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Executive  summary  
  
Satellite  observations  sustained  since  1979  have  been  the  primary  source  of  information  to  
reveal  Arctic  Ocean  sea  ice  extent  is  diminishing  rapidly.    Sea  ice  is  also  thinning  based  on  
historical  surface  and  near-surface  records  and  more  recent  satellite  retrievals.    There  is  a  
new  “normal”  environment  in  the  Arctic  environment  with  substantial  socio-economic  impacts.    
A  key  question  is:  What  are  the  spatial  and  temporal  characteristics  of  the  sea  ice  thickness  
distribution  throughout  the  annual  cycle,  and  what  is  the  evolving  inter-annual  trend?    Arctic  
Ocean  sea  ice  conditions  have  been  determined  with  passive  microwave  radiometer,  active  
scatterometer  and  other  satellite  instrument  measurements  recorded  by  a  continuing  series  of  
satellites.    An  important  feature  of  the  continuous  time  series  measurements  has  been  the  
overlap  of  each  new  satellite  dataset  with  ongoing  measurements  so  as  to  provide  adequate  
time  intervals  for  calibration  and  validation.    Satellite  instrument  diversity  has  provided  both  
coarse  spatial  resolution  measurements  over  the  entire  Arctic  Ocean  for  long-period  time  
series  and  limited-duration  fine  spatial  resolution  data  over  selected  regions  for  navigation  
and  other  applications.    Satellite  observations  of  Arctic  Ocean  sea  ice  will  continue  to  
increase  in  importance  because  predictability  of  sea  ice  is  poor  and  societal  interest  is  great.    
Unfortunately,  however  the  sustainability  of  some  critical  elements  of  the  current  Arctic  Ocean                
satellite  measurement  suite  beyond  2020  remains  uncertain,  e.g.,  after  the  CryoSat-2  and  
ICESat-2  missions  have  concluded.      
  

  
Action/Recommendation  proposed:  (1)  Enable  sustainability  of  satellite  passive  
microwave  sea  ice  extent  measurements  begun  in  1978.    (2)  Promote  the  
implementation  of  sustained  satellite  sea  ice  observations  with  scatterometer  to  
provide  an  independent  source  of  information  concerning  climate  change  impact  on  
the  marine  cryosphere.    (3)  Enable  sustainability  of  satellite  frequent  high-spatial  
resolution  marginal  ice  zone  measurements  for  navigation  and  other  near-real  time  
applications.    (4)  Promote  the  implementation  of  sustained  satellite  measurements  of  
Arctic  Ocean  sea  ice  thickness.    (5)    Encourage  joint  CEOS/CGMS  Working  Group  
on  Climate  to  establish  a  CEOS  Virtual  Constellation  on  GCOS  ECV  Sea  Ice  
Measurements.          



CGMS-44  IOC-WP-01    
13  May  2016  
  

  
Page  3  of  25  

  
  

SATELLITE  SEA  ICE  MEASUREMENTS  IN  THE  ARCTIC  OCEAN  
  
  
  

David  Halpern1  
NASA  /  California  Institute  of  Technology  Jet  Propulsion  Laboratory  

Pasadena,  California  91109,  UNITED  STATES  
  

Mark  R.  Drinkwater  
European  Space  Agency  European  Space  Research  and  Technology  Centre  

2201  AZ  Noordwijk,  NETHERLANDS  
    

Walter  N.  Meier  
NASA  Goddard  Space  Flight  Center  

Greenbelt,  Maryland  20771,  UNITED  STATES  
  

Humfrey  Melling  
Fisheries  and  Oceans  Canada,  Institute  of  Ocean  Sciences  

Sidney,  British  Columbia,  CANADA  V8L  4B2    
  

  

1   INTRODUCTION  
  
The  first  satellite  images  of  sea  ice,  along  with  clouds  and  land  cover,  occurred  early  
in  the  space  age  before  the  twentieth  anniversary  of  Sputnik.    These  early  satellite  
measurements  and  the  7  December  1972  “Blue  Marble”  image  of  Earth  inspired  the  
scientific  community  to  embrace  the  concept  of  improving  observations  and  
understanding  of  the  global  integrated  Earth  system  so  as  to  enhance  its  
predictability.    It  was  quickly  realized  that  the  complexity  of  natural  environments,  
including  the  Arctic  Ocean  with  its  huge  spatial  and  temporal  ranges  of  109  m  and  
109  s,  dictated  a  requirement  for  multiple  in-situ  and  satellite  observing  systems.    
CGMS  has  critically  important  functions  in  coordinating  a  myriad  of  sustained  Earth  
observations  for  climate  and  weather  and  in  ensuring  their  continuous  utility.      
  
