
S3176 . A N TA R C T I C A  A N D  T H E  S O U T H E R N  O C E A NAU G U S T  2 0 2 1  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 0

Special Online Supplement to the Bulletin of the American Meteorological Society Vol.102, No. 8, August, 2021

https://doi.org/10.1175/BAMS-D-21-0081.1
Corresponding author: Sharon Stammerjohn / Sharon.Stammerjohn@colorado.edu
©2021 American Meteorological Society
For information regarding reuse of this content and general copyright information, consult the AMS Copyright Policy.

ANTARCTICA AND THE SOUTHERN OCEAN
S. Stammerjohn and T. Scambos, Eds.

STATE OF THE CLIMATE IN 2020

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 04/10/25 03:20 PM UTC



S3186 . A N TA R C T I C A  A N D  T H E  S O U T H E R N  O C E A NAU G U S T  2 0 2 1  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 0

STATE OF THE CLIMATE IN 2020
Antarctica and the Southern Ocean

Editors

Jessica Blunden 
Tim Boyer

Chapter Editors

Freya Aldred 
Peter Bissolli 

Howard J. Diamond 
Matthew L. Druckenmiller 

Robert J. H. Dunn 
Catherine Ganter 
Nadine Gobron 

Gregory C. Johnson 
Tim Li 

Rick Lumpkin 
Ademe Mekonnen 

John B. Miller 
Twila A. Moon 

Ahira Sánchez-Lugo 
Ted A. Scambos 
Carl J. Schreck III 

Sharon Stammerjohn 
Richard L. Thoman 

Kate M. Willett 

Technical Editor

Andrea Andersen

BAMS Special Editor for Climate

Michael A. Alexander

American Meteorological Society

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 04/10/25 03:20 PM UTC



S3196 . A N TA R C T I C A  A N D  T H E  S O U T H E R N  O C E A NAU G U S T  2 0 2 1  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 0

Cover credit: 
Scientists acquiring measurements of East Antarctic sea ice and snow cover thickness and prop-
erties during the 2003 Australian-led ARISE multi-disciplinary field experiment. The photo was 
taken by Rob Massom (Australian Antarctic Division) on 10 October 2003.

Antarctica and the Southern Ocean is one chapter from the State of the Climate in 2020 annual 
report and is available from https://doi.org/10.1175/BAMS-D-21-0081.1. Compiled by NOAA’s 
National Centers for Environmental Information, State of the Climate in 2020 is based on contri-
butions from scientists from around the world. It provides a detailed update on global climate 
indicators, notable weather events, and other data collected by environmental monitoring sta-
tions and instruments located on land, water, ice, and in space. The full report is available from 
https://doi.org/10.1175/2021BAMSStateoftheClimate.1.

How to cite this document:

Citing the complete report: 
Blunden, J. and T. Boyer, Eds., 2021: “State of the Climate in 2020”. Bull. Amer. Meteor. Soc., 102 
(8), Si–S475, https://doi.org/10.1175/2021BAMSStateoftheClimate.1 

Citing this chapter: 
Stammerjohn, S. and T. Scambos, Eds., 2021: Antarctica and the Southern Ocean [in “State of 
the Climate in 2020”]. Bull. Amer. Meteor. Soc., 102 (8), S317–S355,  
https://doi.org/10.1175/BAMS-D-21-0081.1.

Citing a section (example): 
Kramarova, N., P. A. Newman, E. R. Nash, S. E. Strahan, C. S. Long, B. Johnson, M. Pitts, M. L. 
Santee, I. Petropavlovskikh, L. Coy, J. de Laat, G. H. Bernhard, S. Stierle, and K. Lakkala, 2021: 
2020 Antarctic ozone hole [in “State of the Climate in 2020”]. Bull. Amer. Meteor. Soc., 102 (8), 
S345–S349, https://doi.org/10.1175/BAMS-D-21-0081.1.

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 04/10/25 03:20 PM UTC



S3206 . A N TA R C T I C A  A N D  T H E  S O U T H E R N  O C E A NAU G U S T  2 0 2 1  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 0

Editor and Author Affiliations (alphabetical by name)

Adusumilli, Susheel, Scripps Institution of Oceanography, University of 
California San Diego, La Jolla, California

Barreira, Sandra, Argentine Naval Hydrographic Service, Buenos Aires, 
Argentina

Bernhard, Germar H., Biospherical Instruments Inc., San Diego, California
Bozkurt, Deniz, Department of Meteorology, University of Valparaíso, 

Valparaíso and Center for Climate and Resilience Research (CR)2,  
Santiago, Chile

Bushinsky, Seth M., University of Hawaii at Mānoa, Honolulu, Hawaii
Clem, Kyle R., School of Geography, Environment and Earth Sciences, Victoria 

University of Wellington, Wellington, New Zealand
Colwell, Steve, British Antarctic Survey, Cambridge, United Kingdom
Coy, Lawrence, Science Systems and Applications, Inc., NASA Goddard Space 

Flight Center, Greenbelt, Maryland 
De Laat, Jos, Royal Netherlands Meteorological Institute (KNMI), DeBilt, 

Netherlands
du Plessis, Marcel D., Department of Marine Sciences, University of 

Gothenburg, Gothenburg, Sweden
Fogt, Ryan L., Department of Geography, Ohio University, Athens, Ohio
Foppert, Annie, Australian Antarctic Program Partnership, Hobart, Tasmania, 

Australia
Fricker, Helen Amanda, Scripps Institution of Oceanography, University of 

California San Diego, La Jolla, California
Gardner, Alex S., Jet Propulsion Laboratory, California Institute of Technology, 

Pasedena, California
Gille, Sarah T., Climate, Atmospheric Science and Physical Oceanography, 

Scripps Institution of Oceanography, University of California, San Diego, La 
Jolla, California

Gorte, Tessa, Department of Atmospheric and Oceanic Sciences, University of 
Colorado Boulder, Boulder, Colorado

Johnson, Bryan, NOAA/OAR Earth System Research Laboratory, Global 
Monitoring Division, and University of Colorado, Boulder, Colorado

Keenan, Eric, Department of Atmospheric and Oceanic Sciences, University of 
Colorado Boulder, Boulder, Colorado

Kennett, Daemon, School of Geography, Environment and Earth Sciences, 
Victoria University of Wellington, Wellington, New Zealand

Keller, Linda M., Department of Atmospheric and Oceanic Sciences, University 
of Wisconsin-Madison, Madison, Wisconsin

Kramarova, Natalya A., NASA Goddard Space Flight Center, Greenbelt, 
Maryland

Lakkala, Kaisa, Finnish Meteorological Institute, Helsinki, Finland
Lazzara, Matthew A., Department of Physical Sciences, School of Arts 

and Sciences, Madison Area Technical College, and Space Science and 
Engineering Center, University of Wisconsin-Madison, Madison, Wisconsin

Lenaerts, Jan T. M., Department of Atmospheric and Oceanic Sciences, 
University of Colorado Boulder, Boulder, Colorado

Lieser, Jan L., Australian Bureau of Meteorology, Hobart, TAS, Australia, and 
Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, 
Tasmania, Australia

Li, Zhi, Climate Change Research Centre, University of New South Wales, 
Sydney, New South Wales, Australia

Liu, Hongxing, Department of Geography, University of Cincinnati, Cincinnati, 
Ohio

Long, Craig S., NOAA/NWS National Center for Environmental Prediction, 
College Park, Maryland

MacFerrin, Michael, Earth Science and Observation Center, CIRES, University 
of Colorado, Boulder, Colorado

Maclennan, Michelle L., Department of Atmospheric and Oceanic Sciences, 
University of Colorado Boulder, Boulder, Colorado

Massom, Robert A., Australian Antarctic Division and Australian Antarctic 
Program Partnership (AAPP), Hobart, Tasmania, Australia

Mikolajczyk, David, Space Science and Engineering Center, University of 
Wisconsin-Madison, Madison, Wisconsin

Montgomery, Lynn, Department of Atmospheric and Oceanic Sciences, 
University of Colorado Boulder, Boulder, Colorado 

Mote, Thomas L., Department of Geography, University of Georgia
Nash, Eric R., Science Systems and Applications, Inc.; NASA Goddard Space 

Flight Center, Greenbelt, Maryland
Newman, Paul A., NASA Goddard Space Flight Center, Greenbelt, Maryland
Petropavlovskikh, Irina, Cooperative Institute for Research in Environmental 

Sciences, University of Colorado Boulder, and NOAA/OAR Earth System 
Research Laboratory, Boulder, Colorado

Pitts, Michael, NASA Langley Research Center, Hampton, Virginia
Reid, Phillip, Australian Bureau of Meteorology and Australian Antarctic 

Program Partnership (AAPP), Hobart, Tasmania, Australia
Rintoul, Steven R., CSIRO Oceans and Atmosphere, Hobart, Tasmania, 

Australia, Centre for Southern Hemisphere Oceans Research, Hobart, 
Tasmania, Australia, Australian Antarctic Program Partnership, Hobart, 
Tasmania, Australia

Santee, Michelle L., NASA Jet Propulsion Laboratory, California Institute of 
Technology, Pasadena, California

Scambos, Ted A., Earth Science and Observation Center, CIRES, University of 
Colorado, Boulder, Colorado 

Shadwick, Elizabeth H., CSIRO Oceans & Atmosphere, Hobart, Tasmania, 
Australia Centre for Southern Hemisphere Oceans Research, Hobart, 
Tasmania, Australia, Australian Antarctic Program Partnership, Hobart, 
Tasmania, Australia

Silvano, Alessandro, Ocean and Earth Science, National Oceanography 
Centre, University of Southampton, Southampton, United Kingdom

Stammerjohn, Sharon, Institute of Arctic and Alpine Research, University of 
Colorado, Boulder, Colorado

Stierle, Scott, NOAA/OAR Global Monitoring Laboratory, Boulder, Colorado; 
CIRES, University of Colorado, Boulder, Colorado

Strahan, Susan, Universities Space Research Association, NASA Goddard 
Space Flight Center, Greenbelt, Maryland

Sutton, Adrienne J., Pacific Marine Environmental Laboratory, NOAA, Seattle 
Washington

Swart, Sebastiaan, Department of Marine Sciences, University of 
Gothenburg, Gothenburg, Sweden, and Department of Oceanography, 
University of Cape Town, Rondebosch, South Africa

Tamsitt, Veronica, Climate Change Research Centre, University of New South 
Wales, Sydney, NSW, Australia, and Centre for Southern Hemisphere 
Oceans Research, Hobart, Tasmania, Australia; College of Marine Science, 
University of South Florida, St. Petersburg, Florida

Tilbrook, Bronte, CSIRO Oceans & Atmosphere, Hobart, Tasmania, Australia, 
and Australian Antarctic Program Partnership, Hobart, Tasmania, Australia 

Wang, Lei, Department of Geography and Anthropology, Louisiana State 
University, Baton Rouge, Louisiana

Williams, Nancy L., College of Marine Science, University of South Florida, St. 
Petersburg, Florida

Yuan, Xiaojun, Lamont-Doherty Earth Observatory of Columbia University, 
Palisades, New York 

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 04/10/25 03:20 PM UTC



S3216 . A N TA R C T I C A  A N D  T H E  S O U T H E R N  O C E A NAU G U S T  2 0 2 1  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 0

Allen, Jessicca, Graphics Support, Cooperative Institute for Satellite Earth 
System Studies, North Carolina State University, Asheville, North Carolina

Andersen, Andrea, Technical Editor, Innovative Consulting Management 
Services, LLC, NOAA/NESDIS National Centers for Environmental 
Information, Asheville, North Carolina

Hammer, Gregory, Content Team Lead, Communications and Outreach,  
NOAA/NESDIS National Centers for Environmental Information, Asheville, 
North Carolina

Love-Brotak, S. Elizabeth, Lead Graphics Production, NOAA/NESDIS National 
Centers for Environmental Information, Asheville, North Carolina

Misch, Deborah J., Graphics Support, Innovative Consulting Management 
Services, LLC, NOAA/NESDIS National Centers for Environmental 
Information, Asheville, North Carolina

Riddle, Deborah B., Graphics Support, NOAA/NESDIS National Centers for 
Environmental Information, Asheville, North Carolina

Veasey, Sara W., Visual Communications Team Lead, Communications and 
Outreach, NOAA/NESDIS National Centers for Environmental Information, 
Asheville, North Carolina

Editorial and Production Team

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 04/10/25 03:20 PM UTC



S3226 . A N TA R C T I C A  A N D  T H E  S O U T H E R N  O C E A NAU G U S T  2 0 2 1  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 0

List of authors and affiliations ............................................................................................. S320

a. Overview  ........................................................................................................................... S323

b. Atmospheric circulation and surface observations ........................................................ S324

Sidebar 6.1: Record warmth and surface melt on the Antarctic Peninsula in 
February 2020 ......................................................................................................................... S328

c. Ice sheet surface mass balance ......................................................................................... S330

d. Ice sheet seasonal melt extent and duration .................................................................. S331

e. Ice sheet changes from satellite observations ................................................................ S334

f. Sea ice extent, concentration, and seasonality ............................................................... S336

Sidebar 6.2: “Disruption events” and large shifts in sea ice anomalies:  
a tropical–high latititude tango ........................................................................................... S339

g. Southern Ocean ................................................................................................................. S341

  1. Air–sea heat flux ................................................................................................... S341

  2. Mixed layer properties .......................................................................................... S343

  3. Air–sea CO2 flux ..................................................................................................... S343

  4. Recent recovery of Antarctic Bottom Water formation ..................................... S345

h. 2020 Antarctic ozone hole ................................................................................................ S345

Acknowledgments ................................................................................................................. S350

Appendix 1: Chapter - 6 Acronyms ........................................................................................S351

References  ............................................................................................................................ S352

*Please refer to Chapter 8 (Relevant datasets and sources) for a list of all climate variables 
and datasets used in this chapter for analyses, along with their websites for more informa-
tion and access to the data.

