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PHYSICAL CLIMATE CHANGE FORCED BY GLOBAL 
CHANGE IN WEST ANTARCTIC PENINSULA 

Presenter Notes
Presentation Notes
I’m going to talk about climate change on the West Antarctic Peninsula, forced by global change.
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Presenter Notes
Presentation Notes
Here is the location of our study site (a component of the Long Term Ecological Research, Palmer LTER, project)

The study focuses on the continental shelf of the WAP, where most of the ecology is, and the grid is easily divided into 3 bathymetric regimes easily classified according to the T-S relationships.
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Recent Rapid Regional Warming
(Most extreme winter warming on Earth)

0.107˚ C/year 
Significant at 0.05
~5.4x global average

Vaughan et al., 2003
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Presenter Notes
Presentation Notes
Several papers in recent years have noted that the wAP is undergoing the most rapid recent winter warming on Earth.

The rise is phenomenal when considering the global average air temperature has been rising at a factor most recently estimated as being 0.02˚C/yr, making this AP warming 5.35 times higher than the global average, and there is no obvious source of heat in winter (the sun being either just below the horizon or just above).

In fact, the only substantial source of heat in winter is the ocean (which has a heat capacity that is 4690 times(!) that of the atmosphere, in non-technical terms this means a balloon full of air and one of the same size full of water, both at the same temperature warmer than freezing, the latter can melt nearly five thousand times more ice than the former).
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Melting Glaciers

Cook et al., 
Science 2005

(87%)

Presenter Notes
Presentation Notes
A recent study between scientists at the British Antarctic Survey (Alison Cook and others; funded by the U.S. Geological Survey), showed that 87% of the glaciers on the wAP are in retreat (melting).

Commentary on this result by Vaughan (one of the authors) in Science suggests that the variability of the melt does not match that of the air temperature rise, suggesting a role for the ocean.

Actually, ocean is overwhelming obvious source (since it is the only source of heat in winter in this region), but traditionally there has never been an ocean data set anywhere in the Antarctic polar ocean, long enough to address such issues, so apparently it hasn't been elevated to the forefront of the discussions yet.
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Severe Change in Sea Ice

Stammerjohn et al., 2006
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Near complete loss of 
perennial ice and 7 
month winter sea ice 
season shortened by 3 
months!

Presenter Notes
Presentation Notes
In the wAP, change has also manifested itself via a remarkable shift in the nature of the sea ice cover. Stammerjohn et al., (2006) show that the perennial (year–round) sea ice cover disappeared throughout the region after 1997.

The loss advanced through a series of interannual steps, typically associated with large El Niño or La Niña events, which have largest surface temperature response on Earth, outside of  the tropics, in this AP region.

The final blow came following the huge El Niño of 1997-1998, after which the entire wAP displayed a large shift ("regime shift") in all physical and ecological variables, including the complete loss of a perennial sea ice cover.

The loss of perennial ice cover was anticipated by observation of the nature of the sea ice changes: year–after–year the sea ice showed later freeze-up (leading to a thinner sea ice cover) and earlier melt-back (having more time to melt existing ice), until no ice survived at all in summer.

This has dramatic implications for the ecology and air-sea heat and gas exchange, and is devastating (actually, fatal) to the Adelie penguins.
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Adelie penguin colonies going extinct!

What's 
with this

heat? 

Decrease in breeding pairs:
15,200 (1974) to 3,500 (2007)

Presenter Notes
Presentation Notes
Adélie penguins can no longer successfully breed in this region (and no, this little guy is not dead -- I waited to shoot this photo until after I saw him move):

They feed near the heads of the canyons cutting across the shelf, and they need daylight to feed (which is only a few hours long in winter);
Colonies flourish when the ice locates them in winter near the heads of canyons where they can quickly get to their food supply in the limited daylight (this was presumably the case when Bill Fraser, our penguin specialist, first began his studies of the Adélies near the U.S. Palmer Station, on the Antarctic Peninsula's Pacific side).

