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Antarctic ice sheet mass loss 

Ice Sheet Mass Change

https://climate.nasa.gov/interactives/climate-time-machine/

Cold and warm shelf regimes/ice sheet mass change



Antarctic sea ice: expanding until 2016, now major decline

https://zacklabe.com/antarctic
-sea-ice-extentconcentration/

1979 2026

https://climate.copernicus.eu/sea-ice-cover-september-2025



Antarctic sea ice: expanding until 2016, now major decline
What controls the spatial structure of the mean sea ice distribution?
Answer: ACC fronts (winter ice).  What controls the frontal locations?

https://zacklabe.com/antarctic
-sea-ice-extentconcentration/

1979 2026

https://climate.copernicus.eu/sea-ice-cover-september-2025



What drives this pattern of sea ice and circulation?
Wind forcing: Mean wind stress and curl

Zonal wind Meridional wind
Wind stress curl 

(blue is Ekman upwelling)

ERA-Interim winds 1979-01-01 to 2015-12-31



How are the winds changing?
Trends over 36 years

ERA-Interim winds 1979-01-01 to 2015-12-31 (trend per year)

Zonal wind Meridional wind
Wind stress curl 

(negative is Ekman upwelling)

Stronger zonal winds; meridional winds also have interesting pattern
but these do not map directly onto the observed sea ice change. 

Why don’t sea ice and sea ice trend mirror wind and wind changes?



Sea ice season trend and pattern
Why pentagonal shape and why this particular ice trend pattern? 
(this map was from the sea ice expansion years)



ACC zonal structure

Two scales of standing meanders:

(1) Full ACC spiral southward from 
Malvinas/Brazil confluence. Note also Agulhas 
Return Current and Campbell Plateau (N.Z.)

(2) Basin-scale ‘scallops’ due to geography and 
topography

Cause?
Wind stress curl and vorticity dynamics with 

topography



Standing meanders
Wind and topographic controls on circulation

CSM2.4  Morrison (circa 2012) ACC fronts from Orsi et al. (1995)



(1) Large-scale meander.  The ACC spirals inward: Sverdrup balance?

180 HENRY STOMMEL 

to a l i t t le over 60~S, and further to the south a small  zone o f  Easterlies. The  EKMAN 
drift  is nor thward  in the westerlies, southward  in the easterlies. South  o f  abou t  
50°-55°S the EKMAN drift  is divergent,  in more  nor ther ly  lat i tudes it is convergent.  
Accord ing  to our simple physical  not ions  we expect this divergence to be compensa ted  
by the p lanetary  divergence of  mer id ional  componen t s  of  geostrophic  flow. There  
is no difficulty in obta in ing such a flow in the ocean of  Fig. 26 (a) because there is a 

Fig. 26 (a). The schematic Southern Ocean. 
Antarctica is the solid black circle. The 
meridional barrier extending northward from 
Antarctica is represented by the solid heavy 
black vertical line. The schematic wind system 
(purely zonal) is depicted by the heavy arrows 
on the lower left. The concentric circles are 
latitude circles. Latitudes of EKMAN conver- 
gence and sinking at the surface are indicated 
by minus signs, latitudes of EKMAN divergence 
and upwelling are indicated by plus signs. The 
direction of the required meridional geostro- 
phic flow is indicated by light radial arrows. 

/ 

Fig. 26 (c). Modification of the transport field 
produced by introduction of other meridional 
barriers corresponding to Africa, Australia, and 
New Zealand, and by breaking the American- 
Antarctic barrier so as to admit a very con- 

stricted Davis Straits. 

Fig. 26 (b). Transport lines of the solution 
for the model depicted in Fig. 26 (a). The 
western boundary currents are to be interpreted 

schematically. 

Fig. 26 (d). Hypothetical form of the solution 
that results from rupturing the American- 
Antarctic barrier in such a way as to permit 
water to flow through, but to obstruct all 

latitude circles. 