6. Table of Contents

Brought to you by NATURAL ENVIRONMENT RESEARCH COUNCIL | Unauthenticated | Downloaded 04/10/25 03:20 PM UTC



S3236 . A N TA R C T I C A  A N D  T H E  S O U T H E R N  O C E A NAU G U S T  2 0 2 1  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 0

6. ANTARCTICA AND THE SOUTHERN OCEAN
S. Stammerjohn and T. Scambos, Eds.

a. Overview—S. Stammerjohn and T. Scambos
Antarctic and Southern Ocean climate for 2020 was marked by several mid-year shifts, includ-

ing reversals from generally warmer to cooler temperatures on the continent, weaker to stronger 
westerlies over the ocean, greater to lesser precipitation on the West Antarctic ice sheet, a warmer 
to colder stratosphere, and lesser to greater circumpolar sea ice extent. The year was also marked 
by several records, including the highest air temperature ever recorded on the continent (18.3°C, 
Francelino et al. 2021) that was observed on the northeastern tip of the Antarctic Peninsula on 
6 February 2020. This temperature record was accompanied by the largest late-summer surface 
melt event yet recorded in the satellite data (since 1978) that affected more than 50% of the 
Antarctic Peninsula and reached elevations exceeding 1700 m. As described in Sidebar 6.1, the 
record warming and melting were caused by an exceptional atmospheric circulation pattern (an 
“atmospheric river”) that delivered extreme warmth and moisture from sub-tropical and middle 
latitudes to the West Antarctic region. 

Later in the year, another record was broken with the longest-lived (and 12th-largest) ozone hole 
yet observed over the last 41 years. Below-average stratospheric temperatures were observed in 
winter and persisted well into spring 2020. These low austral spring temperatures stood in stark 
contrast to the year before when a dramatic stratospheric warming event occurred in September 
2019. Both of these events had lasting effects on the climate: the 2020 event led to unusually high 
levels of ultraviolet radiation in the spring and summer of 2020/21 (section 6h), while the 2019 
stratospheric warming event led to strong surface warming in spring and summer of 2019/20, 
particularly across Queen Maud Land (Clem et al. 2020a; Newman et al. 2020). 

The shift from negative to positive net daily sea ice extent (SIE) anomalies in early August 2020 
was particularly noteworthy as it marked the end of a long run of daily negative SIE anomalies 
that had persisted since the austral spring of 2016. This shift coincided with a strengthening and 
expansion of the Amundsen Sea Low during the latter half of 2020 in response to an evolving La 
Niña in the tropical Pacific. As discussed in Sidebar 6.2, responses to such perturbations emanat-
ing from the tropics, when extreme, have the potential to be “disruption events” at high southern 
latitudes and are associated with large shifts in the Antarctic climate system.

In the Southern Ocean, the most prominent anomalies observed during 2020 were a signifi-
cant shoaling, freshening, and warming of two Subantarctic Mode Water production areas in the 
southeast Pacific and Indian Oceans, significant because these are key areas for global ocean 
uptake of heat and carbon. Deeper down, however, 2020 marks the continued reversal (since 
~2014) of freshening and warming of Antarctic Bottom Water that had been previously observed 
over the last half century. On the continent, negative ice sheet mass anomalies, particularly on 
the Antarctic Peninsula and the Amundsen sector of the West Antarctic ice sheet, outweighed 
the small positive gains elsewhere.

More details on Antarctica’s climate, weather, ice, ocean, and ozone are presented below for 
2020. In most sections, and as for previous years, the 2020 anomalies are derived through com-
parison with the 1981–2010 climatology if sufficient data are available (and when not, other date 
ranges are given). Place names mentioned throughout the chapter are provided in Fig. 6.1.
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b. Atmospheric circulation and surface observations—K. R. Clem, S. Barreira, R. L. Fogt, S. Colwell, 
L. M. Keller, M. A. Lazzara, and D. Mikolajczyk
The 2020 Antarctic atmospheric circulation exhibited anomalous seasonal variability with large 

temperature swings on the continent and in the Weddell and Ross Sea sectors in particular. Mean-
while, East Antarctica experienced persistently warm conditions throughout much of the year. 
In the lower stratosphere and down through the troposphere, the year began with anomalously 
warm conditions associated with the late 2019 stratospheric warming event (Newman et al. 2020), 
while in contrast, 2020 finished with anomalously cold conditions in the stratosphere tied to an 
unusually large and deep ozone hole that developed during spring (see section 6h for more details).

The Antarctic atmospheric circulation anomalies were examined using the European Cen-
tre for Medium-Range Weather Forecasts fifth-generation atmospheric reanalysis (ERA5). 
Figure 6.2 shows the monthly geopotential height (Fig. 6.2a) and temperature (Fig. 6.2b) anomalies 
averaged over the polar cap (60°–90°S) and the monthly circumpolar zonal wind anomalies (Fig. 
6.2c) averaged over 50°–70°S. The anomalies (contoured) and standard deviations (shaded) are 
relative to the 1981–2010 climatology. To summarize the surface climate anomalies, the year was 
split into four groups based on periods of relatively persistent surface pressure and temperature 
anomaly patterns: January–March, April–June, July–October, and November–December. The 
surface pressure and temperature anomalies (contours) and standard deviations (shaded) are 
averaged for each group relative to their 1981–2010 climatology (Fig. 6.3). Monthly temperature and 
pressure anomaly time series are also shown for select Antarctic staffed (Marambio, Neumayer, 
Mawson, Vostok) and automated (Ferrell AWS, Byrd AWS) weather stations (Fig. 6.4).

From January to March, geopotential height near the surface (Fig. 6.2a) and surface pressure (Fig. 
6.3a) steadily decreased across the Antarctic continent while the midlatitudes were dominated by 
positive pressure anomalies. By March, tropospheric geopotential heights over the polar cap were 
more than 25 m (−1.5 std. dev.) below average, and surface pressure at all six weather stations ranged 
from −3 to −12 hPa below average. Concurrently, stronger-than-average circumpolar westerlies, peak-
ing around +2 m s−1 (+1.5 std. dev.), developed through the troposphere and stratosphere, and the 
Southern Annular Mode (SAM) index reached its highest value of the year (+2.05) during March (Fig. 
6.2c). Locally deep pressure anomalies were centered over Marie Byrd Land, the Ross Ice Shelf, and 
Wilkes Land (Fig. 6.3a, noting this shows a 3-month average). These cyclonic anomalies (particularly 
in February) produced warm northerly flow and positive surface air temperature anomalies of +1° to 
+2°C (+2 std. dev.) across the Antarctic Peninsula and Ross Ice Shelf during January–March, resulting 

Fig. 6.1. Map of stations and other regions discussed in this chapter.
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in a new record high monthly mean tem-
perature at Ferrell AWS of −10.7°C (+3.8°C 
above average) in February (Fig. 6.4e). 
Esperanza Station, on the northeastern 
side of the Antarctic Peninsula, recorded 
a temperature of +18.3°C on 6 February, 
the highest temperature recorded to date 
on the Antarctic continent replace with 
(Francelino et al. 2021). The causes of this 
record warming of the Antarctic Peninsula 
region are detailed in Sidebar 6.1.

Negative surface pressure anomalies 
of −4 to −6 hPa (−1 to −2 std. dev.) persisted across the Ross Ice Shelf and Marie Byrd Land from 
April through June (Figs. 6.3b, 6.4e,f), allowing anomalously warm conditions (+2° to +3°C) to 
continue across the Antarctic Peninsula and adjacent Ellsworth Land through early winter. The 
warming also spread inland across the plateau during April–June (Figs. 6.3f, 6.4d) and polar 
cap averaged temperature anomalies were +0.5° to +1°C (+1.5 to +2.5 std. dev.) from April to June 
(Fig. 6.2b). 

During July–October, the persistent low-pressure anomaly over the Ross Ice Shelf shifted 
northward into the Ross Sea (Fig. 6.3c). The broader surface pressure anomaly composite during 
this period (Fig. 6.3c) was consistent with a developing La Niña/Pacific–South American pattern 
(Yuan 2004), with high pressure east of New Zealand, low pressure over the Ross Sea, and high 
pressure in the Weddell Sea. Associated with this pattern in the South Atlantic region, Neumayer 
Station set a new record high monthly mean pressure of 995.7 hPa (+10.9 hPa above average) in 
August (Fig. 6.4b). The high-pressure anomaly in the Weddell Sea produced strong negative surface 
temperature anomalies of −7° to −9°C (>−3 std. dev.) across the Ronne Ice Shelf and the adjacent 
Filchner Ice Shelf to the east (Fig. 6.3g) from July through October, extending eastward along the 
coast to Neumayer Station, where a monthly temperature anomaly of −8.2°C was observed during 
August, coinciding with its record high pressure (Fig. 6.4b). The high-pressure anomaly in the 
Weddell Sea also ended the warm conditions on the Peninsula, and Marambio Station recorded 
its coldest August on record (−21.8°C, −8.7°C below average; Fig. 6.4a).

In contrast to the large fluctuations in the South Atlantic sector of Antarctica, surface pres-
sures were near average to slightly above average over the remainder of the continent from April 

Fig. 6.2. Area-averaged (weighted by cosine of 
latitude) monthly anomalies over the southern polar 
region in 2020 relative to 1981–2010: (a) polar cap 
(60°–90°S) averaged geopotential height anomalies 
(contour interval is 25 m up to ±100 m and 100 m 
after ±100 m); (b) polar cap averaged temperature 
anomalies (contour interval is 0.5°C up to ±2°C and 
2°C after ±2°C); (c) circumpolar (50°–70°S) averaged 
zonal wind anomalies (contour interval is 2 m s−1 with 
an additional contour at ±1 m s−1). Shading depicts 
std. dev. of monthly anomalies from the 1981–2010 
climatological average as indicated by color bar at 
bottom. Red vertical bars indicate the four climate 
periods used for compositing in Fig. 6.3; the dashed 
lines near Dec 2019 and Dec 2020 indicate circulation 
anomalies wrapping around the calendar year. Values 
from the Marshall (2003) SAM index are shown below 
(c) in black (positive values) and red (negative values). 
(Source: ERA5 reanalysis.)
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through October, extending upward through the troposphere (Figs. 6.2a, 6.3b,c, 6.4). In addi-
tion, a strong positive pressure anomaly developed just offshore of East Antarctica from 90° to 
135°E during July–October (Fig. 6.3c), which produced positive surface temperature anomalies of 
+2° to +4°C (+2 std. dev.) across the Amery Ice Shelf and portions of the plateau (Fig. 6.3g). While 
no monthly record high temperatures were set here during this period, Mawson and Vostok sta-
tions observed persistently above-average temperature anomalies of +2° to +6°C from April to 
October (Figs. 6.4c,d), and Vostok Station experienced its warmest spring (September–November) 
on record (not shown).

