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looking southwestward, acquired by British Antarctic Survey.
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The cause of the fast-ice breakout appears to be a combina- through this period, similar to the orientation of the open

tion of warm summer air temperatures and wave action. corridor in the sea ice. Our analysis looked at wave data grid
Intense surface melting occurred in the region in the 2021/22 cells adjacent to the Larsen B fast ice front as well as cells
summer (https://nsidc.org/greenland-today/2022/02/) that ~150 km to the northeast near James Ross Island (Fig. SB6.5¢).
likely pre-conditioned the fast ice cover for breakup, but intense Subsequent foehn events, triggered by atmospheric rivers
surface melting and flooding of the fast ice by meltwater had impacting the western flank of the Peninsula (e.g., 20 January,
happened before, particularly in 2015/16 and 2019/20 (e.g., 29-30 January, and 7-9 February), cleared the broken ice and
Banwell et al. 2021, see their Fig. 2; Bevan et al. 2020; by infer- much of the mélange of ice blocks and rafted thick sea ice from
ence of extensive melting in the northern Larsen C). However, the embayment as a rapid up-fjord retreat of the ice tongues
unlike previous summers, sea ice in the adjacent northwestern progressed.
Weddell Sea was greatly reduced in 2021/22 (Figs. SB6.5a,b). Fast ice has been shown to have a stabilizing effect on ice
Sea-ice pack, even at relatively low concentrations, sharply shelves and glaciers, and its loss is frequently associated with
dampens surface ocean waves within a few kilometers of the ice-shelf breakup or glacier retreat (Massom et al. 2010, 2018;
sea-ice front (Squire et al. 1995; Zhao et al. 2015). In early Gomez-Fell et al. 2022; Fraser et al. 2023). After the Larsen B
January 2022, for the first time in the 2011-22 fast ice period, a Ice Shelf collapsed in 2002, glaciers that formerly flowed into
~50 km-wide ice-free corridor (concentration below 15%) the ice shelf calved and retreated rapidly. However, over the
opened in the northwestern Weddell Sea, facilitating ocean 11-year period of fast-ice presence, the Larsen B glaciers par-
swell penetration to the Larsen B fast-ice front. Examining both tially re-advanced, protected from wave action and supported
WAVEWATCH Il (Tolman 2009) and European Centre for by backstress from the fast ice in the bay (notably Crane and
Medium-Range Weather Forecasts Reanalysis version 5 (ERA5) Jorum glaciers, and the Hektoria-Green-Evans glacier system).
wave data (Hersbach et al. 2020; not shown), the first large With the break-out of the fast ice in early 2022, these
swell able to reach the Larsen B fast ice edge occurred on glacier tongues, mélange areas, and in some cases previ-
18-19 January (Fig. SB6.5¢), with an estimated peak amplitude ously grounded ice retreated and collapsed. Unlike previous
of 1.75 m and a peak wave period of 5 s (equal to a wavelength winter seasons, fast ice did not form in the embayment in
of ~40 m). Wave propagation direction was bearing ~250°+25° the 2022 winter. The pack ice in the embayment remained
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Fig. SB6.5. (a) Sea-ice conditions on 20 Jan 2022, showing ice concentration (%) and distribution from AMSR-2 data
(Spreen et al. 2008; https://seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2). Wave propagation direction on
20 Jan from Wavewatch-3 data is shown by the white arrow (~250° true); white outline shows the region assessed for
sea-ice area in (b); red squares show the location of the Wavewatch-3 wave height grid cells shown in (c); (b) sea ice area
(10° km?) from AMSR and AMSR-2 data in the corridor region of the northwest (NW) Weddell Sea for 2010-22; (c) wave
height data (m) for Jan (starting at 0000 UTC on 1 January 2022) from ERA5 Wavewatch-3 gridded wave timeseries for
the grid cell areas in (a).
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mobile and strong foehn wind events (e.g., 20-23 September)
repeatedly cleared the ice from the glacier fronts. By the end of
2022, Crane Glacier had lost ~10 km of floating ice, and the ice
front was at or slightly above the most upstream location ever
observed (see Shuman et al. 2011). The Hektoria-Green-Evans
system collapsed upstream a total of ~26 km, and the merged
trunk for the three glaciers disintegrated. The collapse event
is similar to the rapid evolution of the Rohss Glacier on James
Ross Island in the years following the Prince Gustav Ice Shelf
disintegration (Glasser et al. 2011).