comple te  mer id ional  barrier .  The necessary mer id ional  components  are shown 
by heavy arrows in Fig. 26 (a). The full t r anspor t  field is developed by cont inui ty  
from the eastern side o f  the ocean (western coast  of  South  America)  and  fitted with 
an intense western b o u n d a r y  current  at  the western coast  o f  the ocean. There  are 
two immense gyres in Fig. 26 (b). wrapped  a round  the world  paral le l  to la t i tude 
circles. A simple calcula t ion shows that  the t ranspor t  in the southern gyre amounts  
to somewhat  more  than  100 × 106 m3/sec, the nor thern  gyre somewhat  less. Th, us 
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each line in Fig. 26 (b) is roughly 30 × l0 s m3/sec. Actually the northern gyre is 
broken up by the African and Australia-New Zealand continents so that it must be 
modified in some such way as indicated in Fig. 26 (c). In this figure a small breach 
has been made in the South America to Antarctica barrier, enough to permit one 
transport line to pass through, otherwise the general shape of the southern gyre is 
not much altered. If  tbe barrier is broken in a manner indicated in Fig. 26 (d), so 
that there is no unbounded latitude circle, but there is a pass for water to flow through 
to the north, it seems to me that the pattern of flow must then look something like 
drawn. This picture is obtained by keeping all mid-ocean transport lines north of the 
latitude of the passage just the same as in Fig. 26 (b), but south of  this latitude by 
developing the transport function from the western coast of the ocean (the east 
coast of the Palmer Peninsula) toward the east. The flow through the passage itself 
is something of a mystery, but doubtless models can be devised to describe it. Due 
to the extreme elongation of the flow pattern illustrated in Fig. 26 (d) the current 
looks like a purely zonal one at first glance. The over-all agreement of this picture 
with the lines of equal dynamic height in DEACON'S study (1937) is fairly striking. 
Thus we see that there is some reason to suppose that the Antarctic Circumpolar 
Current is not such a dynamical misfit as originally i t  was thought to be. One need 

Fig. 27. Surface contours (or isobars) of the hypothetical Circumpolar Current shown in Fig. 26 (d). 

merely recognize that it is not a zonal current after all. Fig. 27 shows the homogeneous 
model in perspective. The transport lines are parallel to the surface height contours 
everywhere except in the narrow passage where they cross isobars in a downhill 
direction. A water particle does not drop the full dynamic height difference across 
the Antarctic Circumpolar Current each time it makes a circuit around the world, 
but requires from three to five circuits on the average it drops the full dynamic 
height and rises to the surface, and is carried away to the north across the latitude of 
maximum westerlies in the surface ERMAN layer. The ERMAN northward transport 
is non-geostrophic, and distributed all around the southern ocean ; it is indicated 
by the radial arrows in Fig. 28. For entire 55°S latitude circle it must amount to at 
least 20 × 106 ma/sec. This is the latitude of maximum westerlies, and there is no 
mid-ocean meridional flow where the EKMAN layer is non-divergent. There is a 
western current on the western coast of the ocean (eastern South America) setting 
southward, and just to the north of  Drake Passage. Thus it is that the water which 
replenishes that lost to all the oceans north of 55°S by the EKMAN layer, is drawn 
mostly from the South Atlantic western trough. There is reason to suppose that'this 
supply is largely Atlantic Deep Water. 

Stommel (1957)

And others:
Warren et al. (JPO, 1996)
inter alia

ACC mass transport: momentum balance to diagnose the ACC transport, based on form stress. 
Topography is thus central to controlling transport.

However, the PATTERN of southward drift is a vorticity issue, little to do with net mass transport.



(1) Large-scale 3-D SOOC: Deep Waters spiralling inwards and upwards

Tamsitt et al. (Nat. Comm. 2017, JGR 2018, JGR 2019)Deep Water particles released in each ocean



(1) Large-scale: Southern Ocean upwelling of Deep Water to surface, outgassing carbon

Chen et al. (GBC 2022)

High carbon Deep Waters reach 
surface in Southern Ocean
(ship obs. and BGC floats)

Pathways of high carbon spiral inward and upward
(SOSE, CESM, ESM6, matching hydrographic data)

Tamsitt et al. (Nat. Comm. 2017)

Outgas    Uptake

Gray et al. (GRL 2018)
Prend et al. (GBC, 2022)

Carbon outgasses in southern ACC
(BGC floats)



(2) Scalloped sub-basin scale: 
ACC also controlled by topography

Kamenkovich (1962)

Equivalent barotropic theory, analysis of FRAM model, and 
process modeling: topographic  control where it is strong 

Kamenkovich (1962)
Killworth (1992)
Ivchenko et al. (1999)
LaCasce and Isachsen (2010)



(2) Scalloped basin scale: 
Topography strongly influences ACC southern fronts (very strong temperature gradient), 
hence winter sea ice

Sea ice edge (winter – September here) strongly associated with southern ACC fronts.
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(2) Southward swings of ACC: Warm, saline water southwards

ACC southern boundary free flow over abyssal plains goes southward towards Antarctica.
(modified Sverdrup balance under upwelling wind stress curl)



(2) Southward swings of ACC: Warm, saline water southwards

ACC southern boundary free flow over abyssal plains goes southward towards Antarctica.
(modified Sverdrup balance under upwelling wind stress curl)