The surface circulation underwent a dramatic shift during November and December, losing its 
La Niña-like wave train characteristics (Fig. 6.3d) and transitioning to a more zonally symmetric 
positive SAM pattern with below-average pressure over much of the continent and a deepened 
Amundsen Sea Low (Sidebar 6.2). However, the surface expression was not typical of most concur-
rent La Niña and positive SAM phases (Fogt et al. 2011). The strongest negative pressure anomalies 
were located over and near West Antarctica, where Byrd AWS recorded its lowest monthly pressure 
on record for October, November, and December (Fig. 6.4f), and Ferrell AWS (Fig. 6.4e) recorded 
its lowest pressure on record for December (both around −10 to −12 hPa). Concurrently, pressures 
over much of East Antarctica were near average. The regional low pressure over West Antarctica 
combined with relatively high pressures over East Antarctica produced anomalously warm con-
ditions across the Weddell Sea and throughout much of the interior (Fig. 6.3h), where surface 
air temperatures were generally +2° to +3°C (+2 std. dev.) above normal; both Marambio (+3.8°C) 
and Vostok (+4°C) recorded their warmest Novembers on record (Figs. 6.4a,d). Below-average 
temperatures were found only across Marie Byrd Land and the Ross Ice Shelf during November 
and December, where southerly flow developed on the western side of the low pressure, marking 
a switch from the above-average temperatures that previously persisted here for much of the year. 

In the stratosphere, strong negative geopotential height and temperature anomalies developed 
in October (Figs. 6.2a,b), associated with the anomalously large and deep ozone hole (section 6h). 
The geopotential height and temperature anomalies peaked in November at −700 m (−2 std. dev.) 

Fig. 6.3. (top) Surface pressure and (bottom) 2-m temperature anomalies relative to 1981–2010 for (a),(e) Jan–Mar 2020; 
(b),(f) Apr–Jun 2020; (c),(g) Jul–Oct 2020; (d),(h) Nov–Dec 2020. Contour interval is 2 hPa for surface pressure anomalies 
and 1°C for 2-m temperature anomalies. Shading depicts standard deviation of anomalies. (Source: ERA5 reanalysis.)
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and −10°C (−2.5 std. dev.), respectively. These anomalies strengthened the north–south pressure 
gradient and resulted in a strengthened stratospheric polar vortex of around 20 m s−1 in November 
(Fig. 6.2c). These strong anomalies in geopotential height, temperature, and winds persisted in the 
stratosphere through December, while much weaker anomalies characterized the troposphere. 
Whether the atypical regional nature of the surface circulation anomalies contributed to the 
unusually persistent ozone hole (section 6h), perhaps through a lack of planetary scale waves 
propagating from the troposphere to the stratosphere, remains an open question.

Fig. 6.4. Monthly Antarctic climate anomalies during 2020 at six representative stations [four staffed (a)–(d), and two 
automatic (e),(f)]. Anomalies for temperature (°C) are shown in red and MSLP/surface pressure (hPa) are shown in blue, 
with filled circles denoting monthly mean records set for each station in 2020. All anomalies are based on differences 
from the monthly 1981–2010 averages. Observational data used to calculate records start in 1970 for Marambio, 1981 for 
Neumayer and Ferrell AWS, 1954 for Mawson, 1958 for Vostok, and 1980 for Byrd AWS.
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On 6 February 2020, the Argentine research base, Esper-
anza, located on the northeast tip of the Antarctic Peninsula 
(AP; 63.4°S, 57.0°W, elevation 13 m a.s.l.), measured a 2-m 
temperature of 18.3°C (Francelino et al. 2021), which is the 
highest temperature ever recorded on the Antarctic continent, 
surpassing the previous record of 17.5°C (also at Esperanza) set 
on 24 March 2015. The AP also experienced its largest early-
February surface melt extent on record, affecting more than 
50% of the region and reaching elevations exceeding 1700 m 
a.s.l. on the Peninsula’s southwestern side. As detailed below, 
these record events were tied to an exceptional atmospheric 
circulation pattern that brought extreme heat and moisture from 
sub-tropical and middle latitudes to the entire West Antarctic 
region, with surface warming on the eastern Peninsula being 
further intensified by the Foehn wind effect. 

Figure SB6.1a shows the three-hourly surface synoptic condi-
tions observed at Esperanza over the 5–7 February period (ob-
tained from the Global Telecommunications System). Eighteen 
hours prior to the record, temperatures were steady around 0°C 
with high relative humidity between 80% and 90% and light 
and variable winds. Temperatures began increasing steadily 
between 0600 and 1200 UTC on 6 February and then increased 
rapidly during the 1200–1500 UTC period from 6.3°C (1200 UTC) 
to 18.3°C (1500 UTC). Coinciding with the sharp rise in tempera-
ture, relative humidity dropped to 27% and winds increased in 
speed while shifting from the northeast to the southwest. The 
synoptic conditions indicate the sudden rise in temperature was 
due to Foehn-related warming, which is common on the eastern 
Peninsula and characterized by a spike in temperature, a drop 
in relative humidity, and persistent westerly winds (Cape et al. 
2015). Temperatures remained warm following the main spike 
with winds remaining strong out of the southwest, including 
15.7°C observed 3 hours later (1800 UTC) and 17.3°C observed 
6 hours later (2100 UTC), indicating a relatively long-duration 
Foehn event.

Foehn events are typically associated with high levels of 
moisture convergence on an upstream windward slope, which 
aids the rapid saturation of air as it ascends the slope (the 
western Peninsula). This causes the air to cool more slowly at 
about −5°C 1000 m−1 (the saturated adiabat) than if it were 
not saturated. With less cooling, air crossing the ridge is far 
warmer than usual, allowing higher temperatures to be reached 
as the air descends the leeward slope (the eastern Peninsula) 
where it warms at about +10°C 1000 m−1 (the dry adiabat). 
Indeed, the remarkable increase in temperature at Esperanza 
occurred shortly after landfall of an “atmospheric river” (AR; 

outlined in green in Fig. SB6.1b) on the western Peninsula, 
which occurred at 0600 UTC on 6 February, 9 hours prior to 
the record temperature. Atmospheric rivers are long, narrow 
corridors of extremely high moisture flux (>85th percentile; 
Guan and Waliser 2015). Landfalling ARs in West Antarctica 
are unusual, with only around 12 events per year, but they are 
responsible for 40%–80% of surface melting in the region (Wille 
et al. 2019). The 6 February AR developed between a broad, 
double-barrel, low-pressure complex over the South Pacific 
(contours in Fig. SB6.1b), with a 960-hPa low in the western 
Amundsen Sea and a second 976-hPa low to its northeast near 
50°S, and an area of strong (1024 hPa) high pressure centered 
over southern South America. Together, these features rapidly 
transported unusually warm, moist air sourced from 35°–40°S 
latitude poleward and eastward toward the AP, steered along 
the southern edge of the South America high-pressure cell.

The circulation pattern responsible for the 6 February AR 
was also remarkable. Figure SB6.1c shows averaged anomalies 
for the 4–10 February 2020 period of mean sea level pressure 
(MSLP, contours), surface air temperature (SAT, color), and 
surface wind (vectors) relative to the 1981–2010 4–10 Febru-
ary climatology. Along the northwest Peninsula and over Drake 
Passage, MSLP was more than 15 hPa (+2.5 std. dev.) above 
average. The exceptional nature of this high-pressure anomaly 
was even more apparent through the middle troposphere, 
where 4–10 February geopotential height along the northwest 
Peninsula from the 850-hPa to 500-hPa level was the highest 
on record (since 1979), including a 500-hPa geopotential height 
of 5505 m that was 296 m (+4 std. dev.) above average, shat-
tering the previous record of 5357 m (148 m above average) set 
in 1998. Meanwhile, the low-pressure center in the Amundsen 
Sea was more than 12 hPa below average and the low pres-
sure northeast of this region near 50°S was more than 6 hPa 
below average. 

These strong circulation anomalies also advected extremely 
warm air into the region, producing positive SAT anomalies 
of more than 6°C across nearly all of West Antarctica and the 
AP. These anomalously warm temperatures, further enhanced 
by Foehn effect warming on the eastern Peninsula, caused 
anomalously large surface melt extents across the AP during 
a 7-day span from 6 to 12 February (Fig. SB6.1d). While the 
median melt extent from 1989 to 2020 is just 1%–2% for those 
dates, on 8 February 2020, surface melt reached 49.4% of the 
AP, breaking the previous satellite-measured record of 31.0% 
set on 8 February 1996. The next day on 9 February, surface 
melt reached 53.8% of the Peninsula, also a daily record, and 

Sidebar 6.1: Record warmth and surface melt on the Antarctic Peninsula in  
February 2020—K. R. CLEM, M. MACFERRIN, D. KENNETT, D. BOZKURT, AND T. SCAMBOS
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remained at record high levels (for the satellite record) through 
12 February.

Similar circulation anomalies were seen during the previ-
ous record high Antarctic temperature on 24 March 2015 at 
Esperanza (Rondanelli et al. 2019), which also accompanied 
an AR that made landfall on the western Peninsula. Therefore, 
the anomalous circulation pattern described here appears 
exceptionally favorable for the development of ARs and is a 
key driver of extreme warmth and surface melt on the AP. 

Fig. SB6.1. (a) Observed Esperanza synoptic conditions during 5–7 Feb 2020: (top) 2-m temperature and dew point (°C, 
the red filled circle denotes the 18.3°C temperature record), (middle) 2-m relative humidity (%), and (bottom) 10-m wind 
speed (kt) and direction. (b) The atmospheric river (AR) that made landfall on the Antarctic Peninsula (AP) on 6 Feb 2020 
at 0600 UTC: ERA5 integrated water vapor transport (IVT, kg m−1 s−1; shaded/vectors), outline of AR /IVT exceeding 85th 
percentile for Jan–Mar 2020 (green contour) and ERA5 MSLP (hPa, black contours). The AR axis (yellow) denotes the 
pathway of maximum water vapor flux. (c) 4–10 February 2020 ERA5 MSLP (hPa, contour), 2-m temperature (°C, shaded), 
and 10-m wind (m s−1, vectors) anomalies relative to 1981–2010. (d) Daily totals of melt extent (%) over the AP (red line) 
from 1 Oct 2019 to 30 Apr 2020 from passive-microwave measurements (Meier et al. 2019). Daily median (dashed blue 
line), inter-quartile (dark gray shading), and inter-decile (light gray shading) ranges are included for the baseline period 
of Oct 1989 through Apr 2020.

Previously it was shown that the 24 March 2015 circulation 
anomalies were forced by tropical convection (Rondanelli et al. 
2019), with 6 February 2020 also exhibiting a pattern forced 
by tropical convection in the South Pacific Convergence Zone 
(Clem et al. 2019). Projections of future climate and surface 
melt extremes on the Peninsula will need to account for the 
occurrence and tropical linkages of this atmospheric circula-
tion pattern, including a climate-driven tendency for increased 
Foehn frequency and intensity (Cape et al. 2015).
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c. Ice sheet surface mass balance—J. Lenaerts, E. Keenan, M. Maclennan, and T. Gorte
The grounded portion of the Antarctic ice sheet (AIS) is characterized by a frigid continental 

climate. Even in peak summer, atmospheric temperatures on the continent are low enough to pre-
vent widespread surface melt (section 6d) or liquid precipitation, unlike the Greenland ice sheet 
(see section 5e). With few exceptions (e.g., the northern Antarctic Peninsula [AP]), any meltwater 
that is produced refreezes locally in the firn (compacted snow older than 1 year), making meltwater 
runoff negligible on the AIS. On the other hand, sublimation is a significant component of AIS 
surface mass balance (SMB; Lenaerts and Van Den Broeke 2012; Agosta et al. 2019; Mottram et 
al. 2021), especially in summer and on the flanks of the ice sheet where dry downsloping winds 
and blowing snow occur frequently (blowing snow >50% of the time; Palm et al. 2018). By far, the 
dominant contributor to AIS SMB, with a magnitude of about +2300 Gt (Gt = Gigatons = 1012 kg) 
yr−1 over grounded ice areas, is solid precipitation, i.e., snowfall.