But, as the climate has warmed and the ice changed dramatically (winter starts later and summer begins sooner, by several months over the last couple of decades), the ice platforms from which the penguins launch for feeding, have shifted from the canyon heads because of this melt, and consequently, the young chicks are not receiving enough food before they leave the nest, and they starve because they are already malnourished, and can't go long without feeding on their own. 
In addition, the warming has led to more snowfall (a warmer atmosphere holds more moisture, leading to  more snow here). This actually melts in the early spring and drowns the chicks.
So, more birds are dying then re-entering the colony (necessary to sustain or grow). Since 1974, the main colonies near Palmer Station have reduced from 15,200 breeding pairs of birds, to 3,500. This Palmer colony is doomed, and at this rate will be extinct within a 7-8 years according to Bill Fraser. Note that subpolar species are moving into the Adélie niche and taking over, as the polar conditions have become subpolar which is ideal for gentoo and chistrap penguins.

So: too much or too little ice is bad, related to the ice disposition near the feeding grounds and exasperated by the fact that the birds only feed in daylight which is short in winter, and since they can't fly, they can only travel so far to get food in the light. When the ice changes to move them too far from the feeding locations at the head of the canyons, they cannot get enough food to properly feed the young, and when the young leave the nest to feed on their own, they are already malnourished not giving them the ability to survive long without successful feeding.

In fact the entire polar marine ecosystem is dominated by the ocean-ice interaction and timing of the sea ice advance and retreat and extent. This is changing dramatically, and those changes are having a profound impact on the entire ecosystem.




Martinson Lamont-Doherty Earth Observatory

1.70˚

2.13˚

34
.7

5

34
.5

4

Source of winter heat
(atmosphere is frigid & sun near horizon; suggests ocean)

ACC-core
UCDW

ANTARCTIC (summer) 
SURFACE WATERS 

(AASW)

WW 

PAL LTER Grid (1992-2004)
WOCE SP04: WAP ACC (February 1992)
NBP94-04:  Bellingshausen Slope (March 1994)

Major global 
volumetric 
modes

#31

#33

#51

#55

#59

3.5–4˚C 
DW 

Te
m

pe
ra

tu
re

 ˚C

–2.0

–0.5

–1.0

–1.5

0.0

2.0

1.5

1.0

0.5

3.0

2.5

32.0 34.033.533.032.5 34.5
Salinity (o/oo)

Presenter Notes
Presentation Notes
Now consider the water masses present in our area, in an effort to identify that water mass carrying the most heat accessible for heating the at osphere and melting the ice.

We identify (fingerprint) water masses by looking at them in this T-S manner, each water mass having a unique T-S signature. 

In this region, there are 3 fundamental water masses, that mix to form all other waters in the area (and we have decomposed all sampled waters to determine the percentages of the mixtures).

Surface waters mimic the atmosphere and are at the freezing point in winter, underlying the sea ice, so we are looking for a warm subsurface water, which in this region is a "scalding" 3.5–4°C above freezing;. This water is know as Upper Circumpolar Deep Water (UCDW).

Heat capacity of water (i.e., the number of Joules of energy required to raise one cubic meter of water by one degree C) is ~1000 times that of air; It is clear that while the UCDW is cold to our human hands, it is clearly HOT to ice and to a frigid polar atmosphere.

Side-point detail: UCDW is delivered to the region by the Antarctic Circumpolar Current (ACC), so we define its local signature in offshore waters that clearly sample the ACC. In this case, the most obvious profiles are those measured by WOCE SO4P and NBP94-02 (these are the additional ship tracks shown in the second figure). I also use major global volumetric modes of Worthington, as shown here by the small colored boxes. Deacon noted in 1937 that CDW is the most prominent water mass in the Southern Ocean (originating from NADW with contributions from Pacific intermediate waters).
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<1990 Sample Mean QWAP = (3.92 ±  0.17)x109

~0.7˚ C warming of 300 m column 
of water below winter mixed layer

2001

≥1990 Average QWAP = (4.67 ±  0.07 )x109

Most worrisome change (re. society) is warming and direct 
delivery to ice shelves of Upper Circumpolar Deep Water (UCDW) 
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Presenter Notes
Presentation Notes
In a 2008 paper, we showed that the UCDW has warmed considerably since in the since entering the latter part of the last century.

