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The!Arc)c!sea!ice!cover!is!shrinking!

Does'this'mean'the'
momentum'flux'into'the'

Arc2c'Ocean'is'increasing?'

  Motivation 

rine profiles.1 The launch of the Ice, Cloud, and Land Elevation
Satellite (ICESat) in 2003 made possible near-basin-scale 
mapping of ice thickness from space. The satellite’s light-
detection-and-ranging (lidar) altimeter took readings of sea-
ice freeboard—that part of the ice above the ocean surface—
and thicknesses could then be deduced from those freeboard
measurements just as they are from the ice draft. 

The combined submarine and ICESat records, plotted in
figure 3, show that the average sea-ice thickness of the central
Arctic during winter has decreased from 3.5 m to less than
2 m over the past three decades.2 Along with the observed
decrease in sea-ice extent, there is a parallel thinning of the
ice cover. If those rates persist, we are likely to eventually ex-
perience a seasonally ice-free Arctic Ocean (see PHYSICS
TODAY, September 2009, page 19).

That possibility has received increased public attention
because the presence or absence of Arctic sea ice is a striking,
important, and leading indicator of climate change. The
shrinking ice cover has far- reaching consequences. Shifts in
local climate affect marine ecosystems, endanger survival of

birds and mammals, and pose a threat to the livelihood of in-
digenous communities around the Arctic Basin. Moreover, an
ice-free ocean raises a plethora of issues concerning commer-
cial shipping and resource extraction, all with long-term
geopolitical and economic implications. 

Changes in Arctic sea ice also influence deep convection
in the marginal waters such as the Greenland and Labrador
Seas. Those seas are sources of North Atlantic Deep Water,
which contributes to the meridional overturning circulation
(sometimes referred to as the conveyor belt), a global system
of surface and deep currents that transports large amounts
of water, heat, salt, carbon, nutrients, and other substances
around the major oceans. That global circulation connects
the ocean surface and atmosphere with the huge reservoir of
the deep sea. Changes in the rate of production of North At-
lantic Deep Water in the Arctic marginal seas have been
shown to affect the Gulf Stream and hence climate, particu-
larly that of Europe.

The observed rates of shrinking and thinning of sea ice
in the Arctic Basin during the past three decades were greatly
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Figure 2. The decline of winter’s
multiyear sea-ice coverage is 
evident from an analysis of data
taken over the years 2000–10 by
NASA’s Quick Scatterometer satel-
lite and the European Space
Agency’s Advanced Scatterometer
satellite. The electromagnetic
scattering properties of first-year
ice and multiyear ice—that
which survives more than one
summer melt season—differ in
salinity, surface roughness, and
volume inclusions (that is, air
pockets) that develop as sea ice
ages. Those differences alter 
reflectivity and thus distinguish
the two ice types in radar-
backscatter measurements. 

Figure 3. The thinning of the central Arc-
tic sea-ice cover from 1978 to 2008 is evi-
dent from upward-looking sonar data
recorded by US Navy submarines and by
altimetry from NASA’s Ice, Cloud, and Land
Elevation Satellite (ICESat), launched in
2003. The overall mean winter thickness of
3.64 m in 1980 can be compared with a
1.89-m mean during the last winter of the
ICESat record—an astonishing decrease of
1.75 m in thickness. Between 1975 and
2000 the steepest rate of change was
−0.08 m/yr in 1990.  During ICESat’s recent
five-year run through 2008, it recorded a
still higher rate of −0.10 to −0.20 m/yr.
(Adapted from ref. 2.)
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A!model!study!

•  PIOMAS:$PanMarcNc$Ice$Ocean$
Model$and$AssimilaNon$System$$

$$$$$$(Zhang and Rothrock, 2003) !
•  1979B2012,$daily$output$
•  grid$covers$area$north$of$43˚N,$

horizontal$resoluNon$~22$km,$$$$$$$
30$verNcal$ocean$levels,$$$$$$$$$$$$$$$$$$
12$ice/snow$categories$

•  NCEP/NCAR$forcing$$
•  atmospheric!surface!layer!model!as!used!by!CCSM!

•  assimilaNon$of$sea$ice$edge$provided$by$NSIDC$$
$     (Nolin et al., 1998)!
•  embedded!sea!ice$/(Hibler and Bryan, 1987)!

  Motivation  •  Some basics 
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What!affects!momentum!transfer!into!the!ocean?!

  Motivation  •  Some basics 



torge.mar)n@gmail.com/

What!affects!momentum!transfer!into!the!ocean?!

  Motivation  •  Some basics 

While/the/surface'wind'is/the/ul)mate'source'of/momentum,'
sea'ice'effec)vely/moderates'the/momentum/transfer./
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Arc)c!Basin!mean!ocean!surface!stress!trend!

winter:!

0.0054$N/m2/decade$
spring:!

0.0051$N/m2/decade$
fall:!