Atmospheric reanalysis products are important tools for analyzing in near-real time AIS SMB 
and its two dominant components, snowfall and sublimation. Here we use reanalysis data from 
MERRA-2 at 0.5° × 0.625° horizontal resolution (Gelaro et al. 2017) and ERA-5 at 0.28° horizontal 
resolution (Copernicus Climate Change Service [C3S] 2017) to analyze the 2020 AIS SMB, its spatial 
and seasonal characteristics, and its comparison to the climatological base period (1981–2010). 
Based on recent work comparing reanalysis products with in situ observations on Antarctica, 
MERRA-2 and ERA-5 were the best performing (Wang et al. 2016; Gossart et al. 2019; Medley 
and Thomas 2019); however, important biases remain that are associated with the relatively low 
spatial resolution of the reanalysis products and poor or no representation of important SMB 

processes (e.g., blowing snow, clear-sky 
precipitation).

A time series of AIS SMB from 1980 
to 2020 is provided, based on these 
two reanalysis products (Fig. 6.5a). The 
climatological (1981–2010) mean SMB 
is 2157 ± 131 Gt yr−1 in MERRA-2 and 
2070 ± 113 Gt yr−1 in ERA-5. While both 
time series show comparable interan-
nual variations, with year-to-year SMB 
differences of >300 Gt yr−1 between dry 
and wet years, neither of the reanalyses 
indicates a significant long-term trend in 
SMB. Furthermore, there is no significant 
trend in the difference between MERRA-2 
and ERA-5 over the entire 1980–2020 
period (p = 0.58), although there are 
periods when the two estimates agree 
more closely.

The 2020 SMB total and SMB anomaly 
were 2290 Gt and 133 Gt, respectively, for 
MERRA-2, falling outside the 1 standard 
deviation range in total SMB. Although 
2020 AIS SMB was significantly higher 
than the 1981–2010 mean, 5 of the previ-
ous 40 years had a higher SMB, suggest-
ing that 2020 was still within historical 
variability. As both reanalysis datasets 
produce similar results, we use MERRA-2 
hereafter to focus on spatial and seasonal 

Fig. 6.5. Antarctic surface mass balance (SMB) in 2020. (a) Time 
series of annual Antarctic ice sheet integrated surface mass bal-
ance (Gt yr−1) from 1980 to 2020, according to MERRA-2 (black) and 
ERA-5 (red) for the grounded portion of the ice sheet; horizontal 
lines are 1981–2010 means respectively. (b) and (c) 2020 SMB and 
SMB (kg m−2 yr−1) anomaly(%) relative to 1981–2010 according to 
MERRA-2. In (c), 2020 SMB anomaly is higher than the 1981–2010 
std. dev. in the stippled areas.
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characteristics of the 2020 SMB. As described in many past studies, annual coastal AIS SMB is 
relatively high, e.g., >500 mm water equivalent (w.e.) in the western AP and coastal West Antarctic 
ice sheet (WAIS), decreasing sharply inland and with elevation on the ice sheet, e.g., <50 mm w.e. 
in the East Antarctic ice sheet (EAIS) interior (Fig. 6.5b). The year 2020 was no exception.

Our MERRA-2 results indicate substantial spatial variability in the 2020 anomaly relative to 
the 1981–2010 mean (Fig. 6.5c). In particular, 2020 SMB was substantially higher than climatol-
ogy (>25%) along the areas of WAIS bordering the eastern Amundsen and Bellingshausen Seas, 
as well as the Amery Ice Shelf region on the EAIS, thus helping to offset part of the ice dynamic-
based mass loss that is ongoing in West Antarctica (section 6e; Adusumili et al. 2021). On the 
other hand, 2020 SMB was low compared with the climatology (<−15%) in western Queen Maud 
Land and Wilkes Land, marking a brief reversal of recent high-accumulation years there (Lenaerts 
et al. 2013). Additionally, 2020 SMB was significantly below average in Marie Byrd Land, which, 
along with the positive SMB anomaly farther east, is remarkably consistent with the observed 
long-term SMB trends in West Antarctica (Medley and Thomas 2019).

Seasonally, the climatological (1981–2010) AIS SMB varies considerably (Fig. 6.6), with a mini-
mum in austral summer (less than 140 Gt month−1) and maximum in austral autumn and winter 
(more than 200 Gt month−1). For 2020, the first 3 months (January–March) and last 3 months (Oc-
tober–December) were well within the 1 standard deviation range (gray shading) relative to the 
1981–2010 period. Comparing the 2020 anomaly with the long-term mean and standard deviation 
(Fig. 6.6, black line and gray shading) indicates that the high SMB values in April, May, and July, 
as well as the low SMB values in August, were statistically significant (>1 std. dev.). The drastic 
difference between the July and August total SMB values reflects anomalously high and low 
snowfall in those 2 months, respectively, 
in the West Antarctic region bordering the 
eastern Amundsen and Bellingshausen 
Seas. The high snowfall in July was as-
sociated with a juxtaposition of strong 
positive pressure anomalies over the AP 
and strong negative pressure anomalies 
over the eastern Ross Sea (see Fig. SB6.3a) 
that funneled warm moisture-laden air 
over the West Antarctic coastal region. 
The positive pressure anomaly shifted 
east of the AP in August, the atmospheric 
circulation became more zonal west of 
the AP (Fig. SB6.3b), and the delivery of 
warm moisture-laden air from the north 
sharply decreased to this area (see also 
section 6f and Sidebar 6.2 for the corre-
sponding sea ice response).

d. Ice sheet seasonal melt extent and duration—M. MacFerrin, T. Mote, L. Wang, H. Liu, L. Montgomery, 
and T. Scambos
Surface melt on the Antarctic Ice Sheet (AIS) occurs primarily on the coastal margins, especially 

on the Antarctic Peninsula (AP) and Antarctic ice shelves. It is generally not a large component 
of Antarctica’s net surface mass balance because few areas have significant runoff of meltwater. 
However, surface melt has a major effect on the density of the underlying glacial firn (compacted 
snow older than 1 year) and can induce crevasse deepening, calving, or glacier acceleration through 
hydrofracture and input of water to the ice–bed interface. Because the austral melt season (defined 
here as 1 October through 30 April) spans two calendar years, we focus here on the 2019/20 melt 
season. (Next year’s report will discuss the 2020/21 melt season.) The season bounded by October 

Fig. 6.6. Seasonal cycle of (grounded) AIS-integrated SMB accord-
ing to MERRA-2 for 2020 (red) and 1981–2010 climatology (black 
line shows the mean, gray shading is ± 1 std. dev.).
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2019 through April 2020 had well-above-average melt anomalies in several regions when compared 
to their long-term average (here, 1989–2020). The AP had an especially strong melt season (Banwell 
et al. 2021). 

Daily surface melt was mapped using satellite passive microwave brightness temperature 
data, obtained as daily-composited polar stereographic products from the National Snow and Ice 
Data Center (products NSIDC-0001 and NSIDC-0007; Meier et al. 2019; Gloerson 2006) spanning 
1979–present. Daily passive microwave brightness temperatures using the 37 GHz horizontal 
polarization channel have been acquired by the SMMR, SSM/I, and SSMIS sensors aboard the 
NOAA Nimbus-7 and DMSP F8, F11, F13, F17, and F18 satellites. Surface melt was determined by 
brightness temperatures that exceed a dynamically established threshold using a simple micro-
wave emission model of the expected presence of liquid water in near-surface layers of ice and 
snowpack. The method used here was first developed to track Greenland’s ice sheet surface melt-
ing on a daily basis (Mote and Anderson 1995, 2007, 2014). However, large seasonal fluctuations 
in brightness temperature from areas of dry polar firn in Antarctica can create false positive melt 
in an unmodified version of the Greenland algorithm. False positives were identified by filtering 
cells that have a negative 18V minus 37V GHz frequency gradient (SMMR) or 19V minus 37V GHz 
frequency gradient (SSM/I), and were removed if the measured brightness temperature only 
marginally exceeded the modeled melt threshold (<10 Kelvin). 

During the SMMR sensor period (1979–87), passive microwave composite data are only available 
every other day. To address the daily temporal gaps, melt extent totals are interpolated between 
days, or if longer temporal gaps are present, the gaps are filled with the long-term mean value. 
For error assessment however, the SSMI sensor period (1989–2020) is used as the baseline given 
the higher quality (i.e., not interpolated) SSMI-derived melt data (e.g., Figs. 6.7b, SB6.1d). 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). All 25-km cells that contained ≥50% land ice 
or ice shelf were included, while coastal cells that contained a large fraction of sea ice or open 
ocean were excluded. We divided the AIS into seven regions that comprise the main drainage 
basins (following Shepherd et al. 2012; Fig. 6.7).

Figure 6.7a shows the AIS melt extent and total number of melt days for the 2019/20 melt 
season. More than 60% of the total AIS surface melt occurred on the AP, which had large melt 
events in November, January, and February (Fig. SB6.1d). These large melt events were caused by 
warm atmospheric rivers from the southern Pacific Ocean and record high temperatures on the 

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 2019 to 30 Apr 2020, with Antarctic sub-regions outlined and labeled. (b) Time series of melt (%) for 
all of Antarctica (red) compared to median daily values (blue), inter-quartile ranges (dark gray), and inter-decile ranges 
(light gray) from the 1989–2020 base period.
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Peninsula (Sidebar 6.1; Clem et al. 2019). The February 2020 melt event set a late-season record for 
the 1979–2020 period, for both the AP region (Fig. SB6.1d) and for the entire ice sheet (Fig. 6.7b). 
The Amery and Shackleton ice shelves, most of the coast of Wilkes Land in East Antarctica, and 
the Amundsen-Bellinghausen region in West Antarctica also saw above-average melt in 2019/20, 
although not as pronounced as the melt events on the Peninsula. Comparatively, the Ronne and 
Ross ice shelves experienced lower-than-average melt conditions.

Long-term trends in annual melt index (the sum of daily melt extent [106 km2 ⋅ days] for each 
year; Zwally and Fiegles 1994; Liu et al. 2006) show general declines in surface melt during the 42-
year satellite record for the AIS (Fig. 6.8a), dominated by the decline in melt on the AP (Fig. 6.8b). 

Fig. 6.8. Long-term time series of annual melt index (× 106 km2 · days) for the 1979–2020 satellite record for (a) all of Ant-
arctica and (b)–(h) each sub-region labeled in Fig. 6.7a. Trend lines and 95% trend confidence intervals are outlined in 
blue where the p-values of the slopes are statistically significant (p ≤ 0.05). Due to a 41-day gap in satellite observations 
from Dec 1987–Jan 1988, the 1987 melt season is omitted from these time series.
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This negative trend is consistent with previous studies of satellite-observed melt since the late 
1970s (Liu et al. 2006; Tedesco 2009; Barrand et al. 2013; Oliva et al. 2017), but contrasts with a 
warming of West Antarctica (including the Peninsula) since the mid-twentieth century that then 
leveled off at the start of the twenty-first century (Turner et al. 2016). A statistically significant 
reduction in surface melt was also observed for the Amery-Shackleton region of East Antarctica 
(Fig. 6.8e), but the trend accounts for only 12% of the continent-wide signal, as opposed to 65% 
from the AP. Other regions of the AIS show large interannual variability in surface melt but no 
statistically significant trends over the satellite record.