The stark change in fast-ice stability as the fringing sea-ice
pack dispersed timed closely to the arrival of a significant
ocean wave train, and the rapid evolution of the former tribu-
tary glaciers in response to fast-ice loss, point to the potential
impacts on ice-sheet stability and mass balance change that
arise if the current downward trend in summer Antarctic
sea-ice extent continues. The events point to a clear connec-
tion between late-summer wave flexure of warm, melt-laden
fast ice, and significant glacier destabilization in areas where
long-term fast ice is removed by wave action.

g. Southern Ocean

—L. Pezzi, R. Beadling, M. du Plessis, S. Gille, S. A. Josey, J.-R. Shi, M. Santini, E. Souza, G. MacGilchrist, and

C. Schultz

The Southern Ocean (SO) has an important role in Earth’s global climate. It is a significant
sink for anthropogenic CO, and heat (Gille 2002; Frolicher et al. 2015; Shi et al. 2018) and is the
world’s most biologically productive ocean (Liu and Curry 2010). The SO is changing rapidly,
exhibiting significant warming to the north of the Antarctic Circumpolar Current (ACC; Armour
et al. 2016; Sallée 2018; Shi et al. 2021), as well as freshening (Swart et al. 2018) and decreasing
oxygen (Shepherd et al. 2017). Here we analyze 2022 anomalies of SO sea-surface temperature
(SST), surface salinity, mixed layer properties, air-sea heat fluxes, ocean heat content (OHC),
surface chlorophyll, and oxygen concentrations. For surface chlorophyll and oxygen, we focus
on austral spring 2021 and summer 2021/22 to highlight the phytoplankton growth season.

1. SEA-SURFACE AND MIXED-LAYER PROPERTIES

We present 2022 SO SST anomalies relative to the 1991-2020 climatology computed from the
NOAA Optimum Interpolation SST version 2 product (Reynolds et al. 2002). The 2022 SO surface
salinity and mixed layer depth (MLD) anomalies are relative to 2005-20 climatology and also
presented (Figs. 6.13b,c), with data from the Argo-based dataset from Roemmich and Gilson
(2009; RG09). The depth at which potential density referenced to the surface changes by 0.03 kg
m™ relative to potential density at 10 m (de Boyer Montégut et al. 2004) is used to define MLD.
MLD anomalies are computed relative to a 2004-21 climatology. Following Beadling et al. (2022),
we focus on 40°S-65°S since this region encapsulates SO climatic variability and the ACC.

