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Global coverage: ~ 20 – 25 x 106 km2 ! 

Arctic Ocean Southern Ocean 
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The sea ice pack is a complex system of smooth, level sea ice floes, deformed 
ice and pressure ridges, open water areas including linear leads and polynyas, 
and new areas of thin ice. Snow cover atop the sea ice increases the albedo. 
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Sea ice is almost continually in motion! 
5 principal forces acting on sea ice: wind (primary forcing factor over days to weeks, 
via surface drag), ocean currents, coriolis force, internal ice stress, sea surface slope/
tilt (sea level changes due to uneven heating and gravity forces across Arctic Basin). 
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"! Approximately 50 % of the total exchange of heat between the Arctic Ocean and the 
atmosphere occurs through leads and polynyas.  

"! As the areal fraction of open water, leads, polynyas, or thinner ice increases in the 
Arctic, the sea ice will no longer efficiently insulate the ocean from the atmosphere.  
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Ocean currents transport heat from the equator to the poles through a heat- and salt-
driven process called thermohaline circulation. As the water cools at the poles, it 
becomes dense and heavy, and sinks. This cold water moves south along the lower part 
of the ocean and rises near the equator to complete the cycle (Source: NSIDC). 
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Primary Productivity 
Change in occurrence of double bloom (%) 

1998-2001 versus 2007-2012 Polar Bear  
Population trend: late 1980s - 2013 

Impact of persistent ice loss in peripheral seas widely apparent  
(source: Arctic Report Card) 

Vegetative Greenness 
Max-NDVI: 1999-2013 

Sea Ice Extent 
Summer minimum: 2014 

Loss of sea ice linked to: 
•! Increase in ocean temperatures 
•! Increase in vegetation 
•! Increase in primary productivity 
•! Decline of polar bear 

Ocean Surface Temperatures 
Summer 1982-2010 

"?:H1$84O+,10E$4F$^<$D:8-,1+)Q15G1$X%4)!H:,4+9$#+838$D1@4+,$%*+HY$
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plus SARAL/AltiKa and 
SRAL on Sentinel-3! 
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•! Measure, map and monitor key sea ice parameters:  

 (i) extent/concentration, (ii) drift, (iii) thickness and volume 

•! Precisely determine changes in key parameters:  

•! annual/seasonal trends and inter-annual variability 

•! Understand nature of these changes:   

•! assess thermodynamic and dynamic forcing, via process studies 

•! Calibrate and Validate satellite altimeter measurement accuracy:  

•! via x-comparison with independent airborne / in situ data-sets 

•! Improve remote sensing techniques for inferring key parameters:  

•! algorithm development for current/future missions  

•! Advance the predictability of Arctic sea ice:  

•! improve model parameterizations on seasonal-decadal timescales 
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Annual average Arctic, Antarctic and Global sea ice extent (1979-2013) 

Source:  
Parkinson, C.,  

J. Climate, 2014 
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Area: region covered by sea ice (km2) 
 

Concentration: relative amount of area 
covered by sea ice (% or fraction) 
 

Extent: binary classification of ice/no 
ice, based on ice concentration 
threshold (0/1, then converted to km2) 



!"#$%&%'($)$!*+,-$./01+2*3456$"1*$7819$#5$.21+2:1;9$"<$=<$>*++1??9$"1@,1A/1+$BC'($

 The diminishing Arctic sea ice cover is possibly the most striking environmental 
changes underway today 

•! Time series of Arctic sea ice extent anomalies in March and September, 1979 - 2015. 

•! Anomalies for each year: difference (in %) in ice extent relative to the mean for 1981-2010. 

changes underway today

March ice loss: -2.6% per decade (black) 
September ice loss: -13.4% per decade (red)   
Source:  Perovich et al. (2016), 
Sea Ice Cover in Chapter 5 
State of the Climate 2015, BAMS 
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2016 Summer Minimum 
 

Preliminary data suggest that minimum 
extent was reached on September 11th 2016, 
at ~ 4.1 – 4.2  million sq. km.  
 