A recent study (Montgomery et al. 2020) reported on a newly identified firn aquifer in Antarctica 
located on the Wilkins Ice Shelf to the southwest of the AP (Fig. 6.1). Because firn aquifers are 
hydrological features in ice sheets or ice shelves that can store large amounts of surface meltwater 
in the subsurface firn, identifying firn aquifers is relevant for assessing the impacts of Antarctic 
surface melt. Firn aquifers form in areas of high melt and high snow accumulation, where large vol-
umes of meltwater percolate several meters into firn pore spaces and where meltwater can be stored 
through winter without refreezing (Kuipers-Munneke et al. 2014). Previously, firn aquifers were 
only observed in mountain glaciers and in the Greenland ice sheet (Fountain and Walder 1998; 
Forster et al. 2014). The recent study by Montgomery et al. (2020) shows that the Wilkins Ice Shelf 
firn aquifer is highly permeable, based on assessments of borehole permeability at the level of 
the aquifer and on observed drawdown of the water table in a nearby rift. Previously, very rapid 
calving events were observed on the Wilkins Ice Shelf (Scambos et al. 2009) and were likely a 
result of hydrofracture, driven by the extensive aquifer (Montgomery et al. 2020). Another recent 
study using modeling shows favorable conditions for aquifers on other AP ice shelves, such as the 
remnants of the Wordie Ice Shelf (van Wessem et al. 2020), and indeed additional aquifers have 
been identified in the field near the Wilkins Ice Shelf (MacDonnell et al. 2021). Given the key role 
firn aquifers play in ice shelf and ice sheet stability and the ongoing efforts in mapping of their 
distributions, we will continue to report on aquifer research in the coming years. 

e. Ice sheet changes from satellite observations—A. Gardner, S. Adusumilli, and H. A. Fricker
The Antarctic ice sheet (AIS) gains mass through accumulation (total snowfall minus melt 

runoff and sublimation; see section 6c) and loses mass primarily by processes occurring at the 
coasts: seaward ice flow and iceberg calving (which generally has an episodic, multidecadal cycle) 
and basal melt of floating ice (continuous, but time-varying with ocean heat flux; Depoorter et 
al. 2013). For any given time period, the net mass balance of the competing loss and gain terms 
depends on interactions between ice, ocean, and atmosphere. Averaged over long-time scales, 
ice loss from calving and basal melt are approximately equal (Rignot et al. 2013) and seasonal 
effects are minimized. If the AIS were in steady-state, their sum would offset the mass gain from 
net accumulation. In the State of the Climate in 2019 report, we reviewed long-term changes in AIS 
mass over the period 1992–2019 and discussed the processes to which they are attributed (Fricker 
and Gardner 2020). Over that period, the AIS experienced a rapid increase in ice discharge to the 
ocean and inland dynamic thinning (elevation lowering), largely driven by increased rates of ice 
sheet thinning and grounding-line retreat concentrated along the Amundsen Sea coast. 

A recent, and more precise, estimate of decadal change in AIS mass comes from Smith et al. 
(2020) and is based on high-accuracy laser altimetry data acquired by NASA’s ICESat (2003–09) 
and ICESat-2 (2018–19). The Smith et al. study corroborated the scale and location of previously 
reported (e.g., Shepherd et al. 2018) ice sheet mass losses in West Antarctica that were partially 
offset by mass gains in parts of East Antarctica, with a net grounded ice mass loss of 118 Gt yr−1, 
adding an estimated total of 5.5 mm to sea level over the 2003–19 period. ICESat-2 data can now 
be used to show changes on shorter timescales that reveal drivers of elevation changes over 
shorter intervals, such as accumulation events and/or firn compaction (i.e., compacted snow 
older than 1 year). For example, ICESat-2 data revealed increases in ice sheet surface elevation in 
West Antarctica between April 2019 and June 2020 (Adusumilli et al. 2021); 41% of these height 
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changes were due to extreme precipitation, and half of this precipitation occurred as a result 
of “atmospheric rivers,” strong frontal systems that transported large amounts of water (here, 
primarily as snow) from lower latitudes to the Antarctic continental interior (section 6c; Sidebar 
6.1; Lenaerts et al. 2020).

For this report we derived estimates of ice sheet surface height from NASA’s ICESat-2 laser 
altimeter over the period November 2019 to November 2020, as well as mass anomalies over 
this same period from NASA’s satellite gravimeter (GRACE-FO; Wiese et al. 2019). Conversion 
of height differences to mass differences requires a firn density model (e.g., Ligtenberg et al. 
2011) to establish the relationship between height and mass, but this model was not available 
for this report. The derived ice sheet surface height estimates are from the ATLAS/ICESat-2 
L3A Land Ice Height, Version 3 data product (Smith et al. 2021; https://nsidc.org/data/ATL06 
/versions/2) that provides precise estimates of height along ground tracks. Height changes were 
determined by differencing two, 3-month averages centered on November 2019 and November 
2020 (Fig. 6.9a), smoothed using a 30-km Gaussian filter. Surface mass anomalies were derived 
from JPL GRACE and GRACE-FO (Wiese et al. 2019; https://podaac.jpl.nasa.gov/dataset/TELLUS 
_GRAC-GRFO_MASCON_CRI_GRID_RL06_V2), which solve for mass anomalies from the satellite 
gravimeters and were determined on 300-km diameter spherical caps (Wiese et al. 2019). For the 
November 2019 to November 2020 period, the annual analysis included estimates derived from 
GRACE-FO data only, and the gravity-derived mass anomalies were calculated for the same period 
as the altimetry, using the same 3-month averaging. To determine ice sheet mass anomalies in 
units of ice equivalent height changes (Fig. 6.9b), we identified all grids (or mass concentration 
blocks, i.e., mascons) located within the provided land mask that contain more than 10,000 km2 
of land. We then interpolated area-averaged rates of change using natural neighbor interpolation 
according to the location of the land-weighted mascon centroid. We excluded all non-land areas 
inclusive of ice shelves, noting that GRACE is insensitive to changes in ice shelf mass.

Our maps (Fig. 6.9) show ongoing losses in West Antarctica, specifically in the Antarctic 
Peninsula and the Amundsen Sea sector, and in East Antarctica, specifically Enderby, Wilkes 
(Totten Glacier), and Oates Lands (Cook Glacier). Many of the increases in height around Antarc-
tica correspond well with positive surface mass balance anomalies reported for 2020 (Fig. 6.5c), 
which suggests a major contribution of surface processes in driving sub-annual height and mass 
changes during this period. The exception was the Amundsen Sea sector, which experienced net 
mass loss due to grounded ice discharge and surface lowering outweighing the positive surface 
mass balance anomaly (Fig. 6.5c). 

Fig. 6.9. (a) Height change (m yr−1) from ICESat-2 and (b) ice equivalent (i.e.) height change (m i.e. yr−1) from GRACE-FO for 
the period Nov 2019 to Nov 2020.
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There were no major calving events from the large ice shelves in 2020, unlike 2019 with the 
calving of iceberg D-28 from the Amery Ice Shelf (Walker et al. 2021; Francis et al. 2021). However, 
the ice front of Pine Island Ice Shelf, a rapidly thinning ice shelf in the Amundsen Sea sector 
(Paolo et al. 2015), retreated to its most landward location observed in recent decades following 
a small calving event (~200 km2) in February 2020 (Lhermitte et al. 2020). 

f. Sea ice extent, concentration, and seasonality—P. Reid, S. Stammerjohn, R. A. Massom, S. Barreira, 
T. Scambos, and J. L. Lieser
Antarctic sea ice plays a crucial role in the global climate system and is highly sensitive to 

climate change and variability (Walsh 1983; Liu et al. 2002; Roach et al. 2020). Sea ice season-
ally covers a vast area of the high-latitude Southern Ocean each year, expanding its extent from 
~3 × 106 km2 in summer to 19–20 × 106 km2 in winter (Parkinson 2019). This seasonal cycle is driven 
by large-scale atmospheric and oceanic circulations and temperature, but on shorter time scales 
is highly sensitive to the frequent occurrence of high wind and wave events, and also serves as 
a physical buffer for those ice shelves vulnerable to the destructive effects of ocean swells (Mas-
som et al. 2018). As a highly reflective, insulative blanket, the sea ice and its snow cover strongly 
modify ocean–atmosphere fluxes and interactions (Bourassa et al. 2013). In turn, sea ice processes 
are of high importance to the physical and chemical properties and dynamics of the high-latitude 
ocean and atmosphere, including global ocean overturning (thermohaline) circulation (Meredith 
and Brandon 2017). The modification of ocean salinity and stratification by sea ice growth/melt 
processes moderates climate change by regulating the Southern Ocean’s capacity to take up and 
store anthropogenic heat and carbon from the atmosphere (Frölicher et al. 2015), while more lo-
cally these same sea ice processes modify warm ocean-water incursions to Antarctic outlet glaciers 
and ice shelves and thus basal melt rates (Timmermann and Hellmer 2013). Sea ice also forms a 
key habitat for a myriad of biota—ranging from micro-organisms to whales (Thomas 2017)—that 
are highly adapted to (and dependent on) its presence and seasonal changes (Massom and Stam-
merjohn 2010). Human activities around Antarctica such as the resupply of research stations 
and field experiments are also strongly affected by sea ice (COMNAP 2015). Given these factors, 
changes and variability in Antarctic sea ice have important ramifications. 

Based on past assessments of the satellite passive microwave record, net Antarctic sea ice extent 
(SIE) had a small positive trend of 1.0% ± 0.5% per decade from 1979 to 2018 (Parkinson 2019) that 
consisted of contrasting regional and seasonal contributions (Stammerjohn and Maksym 2017). In 
the past decade, however, Antarctic sea ice coverage transitioned from persistently positive daily 
SIE anomalies and record highs during 2012 to mid-2015 (Reid and Massom 2015) to persistently 
negative daily SIE anomalies and record lows during late 2016 to early 2020 (Reid et al. 2020).

Now in 2020, after three and a half years of persistently negative net SIE anomalies, SIE re-
bounded close to the 1981–2010 average both in March and June and then remained above the 
long-term average from mid-August through mid-December (Fig. 6.10a). Annual minimum SIE 
in 2020 occurred on 19 February (2.71 × 106 km2, slightly below average), and the maximum on 
25 September (19.06 × 106 km2, slightly above average). Sea surface temperatures to the north of 
the sea ice were generally above average earlier in the year, before transitioning to below or near 
average later in the year (e.g., Figs. 6.10c,d; see also section 6g, Fig. 6.12f). Large-scale atmospheric 
circulation patterns around Antarctica varied quite strongly during 2020 (section 6b, Fig. 6.3), 
greatly influencing the regional distribution of sea ice. Hence, the following description of the 
seasonal and regional evolution of sea ice closely follows the four climate periods described in 
section 6b.

Early 2020 was characterized by weakened westerly winds and a negative Southern Annu-
lar Mode (SAM) index value that was accompanied by a strengthening of westerly winds and 
positive SAM value in March (Fig. 6.2c). Westerly winds generally cause ice divergence away 
from the continent (Hall and Visbeck 2002), such that the strengthened westerly winds in early 
2020 contributed to a rebound of summer SIE from persistently negative in January–February 
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to near-average in March, particularly in the western Weddell Sea (Fig. 6.10c). There was also a 
slightly stronger-than-normal Amundsen Sea Low (ASL) in early 2020 located at ~170°W (Fig. 6.3a) 
that contributed to decreased SIE in the eastern (~140°–160°W) Ross Sea and slightly increased SIE 
in the western (~150°–170°E) Ross Sea (Fig. 6.10b). The central Weddell Sea region (~20°–40°W) 
also had much lower-than-normal SIE (Fig. 6.10b), a summer anomaly pattern that has persisted 
since 2017 (Turner et al. 2020). 

Fig. 6.10. (a) Time series of net daily sea ice extent (SIE) anomalies (× 106 km2) for 2020 (solid black line) relative to 1981–
2010. The gray shading represents historical (1979–2018) daily SIE anomalies; dotted red contours are the ± 1 std. dev. (b) 
Hovmöller (time–longitude) representation of daily SIE anomalies (× 103 km2 per degree of longitude) for 2020. Maps of 
sea ice concentration anomalies (%) and sea surface temperature anomalies (°C; Reynolds et al. 2002; Smith et al. 2008) 
for (c) Feb and (d) Sep 2020. Sea ice concentration is based on satellite passive microwave ice concentration data (Cavalieri 
et al. 1996, updated yearly, for climatology and Maslanik and Stroeve 1999, for the 2020 sea ice concentration). See Fig. 
6.1 for relevant place names.
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In April, circumpolar surface westerly 
winds weakened again (Fig. 6.2c), and 
the net SIE anomaly became more nega-
tive (Fig. 6.10a), followed by the develop-
ment in May of a zonal wave-3 pattern 
in the longitudinal distribution of SIE 
(Fig. 6.10b). The zonal wave-3 pattern 
was caused by atmospheric low-pressure 
systems centered at ~130°W, ~70°E, 
and ~140°E that led to contrasting SIE 
anomalies to the east/west of these three 
low-pressure centers. The zonal wave-3 
pattern also resulted in corresponding 
early/late regional anomalies in the tim-
ing of ice-edge advance (Fig. 6.11a). 