Annually averaged SSTs in 2022 (Fig. 6.13a) were mostly below average, between —0.5°C and
-1.5°C across much of the west and east Pacific, between -0.15°C and -0.5°C in the western
Indian, and between —0.15°C and -0.5°C in the western Atlantic at the Drake Passage. With the
exception of the Atlantic, the greatest negative SST anomalies were generally found south of the
subantarctic front (SAF), while positive SST anomalies characterized regions farther north of the
SAF, with particularly strong positive SST anomalies north of 40°S in the South Pacific. Most of
the Atlantic sector of the SO was warmer than usual.
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The anomalously high SSTs in the Atlantic and Indian sectors resulted in a net positive SST
anomaly for the SO in 2022 (Fig. 6.13d), following the warming tendency shown in Beadling et al.
(2022). Regions with the highest SST coincided with positive sea-surface salinity anomalies
(Fig. 6.13b). Between the SAF and Southern Boundary Front in the South Pacific, positive surface
salinity anomalies co-occurred with anomalous cooling. Positive surface salinity anomalies
were observed in all oceans starting in April 2022 (Fig. 6.13e). The SO MLD reveals anomalously
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Fig. 6.13. 2022 annual average (a) sea-surface temperature (SST; °C), (b) surface salinity (SSS) (PSU), and (c) mixed layer
depth (MLD; m) anomalies. Time series of monthly average (d) SST and (e) surface salinity anomalies. (f) Time series of
monthly average of upper-2000-m ocean heat content (OHC) anomaly (ZJ or 10?" J) relative to 2005-20 Argo climatology
south of 30°S (pink curve) with 12-month running mean on top (black curve) and 2022 highlighted in yellow shading.
(g) Map of 2022 OHC anomalies (x 10° J m~2). SST anomalies are computed relative to a 1991-2020 climatology, while
surface salinity, OHC, and MLD use a 2004-21 climatology given the limited extent of the RG09 product. Purple contours
in the maps indicate the location of the subantarctic and southern boundary Antarctic Circumpolar Current fronts as
defined by Orsi et al. (1995). Four distinct regions between 40°S and 65° are delineated by black dashed contours in Figs.
6.13a-¢, corresponding to the western Pacific (170°W-120°W), eastern Pacific (120°W-70°W), Atlantic (70°W-20°E), and
Indian (20°E-170°E) sectors discussed in the text.
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deep mixing in the South Pacific just north of the SAF (Fig. 6.14c), similar to 2021 (Beadling et al.
2022). However, the deepest mixing was centered in the east Pacific sector in 2021 and migrated
to the west Pacific in 2022. Deeper MLDs were found north of the SAF in the Atlantic and Indian
sectors in 2022 relative to 2021.
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Fig. 6.14. ERAS net heat flux, Qnet (W m2): (a) 2022 annual mean, (b) 2004-20 climatology, and (c) 2022 anomaly. The
purple line denotes the location of the Subantarctic Front as in Fig. 6.13. The blue and red boxes indicate the Pacific
(50°S-60°S, 160°E-80°W) and Atlantic/Indian (50°S-60°S, 50°W-150°E) sectors, respectively, chosen for further analysis.
Positive values indicate the ocean heat gain. (d) Monthly mean net surface heat flux (W m-2) for the Pacific (blue line)
and Atlantic/Indian (red line) sectors of the Southern Ocean during 2022 (dashed) and the 2004-20 climatology (solid).
Shading shows the 2022 anomaly from the climatology. (e) Jul 2021-Jun 2022 dissolved oxygen anomalies (kg m-3)
relative to the 2005-20 Argo climatology. Potential density was calculated from pressure, temperature, and salinity data,
and binned into 0.05 kg m3 intervals. (f) Seasonal cycle of the area-weighted (40°S-65°S), daily mean chlorophyll con-
centration (mg m-3): all historical years (gray lines); the climatological mean for 1997-2022 (black line); the most recent
two growing seasons (purple lines); anomalies relative to climatological mean for each basin (colored shading). A 14-day
rolling average was applied to all time series. The x-axis is centered on the austral summer months. (Source: data are
derived from the multi-satellite merged, cloud-free product; https://doi.org/10.48670/mo0i-00281.)
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2. UPPER-OCEAN HEAT CONTENT

Monthly gridded temperature data from RGO9 were used to evaluate 0-m-2000-m SO OHC
anomalies relative to the 200520 climatological seasonal cycle. We focus on 30°S—-65°S since a
substantial OHC increase occurred in this region (Shi et al. 2021). In 2022, the SO annual mean
upper-2000-m OHC anomaly increased by 16.2 Z] (10* J) to +45.2 ZJ (Fig. 6.13f) This increase
in OHC is much larger than the increase between 2020 and 2021 (2.5 ZJ; Clem et al. 2022) and
much larger than the interannual variability (5.2 Z] south of 30°S) estimated from 1 std. dev.
of the detrended annual OHC during 2005-20. The long-term positive trend in SO OHC is more
apparent and larger in 2022 (+3.97 Z] yr! during 2005-22 versus +3.68 Z] yr* during 2005-21).
This continuous heat gain is consistent with the 2022 OHC increase (Cheng et al. 2023). However,
for the SO, a tremendous austral winter warming occurred in 2022 that was not clearly shown in
Cheng et al. (2023).

Consistent with previous studies, most of the enhanced OHC occurred north of the ACC, with
pronounced positive anomalies in the South Atlantic, Agulhas Return Current, South Pacific
to the north of 50°S, and southwest Pacific around western boundary currents (Fig. 6.13g). The
OHC anomalies are smaller within and south of the ACC associated with upwelling of deep
water. Although they are smaller in magnitude compared with the lower-latitude anomalies,
these positive anomalies can be found around the Antarctic, except for the negative anomalies
in the vicinity of the Pacific Antarctic Ridge.