ACC fronts flow along continental shelf when they can’t go farther south



(2) Northward swings of ACC SBDY: pinned to topography

ACC Southern Boundary (southern edge of UCDW oxygen minimum) driven north along ridges in Pacific and Atlantic
Pacific-Antarctic Ridge
America-Antarctic Ridge and Southwest Indian Ridge



(2) Northward swings of ACC SBDY: pinned to topography and western boundaries

ACC Southern Boundary (southern edge of UCDW oxygen minimum) driven north along ridges in Pacific and Atlantic
Pacific-Antarctic Ridge
America-Antarctic Ridge and Southwest Indian Ridge

And northward as western boundary current at Kerguelen (and southward at South Georgia arc)



(2) Swings of ACC SBDY dictate basin-scale cryosphere patterns
1. Push Warm Deep Waters and ice edge towards shelves
2. Push sea ice far to north (topography, extending way north of any classic 
Sverdrup gyre with land boundaries; equivalent barotropic flow over topography) 



(1) + (2) Zonal asymmetries and Antarctic ice sheet mass

Warm CDW spirals to sea surface
Moves close to continent with the ACC

Tamsitt et al. (Nat. Comm. 2017)
https://climate.nasa.gov/interactives/climateNADW isopycnal temperature

(1) Southward spiral, upwelling Deep Water, 
(2) ACC SBY locally reaching continental shelf -> 
ice sheet mass loss



Dynamics: Vorticity balance in southern ACC?

 

!ζ
!"∫ #$ + β% = & !DE) −D*+""+, "+ !#-&&./-+0∫ "#$

 

β! = " !#$% −#&'EE') "
Linear, steady state, non-diffusive
Vertically integrated

!"!#$$%&#'()!"%* !"!" ∫∫ =+∇• βζ!Nonlinear, diffusive balance in western boundary currents,
edges of topographic constrictions

!"##$#$ %&'EE')*H ∇•== !Balance over strong topography (should be modified by the 
weak stratification)
(modified Sverdrup balance) 

 

β! = "#$%Balance over abyssal plains (weak topography) 
(Sverdrup balance)

Basic vorticity models with wind curl: 
Marshall et al. (2016), LaCasce & Isachsen (2010), Gill (1978), Stommel (1957)

Topography: Masich et al (2015)
Simplification: Reduced gravity formulation necessary a la Killworth (1992) etc



Relative importance of topography or 𝛽 in balancing Ekman pumping 

 

!!β" " = β#$ !!"# !"#!$"% & ∇=∇•!

!"!#$$%&#'()!"%* !"!" ∫∫ =+∇• βζ!

Topographic Sverdrup balance Sverdrup balance

Where U is velocity scale, H is typical depth

Non-dimensional parameter (local) of importance:
B >> 1 topography important
B << 1 b important 

 

Β =
! !∇" !
β#

Typical value for Pacific-Antarctic Ridge with 3000 m drop over 1000 km: B = O(10)
Typical value for Bellingshausen Basin:  B < O(1)

Vorticity at ridges and 
obstructions is more complicated



Float 5903718 2012-03-06 to 2015-09-21
Seems reasonable:
A sample Argo float crossed the SEPacific at an average southward 
speed at 1000 m

V = 0.5 cm/sec

Sverdrup transport velocity, using 
pumping from Marshall and Plumb, assuming 4000m layer

V = 0.4 cm/sec

Ekman pumping (m/yr)

Marshall and Plumb (2008)

Sverdrup balance regime over abyssal plains



Topographic vorticity regime

Topographic Sverdrup balance 
!""

>>


=Β
!
"#

β!"##$ %&' ∇•= !

Hypotheses to consider:
Where B >> 1, strong flow along topography
• steering by f/H contours with strong gradient
• possible frontogenesis along ridges due to converging 

meridional velocity at ridgetops
Likely becomes nonlinear, large eddy field, goes well 
beyond this balance

Eddy effects create deep water upwelling hotspots at 
topography (Tamsitt et al., Nat. Comm. 2017)

Non-dimensional parameter: 
topography/beta



Topographically controlled, strong southern ACC fronts: Pacific example

Pacific-Antarctic Ridge: very strong front (topographically 
controlled, invariant location)

Upwelling of Circumpolar Deep Water far from continent:
Guides surface water and sea ice far from Ross Sea

SST/sea ice front: strong feedback on atmosphere, so Amundsen 
Sea Low perhaps impacted by this topographic constraint

Pot. Temperature

Oxygen

Salinity

Density



Summary: mean circulation and sea ice

 ACC large-scale spiral southwards with 
Malvinas as western boundary current: 
partially Sverdrup dynamics

 ACC southern boundary shape is determined 
by wind stress curl forcing plus topography or 
its absence

 ACC is least variable in location where strongly 
constrained by topography

 ACC southern boundary sets the sea ice edge 
(plus Ekman transport northward across the 
front)



Zonal asymmetry of Pacific Southern Ocean overturning cell  (very rough schematic)

Lower cell dominates: 
AABW formation

Upper cell dominates: 
joining the thermocline

Ideas from an NSF-sponsored Southern Ocean workshop in 2024. Including A. Thompson, E. Wilson.