The  Arctic  Ocean  and  the  Southern  Ocean  around  Antarctica  are  the  geographical  
regions  with  the  largest  amplitude  annual  cycles  in  incident  solar  radiation  linked  to  
the  4-month  dark  and  light  seasons.    In  recent  years,  climate  warming  has  
                                                
1 For  this  paper,  David  Halpern  represents  the  Intergovernmental  Oceanographic  
Commission  (IOC)  of  the  United  Nations  Educational,  Scientific,  Cultural  
Organization  (UNESCO),  which  is  a  member  of  the  Coordination  Group  for  
Meteorological  Satellites  (CGMS).    The  World  Meteorological  Organization  (WMO)  –  
IOC  Joint  Commission  on  Oceanography  and  Marine  Meteorology  (JCOMM)  
supports  IOC  to  accomplish  CGMS  Plenary  Action  43.08,  which  invited  IOC  to  
provide  a  paper  on  guidance  to  CGMS  members  on  sea  ice  observations. 



CGMS-44  IOC-WP-01    
13  May  2016  
  

  
Page  4  of  25  

significantly  altered  annual  cycles,  especially  across  the  Arctic  Ocean  where  
atmospheric  warming  has  been  strong  (IPCC,  2013).    The  areal  extent  or  coverage  
of  sea  ice  at  the  end  of  summer  diminished  at  the  statistically  significant  average  rate  
of  13.4%  per  decade  from  1981  to  2010  with  a  higher  rate  during  the  last  half  of  the  
record  (Figure  1).    Sea  ice  is  an  influential  variable  of  the  global  integrated  Earth  
system  because  sea  ice  can  reflect  as  much  as  80%  of  incident  solar  radiation  
whereas  ice-free  sea  water  can  absorb  as  much  as  90%.    Sea  ice  volume  has  
dramatically  decreased  during  the  same  period  (Figure  2),  which  suggests  that  
summertime  ice  cover  will  continue  to  shrink.    As  a  consequence  of  changing  sea  ice  
conditions,  large  environmental  and  socio-economic  impacts  are  occurring  (Meier  et  
al.,  2014),  including  altered  weather  patterns  in  the  Northern  Hemisphere  (Overland,  
2016);;  increased  ease  of  Arctic  shipping  (CMTS,  2013;;  Christopher  and  Fast,  2008),  
more  opportunities  for  oil  spills  (NRC,  2014a)  and  more  tourism  (Gordon,  2014)  in  
Arctic  coastal  regions;;  increased  coastal  erosion  (Hardwerk,  2011;;  Parry,  2011);;  
displacements  of  communities  (Colarossi,  2015;;  Gibbs  and  Lautsen,  2015);;  
displacements  of  marine  mammal  habitats  (ACIA,  2004);;  increased  abundance  of  
marine  phytoplankton  in  some  areas  (Arrigo  et  al.,  2012);;  and  increased  
opportunities  for  naval  operations  (Bowes,  2009).  
  

  
  
Figure  1.    Annual  minimum  sea  ice  extent  in  September.    Chart  and  information  

placed  as  insets  in  the  diagram  were  extracted  from  
https://nsidc.org/arcticseaicenews/2015/10/2015-melt-season-in-review/.  

  
During  the  last  decade,  the  observed  changes  in  Arctic  Ocean  sea  ice  have  been  
appreciably  greater  than  those  predicted  by  climate  models  (Figure  3),  indicating  that  
our  knowledge  of  the  Arctic  marine  environment  is  inadequate  and  that  new  
knowledge  and  new  sustained  observations  are  warranted.    It  is  necessary  to  
improve  predictions  over  large  areas  and  also,  because  of  the  dynamic  character  of  
sea  ice,  to  improve  them  over  intervals  as  short  as  a  day.    In-situ  measurements,  
including  those  by  submarine,  are  inadequate  to  determine  sea  ice  conditions  at  
daily  or  even  monthly  intervals  across  the  vastness  of  the  Arctic  Ocean.    Likewise,  
measurements  from  fleets  of  aircraft,  drones,  gliders  and  ships,  which  are  critically  
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important  to  improve  understanding  of  sea  ice  dynamics,  are  unsuitable  to  determine  
Arctic  Ocean  sea  ice  extent.    A  polar-orbiting  satellite  has  the  highly  prized  capability  
for  daily,  relatively  high-spatial-resolution  sea  ice  measurements  across  the  entire  
marine  cryosphere.      
  

  
  
Figure  2.    Volume  of  sea  ice  in  the  Arctic  Ocean  in  February-March  and  October-
November  with  ICESat  and  CryoSat-2  data.    Two  values  of  sea  ice  bulk  density  with  
“1”  and  “2”  representing  upper  and  lower  estimates,  respectively.    Diagram  extracted  

from  Kwok  et  al.  (2015).  
  