This may tie for the 2nd lowest extent on 
record, and will be close to the 2007 minimum 
(4.13 million sq. km, 16 Sept. 2017) 

p+*@-:80$%+1H:,6$Z"7K%$
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Antarctic sea ice underwent a slight increase, although some regions of the Antarctic experienced 
strong declining trends in sea ice extent. Source: NSIDC 

September Antarctic extent trend for 1979 to 2012 is +0.9% per decade. 
The ice growth likely results from a combination of forcings due to wind & ocean circulation.  
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The ice is decreasing in the Arctic but it’s increasing in the 
Antarctic, so don’t they cancel out? 
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Yearly average global sea ice extents (1979–2013) and the line of linear least 
squares fit through the data points: Loss of ~ 35,000 km2 ice extent per year! 

 

Source: Parkinson, C., 
J. Climate, 2014 

(~ -1.5 % per decade) 
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Comparisons in Arctic sea ice extent between 1979 and 2013 in February.  Source: NASA 
February 1979 February 2013 

Sea of Okhotsk 

Barents Sea 
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Winter Sea Ice Concentration 
26 March 2016 

ASI (AMSR2), v5.2, 6.25 km Grid 

Source: IUP/Polar View, University of Bremen 
and Spreen et al., JGR, 2008 

•! #+838$*5H$#5,*+838$"1*$781$%45815,+*345$
•! [:0,4+:8*?$#+8-:21$
•! Z1*+$D1*?$&:A1$K*,*$$
$
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Source: IUP/Polar View, 
University of Bremen 

Spreen et al., JGR, 2008 
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Source: IUP/Polar View, 
University of Bremen 

Spreen et al., JGR, 2008 
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Source: IUP/Polar View, 
University of Bremen 

Spreen et al., JGR, 2008 
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Source: IUP/Polar View, 
University of Bremen 

Spreen et al., JGR, 2008 
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Source: IUP/Polar View, 
University of Bremen 

Spreen et al., JGR, 2008 
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Z"7K%$"1*$781$!J,15,$

"1*$781$%45815,+*345$
K&r$"@*81$X01*:81<HMY$

"1*$781$%45815,+*345$
7rR$r5:$k+1A15$

'C$"1@,1A/1+$BC'($
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"#D$Q40*:8$
K&r$"@*81$X01*:81<HMY$
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D*H*+$k*8M08*_1+$
Z.##IZ!"K7"I"&#DI".%K$
A*5*3<0,*+<510H:0<54**<G42I@+4HO8,0<@-@$
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7A*G1$8+1H:,6$#+838$Q45:,4+:5G$*5H$#00100A15,$R+4G+*AA1$X#Q#RY9$>:GO+1$o<Bd9$#Q#R$X'ddfY<$
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Source: IFREMER/CERSAT Sea Ice Drift Vectors  
ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/psi-drift/ 

o! Variety of techniques to map drift velocity of sea ice:  
o! SSM/I radiometers, scatterometers, SAR imagery 
o! correlation of ice parcels between successive maps 

o! Validated using drifting buoys (International Arctic Buoy Program, IABP) 

Arctic: 1.5 – 9 km/day 
Antarctic: > 20 km/day 
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o! ./01+2*3450$421+$?*0,$o$H18*H10$0-4;$?*+G10,$?40010$:5$,-1$#+838$.81*5$*+1$,4$
Q`7$8421+/

o! 8*>$;*/sBC'Bt$A1*0O+1H$*$H18?:51$4F$m$'bu$:5$,-1$1J,15,$4F$Q`7$8421+$F+4A$
'ded)BC''$$

 

Tschudi et al., CU-Boulder, Arctic Report Card 
[2014] 

Comiso [2012] 

6'?#-7%4%4@'AB,'-("#$'&%77'C$#-(4?%3(4'/0#'C+-D')($')E$/0#$'7(22F'+7/#$%4@'/0#'
8+22'+4?'#4#$@9'1E?@#/2'()'/0#'6$-3-'!-#+4'
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#5:A*345$/E$Z.##$%?:A*,1<G429$/*01H$45$+101*+8-$H*,*$@+42:H1H$/E$Q*+M$&08-OH:9$%%#D9$
r5:21+0:,E$4F$%4?4+*H4<$$
-_@06II;;;<8?:A*,1<G42I0:,10IH1F*O?,IT?10I&08-OH:)781#G1)2B<ov[K'CfC@)A0,+<A@q$