Zonal asymmetry and Southern Ocean overturning cells

To AABW
To AABW To Upper cell

To Upper cell

Lower cell  AABW:
Subpolar gyres: Ross, Weddell, (Prydz)
Cold shelf
Brine rejection -> dense water formation

Upper cell 
ACC approaching shelf
Warm shelf
Buoyancy addition from melting ice -> upper limb

To AABW

Hypothesis: 2 major zonally separated cells
(a) Pacific sector, with Ross Sea
(b) Atlantic/Indian sector, with Weddell and Prydz

In both cells:  export to AABW (dense) is in west 
and export to Upper cell (light) is in east 

Topography is critical for all of these 



Responses to strengthening westerly winds?
Stronger southward ACC in Bellingshausen (GO-SHIP/WOCE)
Sea ice trends that depend on strength of ACC SBDY front

180˚ 150°W 120°W 90˚W 60°W

70°S

60°S

50°S

Ross Sea Amundsen
Sea

Bellingshausen
Sea

Subantarctic Front

Polar Front
SACCF

SBDY

(k)

1991 Sea Ice
2010 Sea Ice

2011 S4P
1992 S4P

Using GO-SHIP (2011) and WOCE hydrography (1992).
This section was repeated in March-May 2018



S04P changes are top to bottom
Potential Temperature change 1992 to 2011

Using GO-SHIP (2011) and WOCE hydrography (1992).
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(f) Salinity difference
(2011 - 1992)
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(d) Salinity 
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(c) Potential temperature difference 
(2011 - 1992)
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(a) Potential temperature (°C) 
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Warm Upper Circumpolar Deep Water is warmer in 2011

Antarctic Bottom Water is warmer in 2011
(Desbruyeres et al., GRL 2013)

Stronger southward transport of ACC, top to bottom c
onsistent with stronger wind stress curl



Changes are top to bottom
Salinity change 1992 to 2011
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Using GO-SHIP (2011) and WOCE hydrography (1992).

Antarctic Bottom Water is fresher in 2011
(Swift and Orsi, 2012; Purkey and Johnson, 2013)

Stronger southward transport of ACC, top to bottom c
onsistent with stronger wind stress curl



Decadal trends in Pacific sector water properties
Oxygen
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(b) Potential temperature (°C) 
     S04P  67°S  2011
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Antarctic Bottom Water is less oxygenated in 2011

Low O2 Upper Circumpolar Deep Water is less oxygenated in 2011



Stronger winds and curl are pushing more warm water to continent, likely 
contributing to shelf warming and ice melt

Paolo et al. (2015)

Potential temperature at γN = 28.05 
(NADW - LCDW isopycnal)

Orsi and Whitworth (WHP 
atlas, 2005)

Increasing warming from ocean



Summary: Wind and topography

 Southern Ocean: vorticity forcing

 Wind stress curl is fundamental to 
S.O. circulation and climate 
processes (upwelling, air-sea 
exchange, southward ACC spiral)

 [Zonal wind important for net 
transport]
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Summary: Wind and topography

 Southern Ocean: geography and topography matter

 ACC has standing meanders 

 One large one: inward and upward spiral (set by S. 
America and Ant. Peninsula)

 Affects where warm water reaches shelves 
and hence ice shelves

 Standing meanders on scale of basins (set by 
topographic obstructions and ridges)

 Affects ACC southern front location, 
upwelling/outgassing, and maximum winter 
sea ice0
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Southern Ocean changes

 Climate is changing

 S.O. wind and wind stress curl increasing

 More warm water moving south, more upwelling of 
warm water to surface to melt sea ice, melt ice 
shelves; probably more CO2 outgassing, less uptake*

 Sea ice extent almost neutral as balance of stronger 
northward Ekman and more heat, but pattern strongly 
controlled by topography

 More melting sea ice (and some ice shelf) increases 
freshwater stratification

 Reduces AABW formation so deep Southern Ocean 
is warming