The austral winter of 2020 was char-
acterized by a transition to persistently 
positive net SIE anomalies starting in 
August in association with a developing 
(but relatively weak at the time) La Niña 
that initially resulted in a strengthened 
ASL at ~160°W that thereafter expanded 
toward ~140°W during September–No-
vember (Sidebar 6.2; Stammerjohn et al. 
2008; Yuan 2004). The ASL in August also 
comprised a zonal wave-2 atmospheric 
pattern, with an additional negative 
pressure anomaly at ~70°E, separated 
by a high-pressure ridge at ~140°E (Figs. 
6.3e, SB6.3b). This zonal wave-2 pattern 
resulted in increased/decreased SIE in 
the Ross Sea/Amundsen-western Belling-
shausen Seas (Figs. 6.10b,d), somewhat characteristic of La Niña periods (Sidebar 6.2). During 
September, SIE was also more extensive (positive anomaly) from the western Weddell Sea to the 
Indian Ocean sector (~30°W to ~70°E) and the eastern Pacific region through to the Ross Sea sec-
tor (~120°E to ~160°W), with reductions (negative SIE anomalies) elsewhere (Figs. 6.10b,d). From 
September through October, negative SIE anomalies were prevalent between ~160°W and 90°W, 
in conjunction with warm northerly winds along the eastern limb of the expansive low-pressure 
anomaly. Interestingly, there was late-season sea ice growth in the eastern Bellingshausen Sea 
region from ~60° to 80°W, i.e., just outside (eastward) of the low-pressure anomaly region, influ-
enced by the ASL as described above. 

From November through the end of the year, the ASL began to weaken, the circumpolar atmo-
spheric trough deepened southward, and the SAM index became positive again. The enhanced 
circum-Antarctic cyclonic activity altered the regionality of sea ice coverage as the annual retreat 
season progressed. In most regions (except for the Amundsen Sea region) and during December, 
net SIE decreased sharply (Fig. 6.10a), particularly within the two major gyre embayments of 
the Ross and Weddell Seas (Figs. 6.10b, 6.11b), as often happens in late spring in response to the 
southward deepening of the circumpolar trough (e.g., Watkins and Simmonds 1999). Seasonally, 
the net result was a longer ice season in most of the outer pack (except for the Bellingshausen 
Sea and eastern Indian Ocean areas), contrasted against a shorter ice season in the inner pack 
(Fig. 6.11c). In further contrast, the ice season in the Bellingshausen Sea in 2020 was anomalously 
short but in-line with the long-term trend in that region (Fig. 6.11d).

Fig. 6.11. Seasonal sea ice anomalies (days) in 2020 of (a) advance 
and (b) retreat; (c) total duration and (d) duration trend (Stammer-
john et al. 2008). Both the climatology (for computing the anoma-
lies) and trend are based on 1981/82 to 2010/11 data (Cavalieri et al. 
1996, updated yearly), while the 2020/21 duration-year data are 
from the NASA Team NRTSI dataset (Maslanik and Stroeve 1999).
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While there are some quite distinct cryospheric processes and 
features that influence Antarctic weather and climate variability 
(e.g., atmosphere–ocean–sea ice–ice sheet interactions, shal-
low stable atmospheric boundary layers, and strong horizontal 
atmospheric moisture gradients), the sensitivity of the Antarctic 
climate to tropical variability underscores the important role of 
strong tropical teleconnections (e.g., Yuan et al. 2018). On a 
year-to-year basis, variability in the tropics, driven by interac-
tions between the ocean and atmosphere, often results in large-
scale modes of climate variability such as the El Niño–Southern 
Oscillation (ENSO), Indian Ocean dipole, Atlantic Multidecadal 
Oscillation, and Madden-Julian Oscillation (MJO). The original 
tropical signal may manifest itself in the form of atmospheric 
Rossby waves that travel southward and influence the position 
and strength of the upper-tropospheric jet streams through 
poleward fluxes of momentum and heat (Yuan et al. 2018). 
In turn, the anomalous position of the jet streams alters the 
position of cyclogenesis around Antarctica (Riehl and Teweles 
1953; Vederman 1954; Raphael et al. 2016), most frequently 
changing the depth of the atmospheric phenomenon known 
as the Amundsen Sea Low (ASL; Li et al. 2015; Raphael et al. 
2016; Yuan et al. 2018) and the strength of the westerly winds 
and the Southern Annular Mode (SAM; Fogt and Marshall 2020). 
Variations in the convective zone of the southeast Pacific (the 
South Pacific Convergence Zone) also alter West Antarctic cli-
mate through Rossby wave interaction (Clem et al. 2020b; 
Stammerjohn and Scambos 2020).

The high-latitude atmospheric response to tropical 
teleconnections, as described above, can induce large sea 
ice extent (SIE) anomalies, particularly if local atmospheric 
phenomena (e.g., ASL, SAM) amplify or abruptly change 
the regional distribution of the SIE anomaly. In some 
cases the anomalous SIE response may be considered a 
“disruption event” (e.g., Hirota et al. 2018) such that the 
SIE anomaly is not only at, or near, record-breaking mag-
nitude, but also exhibits a strong shift in sign. To further 
exemplify what we mean by disruption events, we give 
two examples below. 

As discussed in section 6f, net SIE in 2020 increased 
from generally below average early in the year to, quite 
rapidly (1–2 weeks), above average from August through 
mid-December (Fig. SB6.2, red line). The main contributor 
to this sudden increase in SIE was the development of a 
strong ASL in August that continued to deepen in Septem-
ber (Figs. SB6.3b,c). The strong ASL resulted from Rossby 
wave activity associated with a developing La Niña (and 

associated changes in the Walker Circulation, as measured by 
the Southern Oscillation Index), which is typical for this phase 
of ENSO (Yuan 2004). The result of the strong ASL was above-
average SIE within the Ross Sea and below-average SIE in the 
Amundsen–Bellinghausen Seas region (Figs. SB6.3b, 6.10b; 
Stammerjohn et al. 2008). The relationship between the variabil-
ity of the ASL and the resultant sea ice distribution is complex 
(Raphael et al. 2016) and is discussed in more detail in section 
6f with respect to 2020. However, the timing of the SIE anomaly 
reversal is also important: August, when the La Niña began to 
intensify, is toward the end of the sea ice advance season and, 
as described in section 6f, led to persistently positive net SIE 
anomalies through mid-December 2020 (Fig. SB6.2, red line). 
This SIE anomaly reversal in early August 2020 is particularly 
noteworthy as a disruption event because prior to 2020, net 
circumpolar SIE had been anomalously and persistently negative 
for more than 3 years (since the austral spring of 2016; Reid et 
al. 2020), thus it took an event of this scale to shift the net SIE 
anomaly from persistently negative to positive (for at least four 
consecutive months). 

When a disruption event happens early in the sea ice advance 
season (or conversely later in the ice retreat season), the magni-
tude of the SIE anomaly reversal can be even larger, as occurred 
in 1980. In contrast to 2020, a positive anomaly of the ASL—a 
high-latitude blocking high—developed during early 1980 

Sidebar 6.2. “Disruption events” and large shifts in sea ice anomalies: a tropical–high 
latitude tango—P. REID, R. FOGT, AND X. YUAN

Fig. SB6.2. Time series of net (total) sea ice extent anomaly  
(× 106 km2; 1981–2010 base period) for 2020 (red line) and 1980 
(blue line). The gray shading represents historical (1981–2020) 
SIE anomalies; dotted red contours are the ± 1 std. dev. The blue 
horizontal line represents the period of high-latitude blocking 
high in 1980. The red horizontal line represents the period of 
deep Amundsen Sea Low in 2020.
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(Figs. SB6.3d–f) and produced a strong but opposite response 
in sea ice distribution, e.g., strongly negative versus positive 
SIE anomalies in the Ross Sea. This response was associated 
with a weakening El Niño combined with MJO activity in the 
west and central Pacific (based on the MJO index of Wheeler 
and Hendon 2004) 200-hPa zonal wind, and satellite-observed 
outgoing longwave radiation (OLR). In this region (west/central 
Pacific), MJO activity is often associated with a high-latitude 
blocking high within the central and eastern Ross Sea (Lee and 
Seo 2019). The response in sea ice distribution was strong, with 
the net SIE reaching record daily lows (Fig. SB6.2, blue line). 
Many of those daily lows that occurred in April and early May 
1980 are still records, even 40 years later. During March and 
April 1980, SIE expanded by only ~4.3 × 106 km2, the lowest rate 
of expansion on record for those months and over 2 standard 
deviations below average (~5.4 × 106 km2). The record daily 
low SIE in late April to early May 1980 was largely the result of 
strong northerly winds focused on the Ross Sea (Figs. SB6.3e,f), 
i.e., on-ice winds that kept the ice edge southward. Elsewhere, 
weakened westerly winds in association with a strong negative 

SAM index also contributed to negative SIE anomalies through 
weakened Ekman transport of the ice edge northward. By June, 
however, the SIE began to rapidly expand in association with 
strengthened westerly winds and increased Ekman transport 
northward; these favorable conditions were sustained through 
mid-December, promoting positive SIE anomalies from mid-
August to mid-December 1980 (Fig. SB6.2).

There is a wide body of scientific literature examining how 
the tropics modulate Antarctic SIE and when amplified locally, 
the SIE anomalous response can be extreme in terms of magni-
tude and sign reversal (and thus a disruption event). But equally 
important is how Antarctic sea ice variability, particularly 
during disruption events, might influence extrapolar regions 
of the Southern Hemisphere, a topic much less studied. In the 
high wind and wave environment of the Southern Ocean, sea 
ice amplifies variability from both the atmosphere and ocean 
through its constraint on atmosphere–ocean fluxes. The 2 years 
discussed above, 1980 and 2020, are examples of amplified 
Antarctic SIE variability, and within that context, the following 
questions arise:

Fig. SB6.3. Anomalies of monthly mean sea ice concentration (%) and 850-hPa geopotential height 
(hPa) over Antarctica for (a) Jul 2020, (b) Aug 2020, (c) Sep 2020, (d) Feb 1980, (e) Mar 1980, and 
(f) Apr 1980. Anomalies are based on the 1981–2010 climatology.
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g. Southern Ocean—V. Tamsitt, S. Bushinsky, Z. Li, M. du Plessis, A. Foppert, S. Gille, S. Rintoul, E. Shadwick,  
A. Silvano, A. Sutton, S. Swart, B. Tilbrook, and N. L. Williams
The Southern Ocean (SO) plays a unique role in the climate system and is responsible for 40% 

of oceanic anthropogenic carbon dioxide (CO2) uptake and 75% of the ocean's uptake of heat 
from the atmosphere (Frölicher et al. 2015). The relatively recent increases in deployments of 
biogeochemical floats (Claustre et al. 2020), Saildrone Uncrewed Surface Vehicles (USVs; Sutton 
et al. 2021), and Deep Argo (Roemmich et al. 2019) have provided novel insights into seasonal 
and interannual variability in SO properties and fluxes. Here, we present 2020 anomalies of SO 
air–sea heat and CO2 fluxes and show recent changes in mixed layer (ML) and Antarctic Bottom 
Water (AABW) properties. 

1) Air–sea heat flux 
We use the ERA5 reanalysis to evaluate the annual and 1981–2010 climatological state of the 

surface net heat flux for the SO (all ocean data points south of 40°S, with means area-weighted; 
positive values indicate ocean heat gain). The SO annual mean heat flux anomalies varied 
between positive (maximum: 1.31 W m−2) and negative (minimum: −1.28 W m−2) values with a 
5–10 year period (Fig. 6.12a). The 2020 SO annual heat flux anomaly was moderately positive 
(+0.20 ± 0.12 W m−2) and followed other positive heat flux anomalies over 2014–19 (excepting 2018). 
However, we note that the 2020 positive SO annual heat flux anomaly is an average of both large 
positive and negative regional anomalies. The multi-year (1979–2020) mean heat flux anomaly 
was −0.01 W m−2 compared to the 1981–2010 climatology, emphasizing that the 1981–2010 time 
series begins and ends with a phase of negative heat flux anomalies. We note that the time series 
of net heat flux anomalies differs in the magnitude and range from that presented in State of the 
Climate in 2019 (Queste et al. 2020), which is due to a switch in reanalysis products from NCEP to 
ERA5, as ERA5 heat fluxes were deemed more reliable (Tamsitt et al. 2020).