Scaled to the WAP ocean heat content, it is clear that the decadal averages of temperatures determined in the Gille study for the Southern Ocean (here north of the ACC) shows a very similar trend to the WAP increase, though anticipating the WAP changes by a decade (the resolution of the average values), consistent with the transport of the warmed water around the continent to the WAP region.
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Presenter Notes
Presentation Notes
The ACC circles the entire Antarctic (as shown from this colored version of the Orsi map), it delivers the warm ocean water melting the ice shelves which is what makes its proximity to the shelf-slope break so important and unique.

From figure it is clear that theWAP is unique in the Antarctic because it is the only location where the ACC lies close to the broad continental shelf. Elsewhere the shelves are buffered by the expansive polar gyres (and as a consequence of this isolation, the waters on those shelves have the opportunity to cool and grow saltier from brine release during sea ice formation, to form the global Antarctic Bottom Waters).
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Presenter Notes
Presentation Notes
Multiple sources have identified UCDW as that water mass melting the ice shelves of the rapidly flowing ices streams draining the West Antarctic Ice Sheet in the Amundsen Sea Embayment. This has accelerated drainage rate into ocean driving a sea level contribution as large as that of Greenland.
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Presenter Notes
Presentation Notes
Examining the relationship between Rignot et al. latest estimates of glacial melt and proximity of the ACC to the continental margin, clearly makes the point.
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Presenter Notes
Presentation Notes
UCDW, as delivered to the continental slope by the Antarctic Circumpolar Current, is warming over the slope at this rate, identical to that of Gille for the tropical edge of the ACC, indicating that this is what is delivered to the south from the globally warming deep waters.



Martinson Lamont-Doherty Earth Observatory

AS
E 

Q
U

C
D

W
 [1

02
1 

J 
]

G
lo

ba
l O

H
C

 7
00

-2
00

0m
 

H
ea

t C
on

te
nt

 [1
02

2  J
 ]

NOAA/NESDIS/NODC Ocean Climate Laboratory
Levitus et al., 2012

Presenter Notes
Presentation Notes
Indeed, the UCDW warming that we observe in the subsurface area of western Antarctica is nearly identical to that of the global deep ocean warming, recently updated by Sid Levitus and his team.

They claim that the deep waters contain over 90% of the ocean heat was originally generated by global warming in the atmosphere.

The UCDW originates from those deep waters, so this is not surprising, but it is alarming!
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Presenter Notes
Presentation Notes
UPPER CIRCUMPOLAR DEEP WATER (UCDW) forms somewhere in the South Pacific.

Transport of this warmed water from South Pacific to the south is part of the Southern Ocean circulation (Earth's need to contribute more heat to Antarctica)

This is part of global energy balance—it will not change unless Earth starts spinning backwards, or some equally unlikely major change.

	If such changes do occur, we probably won't be as worried about global warming anymore
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Dinniman model results
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Presenter Notes
Presentation Notes
Here are the currents of Dinniman's model results for intrusion states and non-intrusion states, as well as for our current meters on the moorings, showing (along with glider runs, dynamics and shipboard ADCP) model captures observed flow. In the latter case, without a wind burst, we don’t get momentum advection, so the intrusions stay within the trough driving the warm water to the south deep in the canyon, and removing its affects from the surface waters.

Point is that the warm UCDW enters continental shelf where it then has direct access to the ice shelves is because southern edge flows right along the shelf-slope break.
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Photo: Zena Cardman, Jan  2009

Conclusions:

Warming of global ocean deep water has considerable 
potential for long term melting of Antarctic glacial ice — 
even if global warming is stopped, unlimited ocean heat is 
available for endless melt! 
 Sea level was several meters higher in the last interglacial 

period (125 kyrs ago), and we could be headed toward that 
previous stable state!