3. AIR-SEA HEAT FLUXES

The European Centre for Medium-Range Weather Forecasts Reanalysis version 5 (ERA5) is
used to evaluate the 2022 and 2004-20 climatological state of the surface net heat flux for the
Southern Ocean (Hersbach et al. 2020). Air—sea heat fluxes in 2022 showed asymmetrical patterns
of anomalies relative to the 2004-20 climatology (Figs. 6.14a,b). This is consistent with previous
work (Song 2020; Tamsitt et al. 2020; Josey et al. 2023). In both 2022 and the climatology, the
Atlantic and Indian sectors showed a large spread in positive heat flux (ocean heat gain) of 20 W
m™~ to 80 W m™. In comparison, the Pacific sector along the ACC experienced large regions of
negative heat flux (ocean heat loss) down to —-40 W m, largely within and surrounding the SAF.
Further heat loss was observed within the continental shelf regions surrounding Antarctica.

This zonal asymmetry was further amplified in 2022, with heat fluxes in the Atlantic and
Indian sectors consistently higher than the climatology by up to 20 W m~ and the Pacific regions
around and south of the SAF experiencing negative heat fluxes as low as -15 W m= (Fig. 6.14c).

To elucidate potential mechanisms defining the seasonal cycle of heat-flux variability, we
investigate the monthly average heat flux in regional boxes in the Atlantic and Indian sectors
(50°5-60°S, 50°W-150°E) and the Pacific sector (50°S—60°S, 160°E-80°W) as defined in the
zonal asymmetry analysis of Josey et al. (2023). The monthly mean heat flux revealed that the
largest zonal asymmetry was observed in summer (December—February) at ~25 W m= and the
lowest in winter (June—August) at ~10 W m (Fig. 6.14d). Compared to the 200420 climatology,
the 2022 annually averaged heat flux anomaly of the Atlantic/Indian sector was +3.5+3.3 W
m~ (Fig. 6.14d). This contrasted with the Pacific sector, where large monthly mean heat loss
anomalies in winter/spring (reaching a most negative value of -19.5 W m~ in September) led
to an overall 2022 heat flux anomaly of -3.9+10.7 W m™. The large monthly variability in the
2022 heat flux in the Pacific (most notably in June, which had heat gain rather than loss) may
be due to variations in the number of episodic heat loss events as previously observed south of
Australia (Ogle et al. 2018; Tamsitt et al. 2020). Additionally, Pacific heat loss in 2022 coincided
with lower SSTs, deeper MLDs, and a decrease in the OHC (Fig. 6.13), suggesting a potential
seasonal response time between heat flux, surface temperature, and mixing. However, further
investigation is required to establish whether this was the case.
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4. OCEAN BIOGEOCHEMISTRY

We present anomalies of dissolved oxygen (DO) relative to the 200520 Argo climatology
and satellite-observed chlorophyll concentrations relative to the 1997-2022 climatological
mean (Figs. 6.14e,f). For the DO anomalies, data from Argo floats that sampled each region
were averaged for the period considered (July 2021-June 2022) and compared to the average DO
from all Argo floats available in previous years, starting in 2005. Anomalous conditions were
observed in satellite-observed chlorophyll and float-observed oxygen levels during 2021/22, par-
ticularly in the Atlantic sector. Mean chlorophyll concentrations were anomalously high during
the spring and early summer growing season (Fig. 6.14f, thick purple line) before dropping
below climatological levels by mid-January and reaching some of their lowest recorded levels
by the onset of autumn. A basin breakdown of anomalies reveals that this pattern arose almost
entirely from the Atlantic sector. Mean concentrations between +0.05 and +0.10 mg m~ above
climatological levels were seen throughout spring, reaching a maximum in mid-October, before
a precipitous decline. By mid-summer, concentrations were anomalously low, indicating an
early phytoplankton bloom cycle. In the Pacific and Indian Oceans, chlorophyll concentrations
were anomalously low through 2021/22, with the exception of a spike during December and early
January in the Pacific.

As with chlorophyll, there were distinct patterns in DO concentrations in the Atlantic relative
to other sectors of the SO, with lighter water masses (p <274 kg m~) exhibiting anomalously low
concentrations (Fig. 6.14e). A distinct pattern between the Atlantic and other ocean basins is
somewhat consistent with the other metrics shown here. In particular, there is evidence that the
positive MLD, surface temperature, and heat flux anomalies are weaker in the Atlantic compared
to the Pacific basin. The different observational periods between metrics—where it is more intu-
itive for biogeochemical metrics to center the annual cycle around the growing season—make it
challenging to ascertain what drove the anomalous Atlantic basin conditions in late 2021.