This  working  paper  will  describe  satellite  sea  ice  observing  systems  and  present  
guidance  for  their  improvement.    A  variety  of  satellite  instruments  provide  
measurements  of  sea  ice,  including:  active  microwave  scatterometer;;  active  
microwave  altimeter;;  passive  visible  and  infrared  multispectral  radiometer;;  passive  
microwave  radiometer;;  and  microwave  synthetic  aperture  radar  (SAR).    Sensors  
operating  with  microwave  frequencies  provide  data  during  day  and  night  in  all-
weather  conditions.    In  contrast,  sensors  using  visible  and  infrared  frequencies  are  
useful  only  in  daytime  (visible  sensors  only)  and  in  areas  without  clouds.    A  passive  
sensor  observes  natural  emissions  from  seawater  and  sea  ice;;  active  sensors  
observe  the  electromagnetic  energy  reflected  from  a  transmitted  pulse.  
  
  
2   SEA  ICE  EXTENT  
  
2.1     Low-Spatial  Resolution  (~  25  km)  Observations  
  
2.1.1   Passive  Microwave  Measurements  
  
The  United  States  (U.S.)  National  Aeronautics  and  Space  Administration  (NASA)  
Nimbus-5  (12  April  1972  –  29  March  1983)  polar-orbiting  satellite  recorded  the  first  
sea  ice  measurements  from  space  with  the  single-frequency  (19  GHz)  Electrically    

17
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(b) Submarine, ICESat, and CS-2 records in the DRA (1980–2012)
The combined submarine, ICESat and CS-2 data, within the data release area (DRA) of declassified
submarine measurements (covering approx. 38% of the Arctic Ocean), are shown in figure 8.
When Kwok & Rothrock [38] concatenated the ICESat thickness in the DRA with the regression

 on March 18, 2016http://rsta.royalsocietypublishing.org/Downloaded from 
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Figure  3.    September  Arctic  Ocean  sea  ice  extent  determined  with  observations  (red  
line)  and  from  the  National  Center  for  Atmospheric  Research  (NCAR)  Community  
Climate  System  Model  (CCSM)  version  3.    Diagram  extracted  from  NRC  (2012).  

  
Scanning  Microwave  Radiometer  (ESMR)  instrument  from  December  1972  to  May  
1977.    ESMR  yielded  data  on  sea  ice  coverage  and  age  at  25-km  horizontal  
resolution.    First-year  and  multi-year  sea  ice  ages  were  discriminated  on  the  basis  of  
surface  emissivity,  which  are  0.92  and  0.84,  respectively.    The  emissivity  of  sea  
water  is  0.44.    
  
The  ESMR  instrument  was  the  precursor  to  the  Scanning  Multichannel  Microwave  
Radiometer  (SMMR)  instrument  flown  on  SeaSat  (26  June  –  8  October  1978)  and  
Nimbus-7  (24  October  1978  –  14  February  1995)  and  the  Special  Sensor  Microwave  
Imager  (SSMI)  instrument  flown  on  a  continuous  series  of  U.S.  Defense  
Meteorological  Satellite  Program  (DMSP)  satellites  (18  June  1987  –  present).    
However,  ESMR’s  relative  simplicity  (e.g.,  single  frequency,  horizontal  polarization,  
along-track  data  acquisition,  wide  range  of  incident  angles)  prevented  inter-
comparison  tests  with  the  multi-channel  SMMR  and  SSMI  instruments  (see  Meier  
and  Markus  (2015)  for  description  of  channels).    ESMR  data  are  not  consistent  
enough  with  the  later  multi-channel  instruments  to  extend  the  time  series  of  sea  ice  
concentration  to  an  earlier  date.    Multiple  channels  resolve  ambiguities  in  brightness  
temperature  and  improve  the  algorithm  to  determine  sea  ice  concentration  and  the  
designation  of  first-year  and  multi-year  sea  ice  (Meier  and  Markus,  2015).  
  
The  SMMR  instrument  began  the  modern  era  of  satellite  sea  ice  observations  
(Gloersen  and  Barath,  1977),  recording  precise  all-weather  estimates  of  global  sea  
ice  concentrations  and  indications  of  sea  ice  age:  first-year  (ice  formed  since  the  
previous  summer)  or  multi-year  (ice  that  has  survived  at  least  one  summer  melt  
season).  In  addition,  it  provided  data  to  estimate  snow  cover,  soil  moisture,  rainfall,  
cloud  water  content,  atmospheric  water  vapor,  and  sea  surface  wind  speed.    The  
SMMR  follow-on  instrument  is  the  SSMI  instrument.    The  next-generation  SSMI  
instrument  is  the  24-channel  Special  Sensor  Microwave  Imager/Sounder  (SSMIS)  
instrument.  