Lessons learned an what to do: 
1.  don't mess with climate
2.  buy a boat and learn to swim

we're done

Martinson LDEO/Columbia University

Questions?
conclusions

Presenter Notes
Presentation Notes
At face value, warming of ACC means limitless heat to melt ice shelves, even with cessation of CO2 to the atmosphere.

But there is hope, that once the ozone hole recovers in Antarctica, it too will start to warm, diminishing thermal contrast between tropics and pole, so that the westerlies (those driving ACC) will weaken, and ACC will relax equatorwards, away from slope-break maybe making delivery to shelves difficult or at least slower.
But time scale of all of this may be too little too late regarding impact to coastal communities around the world.
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          attending
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Surface Meltwater Post-El Niño
Regime Shift

Presenter Notes
Presentation Notes
1997 saw huge El Niño followed by a huge La Niña the following year (1998), the latter coinciding with a strong positive Southern annular Mode (SAM). The +SAM and La Niña positively enforce each other, which led to a grid-wise regime shift, clearly visible here in the upper ocean freshwater content.

Specifically, in years prior to the shift, the anomalies about the 12 year climatology are consistently negative (equal to about 0.5 m of sea ice in the upper ocean), and following the shift, the anomalies are opposite sign and equal magnitude. In all, it is as if nearly a m worth of sea ice has been removed from the system.

This shift showed up in a great many variables, including this being the last straw for the perennial ice, after this, it is nearly all gone.
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UCDW warming is slowing down

Adding 5  yrs 
reduces slope

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Presenter Notes
Presentation Notes
That drop may be attributed to the fact that the last several years have shown a decresed warming of the UCDW as delivered to our continental slope.
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UPPER CIRCUMPOLAR DEEP WATER (UCDW) forms somewhere in the 
South Pacific.

Transport of this warmed water from South Pacific to the south is part of the 
Southern Ocean circulation (Earth's need to contribute more heat to Antarctic)

This is part of global energy balance—it will not change unless Earth starts 
spinning backwards, or some equally unlikely major change.

 If such changes do occur, we probably won't be as worried about global warming anymore

Presenter Notes
Presentation Notes
More explicitly here is our motivation, and the specific goals of this funded project.
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15,200 (1974) to 3,500 (2007)
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Ice

Feb 1979 Feb 1999

20 yrs: Year-round sea ice gone &
winter sea ice shortened by 3 months!

Sea Ice Concentration (%)

Climate Change on West Antarctic Peninsula

Presenter Notes
Presentation Notes
Here are the main examples of what is happening in the WAP, predominantly in the northern half of our LTER grid. A good argument can be made showing all of these are the consequence of global change. But the one I want to concentrate on is that one with the potentially largest social impact (next slide and remainder of presentation).

 Fastest winter warming on Earth

(2) Nearly all of the glaciers on the Peninsula are melting and contributing to global sea level rise

(3)  Most of the year-round ice (perennial ice) has disappeared, critical to the penguins, and the season for which the ocean is covered with sea ice has decreased by 3 months out of our nominal 7 month sea ice season (sea ice forms later and melts sooner).

All aspects of the ecosystem are being affected. The most obvious is the decline in the Adelie penguins, whose colonies near the tip of the Antarctic Peninsula are going (or have gone) "extinct". The birds can't adjust to the change in the sea ice distribution (successful colonies are where the winter ice is right over a proven feeding location (usually an underwater
	canyon rising to the shelf floor) -- when the ice moves, they swim to the proven site, but they are daylight feeders, and the swim both exhausts them and limits the time they have to feed themselves and bring back enough food to feed their voraciously hungry chicks).