h. 2022 Antarctic ozone hole

—N. A. Kramarova, P. A. Newman, E.R. Nash, S. E. Strahan, B. Johnson, M. Pitts, M. L. Santee,

I. Petropavlovskikh, L. Coy, and J. D. Laat

The 2022 Antarctic ozone hole was the 18th largest in 43 years of satellite observations
since 1979, with an average area of 21.6 x 10° km? (averaged for 7 September—13 October) and a
minimum daily total ozone column of 97 DU on 1 and 2 October. The meteorological conditions
and seasonal development of the Antarctic ozone hole in 2022 were similar to those observed in
2020 and 2021. Following the August—September depletion phase, the 2022 ozone hole persisted,
breaking up on 16 December (the 1990-2022 average breakup date is 10 December).
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Antarctic lower stratospheric temperatures were near average in July—September 2022. In
October—December 2022, lower stratospheric temperatures were consistently below average
(orange line in Fig. 6.15a). The volume of polar stratospheric clouds (PSCs) in 2022 stayed below
or near the long-term average during July—October (Fig. 6.15b) and fell to zero as lower strato-
spheric temperatures rose above the threshold for PSC formation in late September (Figs.
6.15a,b). Heterogeneous chemical reactions occur on polar clouds particle surfaces, releasing
chlorine into active forms (e.g., chlorine monoxide, C1O) that deplete ozone at about 1%-2% per
day as sunlight returns to the Antarctic in August-September. Aura Microwave Limb Sounder
(MLS) observations show that vortex-averaged ClO in 2022 was near or below average until

(a) Temperature (b) Polar stratospheric cloud (PSC) volume
230 2
[ [ [ [ I R [ [ [ [ [
210 WP S R
o 21D | | | s § ; | | i |
200 I I \ I < I \ I I
| [ x [ [ [ [
190 - | 0 | \ | |
180 | | | | | 0 | | J |
,_ (e) Chlorine monoxide (CIO) X (d) Ozone (O,)
] [ [ | [ [ 7] | [ [ [ [
08 | v, v | I T ! | |
] [ [ [ . [ | | [ [
] 2
g 06 ! | | z ] | ! | |
< 04 | g [ [ g2 ] [ R \ [ [
T | | 1 | A\ | |
0.2+ [ [ [ . [ [
0 I g | 0. [ [ \ i "
(e) O, rate of decline (f) O, Hole are
1 e | 1 1 30 1 1 | 1 1
60— [ YA [ [ ] [
[ : [ [ ] [
_ 40— h
p I I I t 20 |
> — g -
2 20 9 [ [ [ 2 ] [
aQ T | ~ |
o =— — — — — — — x 10
| [ ]
-20 [ [ [ [ [ ]
0
250
200
2
o
150
100

Baiia Maximum
—— 2020 Mean
2021 Minimum

Jul Aug Sep Oct Nov Dec

Fig. 6.15. Antarctic values of (a) vortex-averaged MERRA-2 temperature on the 440-K potential temperature
surface (~19 km or 60 hPa), (b) CALIPSO polar stratospheric cloud (PSC) volume (updated from Pitts et al. 2018),
(c).(d).(e).(i) vortex-averaged chlorine monoxide (ClIO), ozone (0,), O, rate of decline (calculated as time derivatives of
vortex-averaged ozone), and water vapor (H,0) on the 440-K potential temperature surface from Aura MLS (updated
from Manney et al. 2011), (f) OMI/OMPS Antarctic ozone hole area (area with ozone total column less than 220, DU),
(g) lower stratospheric ozone columns (12 km-20 km) based on sonde measurements at South Pole, and (h) minimum
total ozone columns over 60°5-90°S from OMI/OMPS. Gray shading shows the range of daily Antarctic values for 2005
(for all but (h), which starts in 2006) through 2021. The white curve indicates the 2005-21 long-term mean. DU is a unit
of measurement of the amount of a trace gas in a vertical column. One DU represents the number of trace gas molecules
in the 0.01-mm-thick layer at standard atmospheric surface conditions.
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mid-September and above average in late September through October (Fig. 6.15c), similar to
2020 and 2021. The seasonal ClO peak was delayed by about a week in 2022. Vortex-averaged
ozone on the 440-K isentropic surface (~60 hPa) was above or near average in July-December
2022 (Fig. 6.15d). The seasonal ozone reduction in 2022, estimated by the ozone changes between
the first week of July and the first week of October, was about 2.05 ppmv, which is smaller than
those in 2020 (2.18 ppmv) and 2021 (2.22 ppmv). The ozone rate of decline (Fig. 6.15¢e), calculated
as time derivatives of vortex-averaged ozone (Fig. 6.15d), is mostly driven by reactive chlorine
and bromine from ozone-depleting substances (ODS), with a smaller contribution from trans-
port. The ozone depletion rate is highly correlated with available chlorine (Fig. 6.15c) and
typically increases in July-August, reaching its peak between 1 and 20 September with a
maximum around 10 September (Strahan et al. 2019). The maximum values of the depletion rate
and ClO in the last 18 years were observed in 2005 when the levels of ODS were substantially
larger than today. The 2022 ozone rate of decline was close to average.