The SO annual mean net heat flux for 2020 and climatology show broad spatial agreement 
in the sign of the heat flux (Figs. 6.12b,c). Within the open ocean (40°S to the sea ice edge) and 
particularly within the Antarctic Circumpolar Current (ACC) domains, there was widespread heat 
gain in the South Atlantic and Indian Oceans, and heat loss in the South Pacific Ocean. Within the 
sea ice sector, heat loss was generally found nearer to the Antarctic coast, with heat gain toward 
the winter sea ice edge (except in portions of the Indian Ocean at 60°E, Ross Sea at 180°E, and 
Amundsen Sea at 120°W, where heat loss extended to the winter ice edge). 

The difference between 2020 and the climatology (Fig. 6.12d) reveals mostly positive heat flux 
anomalies in the sea ice sector in 2020, with a mean of +0.23 ± 0.01 W m−2, where the uncertainty 
is the standard error of the mean. In the open ocean (40°S to the sea ice edge), the mean heat flux 
anomaly was +0.19 ± 0.02 W m−2, with the positive anomalies in the Pacific Ocean and north of 

1. Does the regional distribution of sea ice play a pas-
sive or active role in modulating the tropical–high 
latitude connection, particularly during disruption 
events?

2. Conversely, what impact does the regional distribu-
tion of sea ice have on the midlatitude and tropical 
weather/climate systems? 

The second question has been examined on a climate-scale 
scenario for both the Arctic and Antarctic, most recently using 
fully coupled global models (England et al. 2020). This work 
suggests that ice loss in the Antarctic region causes an oceanic 
and atmospheric northward heat transport, with the ocean 

signal dominating on climate time scales of a century or more. 
For the Arctic, coupling an ice–ocean model to an atmospheric 
model has shown an improvement in tropical cyclone forecast 
guidance (Smith et al. 2018).

In posing these questions we must remember that the 
tropical–high latitude interaction is not the only forcing influ-
encing sea ice distributions. Other factors such as stratospheric 
ozone and Southern Ocean variability also play significant roles 
(NAS 2017). While much progress has been made toward better 
understanding the drivers of Antarctic climate variations, many 
exciting research opportunities still remain.
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Fig. 6.12. 2020 anomalies of net air–sea heat flux and mixed layer (ML) properties. (a) Time series of ERA5 net air–sea heat 
flux annual mean anomalies (W m−2) from the 1981–2010 mean for the entire Southern Ocean south of 40°S. The 2020 
anomaly is highlighted in red. Maps of ERA5 mean net air–sea heat flux (W m−2) for (b) 2020, (c) climatology (1981–2010), 
and (d) 2020 minus climatology. Maps of gridded Argo 2020 annual mean anomalies relative to 2004–10 mean of (e) ML 
depth (m), (f) ML conservative temperature (°C), and (g) ML absolute salinity (g kg−1). MLD is defined using a density 
threshold following de Boyer Montégut et al. 2004. Gray contours in (b)–(g) show the mean position of the Subantarctic 
and Polar Fronts from Sokolov and Rintoul (2009). Black contours in (b)–(d) indicate the Sep 2020 mean 15% sea ice concen-
tration from the University of Bremen AMSR2 daily 6.25-km gridded sea ice product and light gray contours in (b)–(d) are 
the zero net heat flux line. Red contours in (e) indicate a maximum MLD of 300 m. On all maps the outer latitude is 40°S.
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the ACC outweighing the mostly negative anomalies in the Atlantic and Indian Oceans. Strong 
negative heat flux anomalies are attributed to the Agulhas and Falklands Western Boundary 
Currents, while eddy-like features between 40°S and 45°S can be identified by the large heat gain 
and loss anomalies, which are averaged out in the long-term mean.

2) Mixed layer properties 
Anomalies of mixed layer depth (MLD) and ML conservative temperature (i.e., temperature 

proportional to potential enthalpy to better represent heat content) and absolute salinity in 
2020 were computed relative to the climatological (2004–10) seasonal cycle (Figs. 6.12e–g) using 
monthly gridded Argo data (Roemmich and Gilson 2009). 

In 2020, the most significant observation is the shallower MLs (Fig. 6.12e) occurring in the deep-
est wintertime ML regions, particularly in the southeast Pacific and southeast Indian Subantarctic 
Mode Water (SAMW) formation regions, where the annual mean MLD was >50 m shallower than 
climatology. This contrasts with a deeper ML in the central Indian SAMW formation region. The 
negative MLD anomaly corresponds to the location of positive air–sea heat flux anomaly (i.e., 
weaker heat loss; Fig. 6.12d). As a consequence of the anomalous heat gain, a warmer ML was 
found in the Pacific and southeast Indian sectors, while a colder ML was observed in the central 
Indian Ocean (Fig. 6.12f). A less saline ML was also observed in the warming ML region of the 
southeast Indian and southwest Pacific Oceans, contributing to the ML shoaling. Anomalies in 
the MLD induce anomalies in the subduction and volume of SAMW (Sallée et al. 2010; Li et al. 
2021) and thus anomalies in the oceanic uptake of anthropogenic heat and carbon.

3) Air–sea CO2 flux
Recent technological advancements in making direct measurements of air and surface seawater 

pCO2 and wind speed autonomously from USV have reduced observational uncertainties in the 
Southern Ocean carbon budget by targeting gaps in the observing system (Sabine et al. 2020). 
The novel USV data, an example of which is shown for 2019 (Fig. 6.13a), can be used to estimate 
potential error in different CO2 flux estimates. Once the air–sea gradient in CO2 is determined, 
different satellite-based wind speed products and sampling frequencies have the largest impact 
on CO2 flux uncertainty with biases ranging from −4% to +20% (Sutton et al. 2021).

Biogeochemical profiling floats deployed by the Southern Ocean Carbon and Climate Observa-
tions and Modeling project (SOCCOM) also complement the shipboard underway measurements 
that underpin air–sea CO2 flux estimates (Figs. 6.13b–d). Unlike earlier studies, USV-, ship-, and 
float-based estimates of CO2 flux were found to be in good agreement in 2019 (Sutton et al. 2021). 
Float-based flux estimates have greater uncertainty compared to ship and USV estimates, yet yield 
new information about seasonal cycles and interannual variations. Nonetheless, anomalously 
strong winter outgassing in the Antarctic Zone (AZ), the area between the Polar Front and the 
seasonally ice-covered ocean (see also Fig. 6.13a), was consistently indicated (Fig. 6.13d), both 
as estimated from floats (Gray et al. 2018) and float-derived products (Bushinsky et al. 2019) for 
2014–17 and for the 2014–20 float-only AZ annual average flux (+0.18 ± 0.11 Pg C yr−1) relative to 
the 1982–2010 mean ship-derived AZ fluxes (e.g., Landschützer et al. 2016, +0.01 ± 0.035 Pg C yr−1; 
Rödenbeck et al. 2013, +0.01 ± 0.038 Pg C yr−1). These float-estimated anomalies reinforce the need 
to utilize all ship-, USV-, and float-based pCO2 measurements in order to form a fully resolved 
seasonal, spatial, and interannual picture of SO carbon uptake. 
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Fig. 6.13. Sea–air fluxes of CO2. (a) Uncrewed Surface Vehicles-measured ΔpCO2 (seawater–air; μatm) in the Southern 
Ocean in 2019. Black lines indicate climatological locations of the major fronts as described in Sutton et al. (2021). (b) 
Annual mean fluxes (Pg C yr−1) for long-term ship-derived averages, 2014–17 combined ship and float averages, and 
float-derived 2014–17 estimates from Bushinsky et al. (2019), and float-derived estimates from 2014–20. A 2014–20 
average for float estimates is presented instead of 2020 data alone as year-to-year variations in float data coverage 
make unmapped interannual variability difficult to determine at current float densities. (c) Summer (Nov–Apr) fluxes  
(mol m−2 yr−1) showing 1982–2010 mean (base map) from Landschützer et al. (2016) and float-derived instantaneous fluxes 
from 2014–20 SOCCOM biogeochemical profiling floats (colored circles). Note the difference in temporal averaging be-
tween the base map (6-month) and float data (6-hourly). Black lines represent the Subtropical Front, Subantarctic Front, 
Polar Front, and seasonal ice extent (Gray et al. 2018), from north to south, delineating the Subtropical Zone, Subantarctic 
Zone, Polar-Frontal Zone, Antarctic Zone, and Seasonal Ice Zone. (d) Same as (c) but for winter (May–Oct) months. In all 
plots, positive is a flux to the atmosphere.
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4) Recent recovery of Antarctic Bottom Water formation 
Observations during the past half century showed a sustained warming, freshening, and de-

crease in volume of AABW (Johnson 2008; Purkey and Johnson 2013; van Wijk and Rintoul 2014; 
Menezes et al. 2017; Aoki et al. 2020). These changes have been linked to increased melting of the 
Antarctic Ice Sheet (AIS; Jacobs and Giulivi 2010; Jullion et al. 2013).

More recent ship and Deep Argo observations have revealed a rebound in AABW properties. 
AABW volume and salinity in the Ross Sea have increased since 2014 (Castagno et al. 2019; Silvano 
et al. 2020; Thomas et al. 2020; Bowen et al. 2021), and in the Weddell Sea AABW volume increased 
between 2014 and 2018 (Abrahamsen et al. 2019). In the Ross Sea, renewal of AABW formation 
has been attributed to an unusual combination of positive Southern Annular Mode and extreme 
El Niño conditions between 2015 and 2018 that produced anomalies in coastal winds that in turn 
drove increased sea ice formation, shelf water salinity increases, and a larger volume of dense 
AABW (Silvano et al. 2020). In the Weddell Sea, the causes of the recent AABW rebound are less 
clear (Abrahamsen et al. 2019; Gordon et al. 2020). While the projected increase in melt of the 
AIS will likely continue to drive a reduction in AABW formation, recent reversals of this trend 
underscore the sensitivity of the coupled ocean–cryosphere system to climate modes, telecon-
nections, and episodic events (e.g., iceberg calving; Shadwick et al. 2013).

h. 2020 Antarctic ozone hole—N. Kramarova, P. A. Newman, E. R. Nash, S. E. Strahan, C. S. Long, B. Johnson, 
M. Pitts, M. L. Santee, I. Petropavlovskikh, L. Coy, J. de Laat, G. H. Bernhard, S. Stierle, and K. Lakkala
The 2020 ozone hole was the 12th largest since the start of the NASA satellite observational 

record in 1979 at 23.5 Mkm2 (the average area for 7 September to 13 October), with a minimum total 
ozone column of 94 Dobson units (DU). The 2020 austral spring was marked by a lack of planetary 
wave activity that resulted in a cold and stable polar stratospheric vortex, creating favorable 
conditions for ozone depletion. Due to the weaker-than-usual planetary-scale wave activity from 
September to December—waves that propagate from the troposphere into the stratosphere that 
force warming of the stratosphere and deceleration of the westerly polar night jet—the winter-to-
summer circulation transition was delayed by several weeks, leading to the longest-lived ozone 
hole in the observational record. Record low ozone values in late austral spring and early sum-
mer led to unusually high levels of ultraviolet (UV) radiation in the Antarctic region (the area 
nominally south of 60°S).

Persistently low temperatures were observed in the Antarctic lower stratospheric vortex during 
winter and spring 2020 (Fig. 6.14a). Low temperatures supported formation of polar stratospheric 
clouds (PSCs), whose combined volume was above average in July and August (Fig. 6.14b). These 
clouds provide surfaces for heterogeneous chemical reactions that release chlorine (Cl2), which 
is converted to active, ozone-destroying chlorine species after sunlight returns to polar latitudes 
in late August and September. In September, the key month for ozone depletion, vortex-averaged 
temperatures on the 440 K isentropic surface (~60 hPa or ~19 km) were consistently near or below 
the 2005–18 average, sustaining the PSC volume at near-average levels (Figs. 6.14a,b). Chlorine 
monoxide (ClO) concentrations (Fig. 6.14c) were near average until mid-September and above 
average in early October, similar to 2015. The 2020 vortex-mean ozone concentrations on the 440 
K isentropic surface were close to average throughout the entire season (Fig. 6.14d) and reached 
a minimum in early October. The ozone hole area—the area with the total ozone column below 
220 DU—peaked on 20 September (Fig. 6.14e). The partial ozone column between 12 km and 20 
km derived from ozone sonde observations at the South Pole (Fig. 6.14f) declined rapidly in Sep-
tember and measured 6.1 DU on 15 October, the third lowest since sonde observations began in 
1986. The lowest 2020 total ozone column of 94 DU was observed on 6 October (Fig. 6.14g).