Martinson Lamont-Doherty Earth Observatory

3.5–4˚C

Presenter Notes
Presentation Notes
Now consider the water masses present in our area, in an effort to identify that water mass carrying the most heat accessible for heating the at osphere and melting the ice.

We identify (fingerprint) water masses by looking at them in this T-S manner, each water mass having a unique T-S signature. 

In this region, there are 3 fundamental water masses, that mix to form all other waters in the area (and we have decomposed all sampled waters to determine the percentages of the mixtures).

Surface waters mimic the atmosphere and are at the freezing point in winter, underlying the sea ice, so we are looking for a warm subsurface water, which in this region is a "scalding" 3.5–4°C above freezing;. This water is know as Upper Circumpolar Deep Water (UCDW).

Heat capacity of water (i.e., the number of Joules of energy required to raise one cubic meter of water by one degree C) is ~1000 times that of air; It is clear that while the UCDW is cold to our human hands, it is clearly HOT to ice and to a frigid polar atmosphere.

Side-point detail: UCDW is delivered to the region by the Antarctic Circumpolar Current (ACC), so we define its local signature in offshore waters that clearly sample the ACC. In this case, the most obvious profiles are those measured by WOCE SO4P and NBP94-02 (these are the additional ship tracks shown in the second figure). I also use major global volumetric modes of Worthington, as shown here by the small colored boxes. Deacon noted in 1937 that CDW is the most prominent water mass in the Southern Ocean (originating from NADW with contributions from Pacific intermediate waters).




Martinson Lamont-Doherty Earth Observatory

1.70˚

2.13˚

34
.7

5

34
.5

4

Source of winter heat
(atmosphere is frigid & sun near horizon; suggests ocean)

ACC-core
UCDW

ANTARCTIC (summer) 
SURFACE WATERS 

(AASW)

WW 

PAL LTER Grid (1992-2004)
WOCE SP04: WAP ACC (February 1992)
NBP94-04:  Bellingshausen Slope (March 1994)

Major global 
volumetric 
modes

#31

#33

#51

#55

#59

3.5–4˚C
DW 

Te
m

pe
ra

tu
re

 ˚C

–2.0

–0.5

–1.0

–1.5

0.0

2.0

1.5

1.0

0.5

3.0

2.5

32.0 34.033.533.032.5 34.5

Salinity (o/oo)

Presenter Notes
Presentation Notes
Now consider the water masses present in our area, in an effort to identify that water mass carrying the most heat accessible for heating the at osphere and melting the ice.

We identify (fingerprint) water masses by looking at them in this T-S manner, each water mass having a unique T-S signature. 

In this region, there are 3 fundamental water masses, that mix to form all other waters in the area (and we have decomposed all sampled waters to determine the percentages of the mixtures).

Surface waters mimic the atmosphere and are at the freezing point in winter, underlying the sea ice, so we are looking for a warm subsurface water, which in this region is a "scalding" 3.5–4°C above freezing;. This water is know as Upper Circumpolar Deep Water (UCDW).

Heat capacity of water (i.e., the number of Joules of energy required to raise one cubic meter of water by one degree C) is ~1000 times that of air; It is clear that while the UCDW is cold to our human hands, it is clearly HOT to ice and to a frigid polar atmosphere.

Side-point detail: UCDW is delivered to the region by the Antarctic Circumpolar Current (ACC), so we define its local signature in offshore waters that clearly sample the ACC. In this case, the most obvious profiles are those measured by WOCE SO4P and NBP94-02 (these are the additional ship tracks shown in the second figure). I also use major global volumetric modes of Worthington, as shown here by the small colored boxes. Deacon noted in 1937 that CDW is the most prominent water mass in the Southern Ocean (originating from NADW with contributions from Pacific intermediate waters).
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Antarctic Study Site
You are here

Presenter Notes
Presentation Notes
Just in case you forgot where Antarctica is located, here is a brief tour to get you reaquainted, starting in our glaaxy, the Milky Way (which you could see at night when many of us were younger)
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