The Antarctic ozone hole area, defined by the region with total ozone columns below 220 DU,
reached its peak of 26.45 x 10° km? on 5 October (Fig. 6.15f). Weaker-than-average planetary
wave activity in September through early November 2022 prolonged the ozone hole through
the October—December period (NASA 2023a). Starting in mid-November, the ozone hole rapidly
eroded, disappearing on 16 December. Overall, the ozone hole area in August through early
September 2022 was below or near average, consistent with recovery trends of the onset of the
ozone hole (Stone et al. 2021) due to ODS decreases.

The lower stratospheric ozone column between 12 km and 20 km derived from sonde
measurements at South Pole (SP) station was near or below average in July-September 2022
(Fig. 6.15g), reaching a minimum of 12.4 DU on 5 October. The 2022 minimum total ozone
column over the Antarctic (60°S-90°S), measured on 1 and 2 October at 97 DU, was close to the
long-term average (Fig. 6.15h). Similar to the situation in 2020 and 2021, both the 12 km—-20 km SP
column and the minimum Antarctic polar ozone remained below average in October—December
2022 because of the weaker planetary wave activity and below-average lower stratospheric
temperatures (Figs. 6.15g,h).

The eruption of the Hunga Tonga-Hunga Ha'apai underwater volcano in January 2022 injected
aerosols and a record amount of water vapor directly into the stratosphere. The volcanic material
reached altitudes as high as ~55 km—58 km (Carr et al. 2022), and the stratospheric optical depth
was the highest since the 1991 Mt. Pinatubo eruption (Taha et al. 2022). While it injected a rela-
tively small amount of sulfur dioxide (~0.4 Tg), Hunga Tonga injected an unprecedented amount
of water vapor (146+5 Tg or ~10% of the stratospheric total) into the stratosphere (Millan et al.
2022; Schoeberl et al. 2022). That excess water vapor induced changes in stratospheric tempera-
tures and circulation (Coy et al. 2022). However, MLS observations inside the Antarctic vortex
showed near-average water vapor (Fig. 6.15i), indicating that the volcanic plume did not directly
affect the 2022 ozone hole’s chemical composition.
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Antarctic stratospheric ODS levels are slowly declining as a result of the Montreal Protocol
(NASA 2023b). Abundances of reactive halogens in the Antarctic stratosphere from the ODSs are
estimated using effective equivalent stratospheric chlorine (EESC; Newman et al. 2007). EESC
levels in 2022 were 14% lower than the maximum levels observed in the early 2000s. While the
reduction in ozone hole severity due to declining ODS concentrations is observable on decadal
timescales (Fig. 6.16a), year-to-year ozone hole variations are modulated by Antarctic lower
stratospheric temperatures. Temperature effects are estimated by a quadratic fit of EESC with a
5.2-year mean age of air to the observed ozone hole areas (gray line in Fig. 6.16a). Figure 6.16b
shows the relationship between September lower stratospheric temperatures and area devia-
tions from the fitted curve. Ozone holes are more severe in colder years (Newman et al. 2004).
Below-average September 2022 50-hPa temperatures (green triangle in Fig. 6.16b) increased the
area of the ozone hole by 2-3 x 10° km? with respect to the EESC-fit projection (gray line in
Fig. 6.16a). The November hole area also depends on lower stratospheric temperatures (Fig. 6.16d).
The 2022 late-spring ozone hole was much larger than average (Fig. 6.15f) because of the late
seasonal transition from winter to summer circulation and the associated low temperatures in
late spring (Fig. 6.15a), similar to 2020/21.
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Fig. 6.16. (a) Sep average Antarctic ozone hole area (x 10° km?). (b) Sep anomalies of the ozone hole area (x 10 km?; see
text) versus MERRA-2 Sep 50-hPa temperatures (K) averaged over the polar cap (60°5-90°S). (c) Ozone hole disappear-
ance dates (day of yr). (d) Nov ozone hole areas (x 10° km?) versus MERRA-2 Nov 50-hPa temperatures (K). In (a), the gray
curve shows a quadratic fit of effective equivalent stratospheric chlorine (EESC) 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 triangles (red
squares), and the three years 2020, 2021, and 2022 are highlighted in green, purple, and orange, respectively. Ozone
data for 1979-92 are from Total Ozone Mapping Spectrometer (TOMS) Nimbus-7; 1993-94 are from TOMS Meteor-3;
1996-2004 are from EPTOMS, 2005-15 are from Aura Ozone Monitoring Instrument (OMI); and 2015-22 are from Suomi
National Polar-orbiting Partnership (SNPP) Ozone Mapping and Profiler Suite (OMPS). There were no satellite total ozone
observations for 1995.
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The last three austral springs were characterized by very late ozone hole breakups (Fig. 6.16c).
These late breakups were caused by anomalously weak planetary wave activity during spring.
Planetary waves propagating upward from the troposphere decelerate the polar vortex and force
downward motion, warming the vortex. Weak wave activity in 2020, 2021, and 2022 allowed the
Antarctic vortex to persist into late spring, keeping stratospheric temperatures below average
(Figs. 6.15a,f,g,h). The delay in the vortex breakup in 2022 in turn delayed the ozone hole breakup
(Fig. 6.16¢c). The ozone hole breakup dates are strongly correlated with the vortex breakup dates
from 1990 to the present, and in the last three years (2020-22) occurred later than average,
producing a statistically significant trend of about 5 days decade™ delay in the ozone hole disap-
pearance. The causes for this trend are not known at this time but potentially can be associated
with the strong positive Southern Annular Mode observed in the last three years (see section 6b),
which is associated with reduced planetary wave activity. The long-lasting stratospheric vortices
in the last three years kept ozone columns below average for October—December and prevented
meridional mixing of ozone-rich air from midlatitudes into polar latitudes.