"1*$:81$*G1$103A*,1H$/E$,+*8M:5G$:81$@*+81?0$O0:5G$0*,1??:,1$:A*G1+E$*5H$H+:L:5G$481*5$/O4E0$"1*$:81$*G1$103A*,1H$/E$,+*8M:5G$:81$@*+81?0$O0:5G$0*,1??:,1$:A*G1+E$*5H$H+:L:5G$481*5$/O4E0$
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781),E@1$A*0M0$*+1$H1+:21H$F+4A$+*H*+$
/*8M08*_1+XwCY$*8]O:+1H$/E$"1*i:5H0$45$
jO:M"8*,$X'ddd$n$BCCdY$*5H$,-1$#H2*581H$
"8*_1+4A1,1+$X#"%#&Y$45$Q!&.R)#$XBCCd$n$
@+1015,Y$
$
jO:M"8*,$6A4H1+*,1$+104?O345$xO)/*5H$
#"%#&6$A4H1+*,1$+104?O345$%)/*5H$
$
K*,*$*5H$01*$:81$,E@1$*2*:?*/?1$*,$,-1$
"8*_1+4A1,1+$%?:A*,1$D184+H$R*,-T5H1+$
;1/0:,1$*,$k+:G-*A$`4O5G$r5:21+0:,E$XK*2:H$
=45G9$1,$*?<Y$
$
K*:?E$54+A*?:P1H$+*H*+$8+400)0183450$\$
,-+10-4?H:5G$8*5$/1$O01H$,4$H1T51$,-1$
@1+155:*?$XAO?3)E1*+Y$01*$:81$P451$
$
#$84++18345$:0$*@@?:1H$,4$*884O5,$F4+$-:G-$wC$
HO1$,4$A4345$4F$Q*+G:5*?$781$y451sQ7yt$
$

o! [:G-)+104?O345$H*,*$01,$Xq<qb$MAY$#$
8450:0,15,$;:,-$+104?O345$4F$
*?3A1,+E$4/01+2*3450$

o! "A*??$@4?1$-4?1$#$Q`7$A*0M$*+1*$
1J,15H0$,4$fd<b$4Z$

ASCAT 
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Kwok, 2015 

Q1*5$"1*$781$K+:L$ QO?3)E1*+$"1*$781$%421+$Xi:5,1+$BC'qY$

Farrell et al., 2015 
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,(/%*B(%$"*BY-(66%
B3*5/$#3#=D%%
)$K1+:21H$F+4A$0O/A*+:51$
@+4T?10<$$$
$
%45,4O+$A*@0$)z$A1*5$:81$
,-:8M5100$103A*,10$F4+$
;:5,1+$
$
*(E$-#.//?*+#@-/"93/
2"##-A/BGHIJCD/"1*$:81$
,-:8M5100$H:0,+:/O345$:5$
,-1$#+838$.81*59$8*&3/
E-6$*9;/),$F/G-,79*&FD/HID/
JKLMJNOF/

8 m 

3 m 

1 m 
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Q*@06$Z"7K%$

!"#$#%&'()*$+%,*-./)%01%2/''(33%
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0(/)%

23#(%

>+11/4*+H$
,-#;%

Leads Interpolated sea surface height Floe height 

67(4@5/$+-D'#7#"+3(4'C$(K7#')$(8'7+2#$'+738#/#$'

Adapted From: Farrell et al. (2014) 

snow pack 

ice floe ice thickness 

Photo Credit: Andrew Roberts, NPS 
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>+4A6$p:?10$1,$*?<9$E->F/)-9;F/P9!$#*9F9$BCCe$

Where,  
fi  = radar-measured ice freeboard 

      (radar freeboard)  
or 
fs  = laser-measured snow freeboard 

      (laser freeboard) 