0.0069$N/m2/decade$
$
$
$
decline'in''
ice'interac2on'force'
causes'increase'in'
momentum'transfer'

  Motivation  •  Some basics  •  Annual mean & weaker ice 

annual$mean$
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Open!water!vs.!sea!ice!surface!roughness!

On/average/sea'ice'is'rougher'than'open'water//

Data$from:$
Anderson$(1987)$
Guest$and$Davidson$

$(1987,$1991)$
Kara$et$al.$(2007)$
Lüpkes$and$Birnbaum$

$(2005)$
Schröder$et$al$(2003)$
Smith$(1988)$
Taylor$et$al.$(2001)$

mulN$
year$ice$

first$
year$ice$

new$ice$
wind$
speed,$
waves$

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Water vs. ice 
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The!concept!of!op)mal!ice!concentra)on!

…$opNmal$for$maximal$$
momentum$transfer$into$ocean$$

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer 

Ice'concentra2ons'of'
80A90%'are'op2mal'for'
maximizing'momentum'
input'into'the'ocean'
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The!concept!of!op)mal!ice!concentra)on!

…$opNmal$for$maximal$$
momentum$transfer$into$ocean$$

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer 

Ice'concentra2ons'of'
80A90%'are'op2mal'for'
maximizing'momentum'
input'into'the'ocean'

increasing$$
contribuNon$

from$airMice$stress$

counteracNng$
ice$interacNon$
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Sea!ice!retreat!and!op)mal!ice!concentra)on!

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer & optimal ice concentration 
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Sea!ice!retreat!and!op)mal!ice!concentra)on!

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer & optimal ice concentration 

•  In$the$1980s$the$ArcNc$
ice$pack$was$on$the$
“compact$side”$–$too$
compact$for$opNmal$
ice$concentraNon$and$
maximal$momentum$
transfer$

•  In$the$2000s$the$pack$
ice$is$very$loose$–$too$
loose$for$being$opNmal$
for$momentum$
transfer$
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Sea!ice!retreat!and!op)mal!ice!concentra)on!

•  In$the$1980s$the$ArcNc$
ice$pack$was$on$the$
“compact$side”$–$too$
compact$for$opNmal$
ice$concentraNon$and$
maximal$momentum$
transfer$

•  In$the$2000s$the$pack$
ice$is$very$loose$–$too$
loose$for$being$opNmal$
for$momentum$
transfer$

Meaning/that/in/a/“new”/Arc)c/
less'momentum/must/be/
transferred/into/the/ocean/
during'summer'…'

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer & optimal ice concentration 
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Sea!ice!retreat!and!op)mal!ice!concentra)on!

…/but/that/a/greater/area/
of/the/Arc)c/Ocean/
passes/through/op)mal/
condi)ons/twice'a'year/
enhancing/momentum/
flux/in/spring'and'fall.'

Meaning/that/in/a/“new”/Arc)c/
less'momentum/must/be/
transferred/into/the/ocean/
during'summer'…'

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer & optimal ice concentration 
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Where!do!we!find!op)mal!ice!condi)ons?!

This$is$where$the$ArcNc$$
Ocean$used$to$have$$
opNmal$ice$condiNons$…$

…$and$this$is$$
where$we$are$headed:$

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer & optimal ice concentration 
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Does'sea'ice'retreat'increase'momentum'influx?!
•  Yes,$at$least$in$winter,!spring!and!fall!the$thinner$and$thus$

weaker$ice$enables$enhanced$momentum$transfer$from$the$
atmosphere$into$the$ocean;$we$find$an$increase!of!9B12%.$$

•  But!in!summer,$the$momentum$influx$decreases$because$$$
the$area$of$the$ArcNc$Ocean$with$op)mal!ice!concentra)ons$$$$$$$!
is$decreasing;$the$1979M2012$trend!is!–4%.!

•  Summer$condiNons$may$extend$into$fall$and$possibly$spring.$
•  More$storms,$parNcularly$in$fall,$may$increase$momentum$input$

despite$loss$of$opNmal$ice$concentraNons.$

What'did'we'learn?$
•  Sea!ice,$known$for$inhibiNng$flux$exchanges$between$ocean$

and$atmosphere$(“insulator”),$can$act$as$an$“amplifier”!for!
momentum!transfer!!

What'does'the'future'hold?$

  Motivation  •  Some basics  •  Annual mean & weaker ice  •  Summer & optimal ice concentration  •  Conclusions 
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Stress!trends:!all!seasons!

•  Winter:$ocean$stress$increases$due$to$decreasing$ice$interacNon$force$
•  Summer:$ocean$stress$decreases/for$ice$concentraNon$less$than$opNmal$
•  Fall:$increasing$wind$speeds$counteract$decreasing$ice$concentraNon!
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Ocean!surface!stress!changes!in!the!2000s!

winter$$$$$$$$$$$$$$$$$$$$$$spring$$$$$$$$$$$$$$$$$$$$summer$$$$$$$$$$$$$$$$$$$$$fall$

10$year$mean:$1979M1989$

difference$of$2001M2011$to$1979M1989$