In summary, the 2022 Antarctic ozone hole was slightly larger than average. The large areas of
the Antarctic ozone hole in the last three years are consistent with our understanding of ozone
depletion and are primarily driven by meteorological conditions. The Hunga Tonga-Hunga
Ha'apai eruption did not have a direct effect on the chemical composition of the 2022 ozone
hole. The delayed onset in ozone hole area in August-September observed in the last three years
is consistent with ozone recovery due to the Montreal Protocol.
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Appendix 1: Chapter 6 — Acronyms

ACC
AIS
AR
ASL
ATLAS
AWS
clo
CRI

DO
EESC
ERAS
GRACE
GRACE-FO
H,0
IceSat-2
IVT
IWv
MERRA-2
MLD
MLS
03

0DS
OHC
omi
OMPS
PSC
PSU
Qnet
SAF
SAM
SIA

SIE
SMB
SMMR
SO

SP
SSM/I
SSMIS
SST
TOMS

Antarctic Circumpolar Current

Antarctic Ice Sheet

atmospheric river

Amundsen Sea Low

Advanced Topographic Laser Altimeter System
automated weather station

chlorine monoxide

coastal resolution improvement

dissolved oxygen

effective equivalent stratospheric chlorine
European Centre for Medium-Range Weather Forecasts Reanalysis version 5
Gravity Recovery and Climate Experiment
Gravity Recovery and Climate Experiment Follow-on
water

Ice, Cloud and land Elevation Satellite-2
integrated water vapor transport

integrated water vapor

Modern-Era Retrospective Analysis for Research and Applications version 2
mixed layer depth

Microwave Limb Sounder

ozone

ozone-depleting substances

ocean heat content

Ozone Monitoring Instrument

Ozone Mapping and Profiler Suite

polar stratospheric cloud

surface salinity

net heat flux

subantarctic front

Southern Annular Mode

sea-ice area

sea-ice extent

surface mass balance

Scanning Multi-Channel Microwave Radiometer
Southern Ocean

South Pole

Special Sensor Microwave Imager

Special Sensor Microwave Imager/Sounder
sea-surface temperature

Total Ozone Mapping Spectrometer
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