>+4A6$p:?10$1,$*?<9$E->F/)-9;F/P9!$#*9F9$BCCe$

"1*$781$&-:8M51009$7$9$$
F+4A$*$+*H*+$*?3A1,1+6$

"1*$781$&-:8M51009$7$9$$
F+4A$*$?*01+$*?3A1,1+6$

 
hs  = snow thickness 
 
!i  = ice density 
!s  = snow density 
!w  = sea water density 

Altimetric measurement 

Climatological values;  
defined with respect to ice type 

Measurement, climatology or model 



!"#$%&%'($)$!*+,-$./01+2*3456$"1*$7819$#5$.21+2:1;9$"<$=<$>*++1??9$"1@,1A/1+$BC'($

R(/-%;*-$('%6(/%*B(%$"*BY-(66%:5$,-1$#+838$.81*5$
F+4A$!D")'$*5H$!D")B$0*,1??:,1$+*H*+$*?3A1,+E$H*,*$$

4*="$JD(/'%/>('/=(6$'ddo)BCC'$2*?:H$F4+$,-1$;:5,1+$
X.8,4/1+$,4$Q*+8-Y<$$

>:+0,$H1,1+A:51$01*$*B(%7'((L#/')%

Z1J,$O01$*OJ:?:*+E$A1*0O+1A15,0$4F$:819$;*,1+9$*5H$
054;$H150:,E$*5H$054;$H1@,-$,4$(6U5/$(%$"*BY-(66%

&-1$0,*5H*+H$H12:*345$4F$A1*5$:81$,-:8M5100$421+$f)
E1*+$@1+:4H$;*0$du$4F$,-1$*21+*G1$:81$,-:8M5100$

#21+*G1$;:5,1+$:81$,-:8M5100$;*0$0,+45G?E$84++1?*,1H$
,4$,-1$?15G,-$4F$,-1$0OAA1+$A1?,$01*045$$

":G5:T8*5,$2*+:*/:?:,E$/1,;115$01*$:81$01*0450$

*(E$-#./Q"R*9/)F/SFD/0F/T-",*,@/"93/UF/)>$'7/BJOOICD/V$67/$9'-#"99+"&/!"#$"%$&$'(/*W/;-"/$,-/'7$,@9-;;/$9/'7-/
1#,=,/#-6$*9D/0"'+#-D/XJKD/LXYMLXLF/
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=400$4F$i:5,1+)3A1$
"1*$781$>+11/4*+H6$$
)'<($8AIE+$$

*(E$-#./
5"##-&&/-'F/"&F/Z2ED/
JOOL//

Seasonal mean removed to create anomaly 

i:5,1+$$
X>1/)Q*+Y$

BCCo$$ BCCf$$
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http://icebridge.gsfc.nasa.gov/ 
;;;<5*0*<G42I:81/+:HG1$$

NASA’s Operation IceBridge images Earth’s polar ice in unprecedented detail to 
better understand processes that connect the polar regions with the global climate 
system. IceBridge utilizes a highly specialized fleet of research aircraft and a 
sophisticated instrument suite to characterize annual changes in thickness of sea 
ice, glaciers, and ice sheets.  
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•!$&4$A45:,4+$8-*5G10$:5$#+838$.81*5$01*$:81$F+11/4*+H$*5H$,-:8M5100$
HO+:5G$,-1$G*@$/1,;115$7%!"*,)'$*5H$7%!"*,)B<$

•!$&4$@+42:H1$8+400)8*?:/+*345$*5H$2*?:H*345$4F$F+11/4*+H$*5H$,-:8M5100$
F+4A$0*,1??:,1$?*01+0$X7%!"*,$*5H$7%!"*,)BY$*5H$+*H*+0$X!52:0*,$*5H$
%+E4"*,)BY<$