In most years, planetary wave activity increases in September and October, decelerating the 
circumpolar winds and increasing lower stratospheric temperatures. This wave activity forces 
poleward and downward transport of ozone-rich air to the Antarctic lower stratosphere. This 
strong austral spring advection replenishes ozone in the depleted Antarctic region during the 
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October–November period. Conditions in 2020 diverged from this typical behavior. Wave activ-
ity was weaker than average in August and September and at record low levels in October and 
November, resulting in a cold and stable polar vortex that persisted through December. Start-
ing in late October, the Antarctic lower stratosphere saw a number of low-temperature records 
(Fig. 6.14a). The November-mean temperature at 50 hPa hit a record low of 213.2 K, 12.9 K below 
the November mean for the entire observational period (1980–2019). 

The weak wave activity throughout the austral spring slowed the winter-to-summer transition, 
resulting in the longest-lived ozone hole in the observational record. The minimum total column 
ozone (Fig. 6.14g) reached record low values in November and December 2020. The 12–20 km ozone 

Fig. 6.14. Antarctic values of (a) vortex-averaged MERRA-2 temperature (K), (b) CALIPSO PSC volume (× 106 km3; updated 
from Pitts et al. 2018), (c), (d) vortex-averaged ClO (ppbv) and O3 (ppmv) measured by the Aura Microwave Limb Sounder 
(MLS; updated from Manney et al. 2011), (e) Antarctic ozone hole area (× 106 km2; area with ozone total column less than 
220 Dobson units [DU]) measured by the Aura Ozone Monitoring Instrument (OMI) and Suomi National Polar-orbiting 
Partnership/Ozone Mapping and Profiler (SNPP OMPS), (f) lower stratospheric ozone column (12–20 km, DU) based on 
sonde measurements at South Pole, and (g) minimum total column ozone (DU) over 60°–90°S from OMI/OMPS. MERRA-2 
temperature and MLS averages are made inside the polar vortex on the 440 K potential temperature surface (~19 km or 
60 hPa). Gray shading shows the range of daily Antarctic values for 2005 (for all but (b), which starts in 2006) through 
2018. The white curve indicates the 2005–18 mean.
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column values at the South Pole were consistently below average since late September, breaking 
a number of daily records from late-October to December (Fig. 6.14f). Recent model-based studies 
(e.g., Müller et al. 2018) demonstrated that when the vortex remains cold and stable, as it did in 
2020, near-complete lower stratospheric ozone destruction can still occur at the current levels of 
chlorine and bromine, even though they are 12.4% lower than their peak in 2000. 

Monthly mean ozone hole areas in November and December 2020 were the largest on record 
at 19.5 Mkm2 and 8.9 Mkm2, respectively; in most other years the ozone hole disappeared by 
December. Similarly, the year 2015 exhibited weak wave activity that led to a persistently large 
hole and low ozone minima in October–December (Nash et al. 2016; green lines in Fig. 6.14). In 
both years, ozone depletion ceased by mid-October (Fig. 6.14d) because the volume of PSCs and 
ClO concentration dropped to near zero (Figs. 6.14b,c). Ozone column values (Figs. 6.14f,g) then 
remained seasonally low for the rest of the year due to the stable vortex and lack of poleward and 
downward transports of ozone-rich air. 

The significant ozone loss in 2020 
represents a dramatic turnabout from 
the 2019 ozone depletion season, when 
a stratospheric warming event in Sep-
tember terminated ozone loss cycles and 
ended depletion early. Lower stratospheric 
temperatures in 2019 increased in mid-Au-
gust, and the September-mean tempera-
ture was 16 K above the long-term average 
(blue line in Fig. 6.14a). The ClO concentra-
tions rapidly declined in early September, 
and ozone levels were 13%–55% above the 
average in mid-September–October 2019 
(blue lines in Figs. 6.14d,f,g). The 2019 
warming event also enabled transport of 
ozone into the polar region, reducing the 
severity of the ozone hole, which grew to 
only 16.4 Mkm2 in early September and 
vanished by early November (Fig. 6.14e). 

September is the most critical month 
for ozone depletion (Solomon et al. 2016; 
Strahan et al. 2019). In this month, polar 
vortex temperatures are typically low and 
less variable than in October, and sun-
light returns to polar latitudes, activating 
photochemical reactions that catalyti-
cally destroy ozone. The ozone hole area 
in September (Fig. 6.15b) is controlled by 
two main factors: stratospheric chlorine 
and bromine loading and meteorological 
variability. To estimate the concentra-
tion of human-produced and natural 
chlorine and bromine compounds in the 
stratosphere, we use a metric called ef-
fective equivalent stratospheric chlorine 
(EESC; Newman et al. 2007). The strato-
spheric EESC concentration maximum 
was reached around 2000; it declined 

Fig. 6.15. (a) MERRA-2 50-hPa Sep mean temperature (K) aver-
aged over 60°–90°S and (b) Sep mean Antarctic ozone hole area 
(× 106 km2). Years with temperatures in the lowest (highest) third 
are shown as blue squares (red triangles). The horizontal blue 
and red lines indicate temperature levels with ±1 std. dev. from 
the 1980–2020 mean (33rd and 66th percentiles). The green curve 
(and right vertical axis) in (b) shows the NASA-estimated EESC 
level in the Antarctic lower stratosphere modeled with the as-
sumption of a 5.2 mean age of air (Newman et al. 2007). Ozone 
data in (b) for 1979–1992 are from the TOMS Nimbus-7, 1993–94 
are from TOMS Meteor-3, 1996–2004 are from Earth Probe TOMS, 
2005–15 are from Aura OMI, and 2016–20 are from SNPP OMPS. 
There were no satellite total ozone observations for 1995.
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thereafter due to actions prompted by the 1987 Montreal Protocol and following amendments. 
The 2020 EESC levels are 12.4% below the peak (green line in Fig. 6.15b).

Year-to-year variations in the lower stratospheric temperature (Fig. 6.15a) also affect the sever-
ity of ozone depletion. The area of the ozone hole is larger in colder years and smaller in warmer 
years. To isolate the effects of declining EESC on ozone recovery, we focus on years with similarly 
cold meteorological conditions (blue points in Fig. 6.15). We estimate that EESC has declined by 
469 ppt, from 3797 ppt to 3328 ppt, since 2000. Strahan et al. (2014) derived a linear relationship 
of 125 ppt EESC Mkm−2 between the observed ozone hole area and EESC during the coldest years. 
Therefore, we expect the hole area to decline at a long-term average rate of 0.19 Mkm2 yr−1. Using 
the blue points in Fig. 6.15b that identify years with September lower stratospheric temperatures 
at least 1 standard deviation below the long-term mean, we calculate a downward trend in the 
September average ozone hole area of 0.21 ± 0.11 Mkm2 yr−1 since 2000, in good agreement with 
the expected trend. These results are consistent with the emergence of ozone recovery due to 
the Montreal Protocol despite large interannual fluctuations in the stratospheric dynamics over 
Antarctica (Solomon et al. 2016). 

The persistence of the 2020 ozone hole until early austral summer resulted in record-breaking 
high UV radiation across the Antarctic region. Surface UV radiation depends on solar elevation, 
total ozone column, clouds, aerosols, and surface reflectivity (e.g., Bais et al. 2019). Ultraviolet 
radiation is quantified here with the UV Index (UVI), which is a measure of erythema (sunburn) 
UV radiation for human skin (WHO 2002). The UVI at the South Pole Station (Fig. 6.16a) and 
Arrival Heights, a coastal site near McMurdo research station (78°S, 167°E; Fig. 6.16b), was con-
sistently above the 1990–2019 average during October–December 2020 (red lines in Fig. 6.16), in 
sharp contrast to 2019 (blue lines in Fig. 6.16), when total ozone column values were on average 
100 DU larger than in 2020. 

As the sun’s elevation approached its seasonal peak, the UVI at the South Pole reached 4.0 
on 15 December. This value tied within the measurement uncertainty with the record highs in 
1998 and 2015. At Arrival Heights, the UVI reached a new all-time record of 7.8 on 23 December, 
exceeding the previous record for this day by 2.5 units. At Marambio (Fig. 6.16c), a research sta-
tion located on the Antarctic Peninsula, the daily maximum UVI exceeded 12 on several days in 
late November and early December 2020 when the ozone hole extended toward South America. 
The UVI exceeded 15 on 29 November and 1 December 2020. A UVI greater than 11 is considered 
extreme, and typically such high UVI values are only observed in the tropics or at high mountain 
elevations. The record high 2020 UVI values in the Antarctic region dramatically contrast with 
the low 2019 values (blue lines in Fig. 6.16 for UVI and Fig. 6.14 for ozone), illustrating how year-
to-year dynamically driven ozone variability impacts surface UV radiation.

Despite persistently cold temperatures and a stable vortex, the ozone depletion in 2020 was 
not as severe as in the early 2000s, when the concentration of ozone-depleting substances was 
close to its maximum. The recovery of the Antarctic ozone hole, due to the Montreal Protocol, is 
becoming evident despite large interannual variability in stratospheric dynamics. Weaker-than-
average wave activity during austral spring led to the delayed transition from the winter-to-summer 
circulation, sustaining low ozone values over Antarctica until late December and resulting in 
unusually high levels of UV radiation.
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Fig. 6.16. Daily maximum UVI measured at three Antarctic stations: (a) South Pole (90°S), (b) Arrival Heights (near McMurdo 
Station; 78°S, 167°E), and (c) Marambio (64°S, 56°E). Colored lines show values for 2019 (blue line) and 2020 (red line), com-
pared with each station’s long-term mean (white line) and min/max range (gray shading) of similar observations between 
1990 and 2018, except for Marambio, where there is a gap in data between 2011 and 2016. Data from 2019 and 2020 are 
preliminary and are expected to agree with final data to within ±5% (Aun et al. 2020; Lakkala et al. 2020). Marambio data 
for 2000–10 are from the Antarctic NILU-UV network (Lakkala et al. 2018). Data at South Pole and Arrival Heights up to 
2009 are from the National Science Foundation’s UV monitoring network (Booth et al. 1994; Bernhard et al. 2004); later 
data are from the NOAA Antarctic UV Monitoring Network (https: //www.esrl.noaa.gov/gmd/grad/antuv/ ) and are corrected 
for small drifts in the calibration scale (Bernhard and Stierle 2020). Maps on the top and bottom show OMPS total ozone 
column values for 3 days in 2020 and 2019, respectively. Black lines indicate ozone contours.
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Chapter 6 – Acronyms
AABW   Antarctic Bottom Water
ACC    Antarctic Circumpolar Current
AIS    Antarctic ice sheet
AMO   Atlantic Multidecadal Oscillation
AP    Antarctic Peninsula
AR    atmospheric river
ASL    Amundsen Sea Low
AWS   automated weather stations
AZ    Antarctic Zone
C3S    Copernicus Climate Change Service
CL2    chlorine
ClO    chlorine monoxide
CO2    carbon dioxide
DU    Dobson units
EAIS    East Antarctic ice sheet
EESC   equivalent stratospheric chlorine
ENSO   El Niño–Southern Oscillation
IVT    integrated water vapor transport
MJO    Madden-Julian Oscillation
ML    mixed layer
MLD   mixed layer depth
MLS    Microwave Limb Sounder
MSLP   mean sea level pressure
NSIDC   National Snow and Ice Data Center
OMI    ozone monitoring instrument
PSC    polar stratospheric cloud
SAM   Southern Annular Mode
SAMW   Subantarctic Mode Water
SAT     surface air temperature
SIE    sea ice extent
SMB    surface mass balance
SNPP OMPS   Suomi National Polar-orbiting Partnership/Ozone Mapping  

    and Profiler
SO    Southern Ocean
SOCCOM   Southern Ocean Carbon Climate Observations and Modeling
USVs   uncrewed surface vehicles
UV    ultraviolet
UVI    ultraviolet index
w.e.     water equivalent
WAIS   West Antarctic ice sheet
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