•!$&4$:A@+421$O5H1+0,*5H:5G$4F$,-1$054;$H1@,-$H:0,+:/O3450$45$#+838$*5H$
#5,*+838$01*$:81$

•!$&4$0O@@4+,$T1?H$@+4G+*A0$:5$,-1$#+838$*5H$"4O,-1+5$.81*50<$

•!$#??$:50,+OA15,$H*,*$F+11?E$*2*:?*/?16$nsidc.org/icebridge/portal/$

&4$A45:,4+$8-*5G10$:5$#+838$.81*5$01*$:81$F+11/4*+H$*5H$,-:8M5100$

$&4$@+42:H1$8+400)8*?:/+*345$*5H$2*?:H*345$4F$F+11/4*+H$*5H$,-:8M5100$
$*5H$
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Beaufort/Chukchi Seas 

Source: Richter-Menge and Farrell, GRL, 2013 (updated) 

Central Arctic 

2009 2011 2012 2013 2014 2010 

-- First year ice (FYI) extent   -- Multi-year ice (MYI) extent 
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&C^T,A:JI%PIM@IQ% AOC_TCS4%PIM@IQ%

!OTRA,%RTN40%PIM@IQ% O&4,A:%PIMM[Q%

Source: Laxon et al., GRL, 2013 
Source: Tilling et al., [2015] 

CryoSat-2 Arctic Sea Ice Volume (2010 – 2015) 

High inter-annual variability in volume over 
last five years, particularly of the MYI pack  
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!"#$#%&'()*$+%,*-./)%01%2/''(33%

:"/-Y6%7#'%D#9'%/<(-U#-`%%
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•! iQ.$"1*$781$Z4A158?*,O+1$X:??O0,+*,1HY6$;;;<**+:<5;<+OIGH0:H/IgQ=I24?OA1B<@-@{
?*5G'|C\?*5GB|'\*++*5G1|'$

•! Z.##$=*/<$>4+$"*,1??:,1$#?3A1,+E6$;;;<0,*+<510H:0<54**<G42I04HI?0*I$
•! &;:_1+6$}0:51*H?F*++1??$
•! #+838$D1@4+,$%*+H6$;;;<*+838<54**<G42I+1@4+,8*+HI$
•! Z#"#$%+E46$-_@6II:81<5*0*<G42I$$*5H$,;:_1+6$}Z#"#v7%!$$
•! Z#"#$781k+:HG1$;;;<5*0*<G42I:81/+:HG1$*5H$-_@06II50:H8<4+GIH*,*I:81/+:HG1$
•! Z#"#$7%!"*,)B9$7%!"*,$*5H$Q#k!=6$-_@6II:810*,<G0F8<5*0*<G42I:810*,BIH*,*<@-@$
•! Z"7K%U0$~#??$*/4O,$"1*$781�6$/50:H8<4+GI8+E40@-1+1I01*:81I:5H1J<-,A?$
•! Z"7K%$"1*$781$Z1;06$-_@6II50:H8<4+GI*+83801*:8151;0I$
•! r5:21+0:,E$4F$k+1A15$"1*$781$R*G106$-_@6II;;;<:O@<O5:)/+1A15<H1I01*:81I$
•! "1*$781$%45815,+*3456$-_@6II;;;<:O@<O5:)/+1A15<H16fCfqI*A0+BI€#+838$
•! 7>D!Q!DI%!D"#&$01*$:81$H+:L6$$L@6IIL@<:F+1A1+<F+I:F+1A1+I81+0*,I@+4HO8,0IG+:HH1HI@0:)H+:LI$

•! K&r$"@*81$01*$:81$@*G106$-_@6II;;;<01*:81<HMI$
•! #?F+1H$i1G151+$7503,O,$"1*$781$R4+,*?6$-_@6IIH*,*<01*:81@4+,*?<H1I$
•! %R.Q$K*,*$R4+,*?I%+E4"*,B$"1*$781$&-:8M51006$;;;<8@4A<O8?<*8<OMI804@+I01*:81<-,A?$
•! ."7)"#>$"1*$781$R+4HO8,06$-_@6II40:0*F<A1,<54I@I:81I$
•! k+:G-*A$`4O5GIZ#"#$"8*_1+4A1,1+$%?:A*,1$D184+H$R*,-T5H1+6$;;;<08@</EO<1HOI$
•! k#Q"$",*,1$4F$,-1$%?:A*,1$D1@4+,6$-_@06II;;;<58H8<54**<G42I/*A0$