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 1.2 The 20th to 21st century September ice area in the Northern Hemisphere from a 
single CCSM3 ensemble member (black line) compared with the observed time series of 
September ice area from Fetterer et al. (2009, red line). It demonstrates the model’s success in 
capturing the decadal-scale pace of ice loss and realistic interannual variability SOURCE: 
Adapted from Holland et al. (2011). 
 
 
the realism of simulated sea ice area in 
response to anthropogenic and natural 
forcing has improved in comparisons with 
satellite observations available since 1979 
(Massonnet et al., 2012; Stroeve et al., 2012). 

Many climate models still simulate an 
Arctic ice pack at odds with observations. 
Figure 1.3 displays dozens of model runs 
from CMIP5 under two different future 
forcing scenarios termed “representative 
concentration pathways” (RCPs; Moss et al., 
2010) including RCP4.5 and RCP8.5, which 

reach 4.5 W∙m−2 (watts/square meter) and 
8.5 W∙m−2 radiative forcing by 2100, 
respectively. Most simulations capture a 
long-term reduction in ice extent that is 
driven fundamentally by external forcing—
primarily increasing concentrations of 
greenhouse gases. The spread among the 
runs, however, has not decreased 
appreciably since the IPCC-4 generation, 
suggesting that basic challenges remain to be 
overcome. Because so many variables affect 
the ice evolution, identification of the causes  
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NASA  continues  to  support  the  National  Snow  and  Ice  Data  Center  (NSIDC)  in  the  
sustained  generation  of  internally  consistent  well-documented,  quality-controlled,  25-
km  x  25-km  resolution  Arctic  Ocean  (and  Antarctic  Ocean)  sea  ice  extent  datasets  
(Cavalieri  et  al.,  1996;;  Comiso,  2000).    The  sea  ice  extent  data  product  with  SMMR  
data  had  a  time  resolution  of  2  days  from  November  1978  to  June  1987;;  since  that  
time,  the  interval  between  charts  of  Arctic  Ocean  sea  ice  extent  has  been  1  day  
using  SSMI  data  from  July  1987  to  December  2007  and  using  SSMIS  data  from  
January  2008  to  the  present.    As  instruments  became  more  advanced,  the  data  hole  
around  the  North  Pole  became  smaller:  the  radii  of  the  holes  associated  with  the  
SMMR,  SSMI  and  SSMIS  instruments  were  611,  311  and  94  km,  respectively  
(Cavalieri  et  al.,  1996).  
  
Regression  analyses  of  total  extents  of  the  northern  marine  Cryosphere  derived  by  
different  satellites  during  periods  of  overlap  indicated  that  SMMR  (SSMI)  and  SSMI  
(SSMIS)  derived  extents  were  in  agreement  to  1%  (0.5%)  (Cavalieri  et  al.,  1996).    
The  excellent  statistical  consistency  among  different  satellite  systems  has  allowed  
SMMR,  SSMI  and  SSMIS  datasets  to  be  combined  to  provide  the  longest  satellite  
climate-quality  data  record  in  the  Arctic  (Figure  1).    The  NSIDC  sustained  sea  ice  
dataset  provides  the  opportunity  to  determine  decadal  trends  for  a  variety  of  sea  ice  
extent  parameters  such  as  the  day  of  the  year  when  Arctic  sea  ice  extent  reaches  its  
annual  minimum  and  maximum.      
  
The  sea  ice  edge  derived  from  passive  microwave  emissions  can  be  as  close  as  10  
km  to  the  ice  edge  observed  by  optical  and  synthetic  aperture  radar  sensors  in  the  
winter  (Heinrichs  et  al.,  2006),  but  correspondence  is  degraded  where  the  ice  is  
warm  and  wet  and  thin,  as  near  open  ocean  boundaries  in  winter  and  throughout  the  
Arctic  in  summer  (Agnew  and  Howell,  2003).    Passive  microwave  sensors  have  
several  limitations  that  can  yield  considerable  uncertainties  in  sea  ice  concentration  
and  total  sea  ice  extent  (total  areal  coverage,  usually  above  a  concentration  
threshold  criterion).    Even  under  optimal  conditions,  such  as  mid-winter  in  the  middle  
of  the  ice  pack,  passive  microwave  sensors  can  only  provide  concentration  
estimates  to  within  about  ±5%  accuracy.    In  less  optimal  conditions  during  the  
summer  melt,  near  the  ice  edge  and  over  thin  ice  regions,  the  uncertainty  might  
reach  values  of  more  than  ±20%  (Cavalieri  et  al,  1996;;  Meier  et  al.,  2015;;  
https://www.wmo.int/pages/prog/www/OSY/Meetings/GCW-
IM1/GCW_CliC_Sea_ice_Reliability.pdf).    Current  sea  ice  extent  estimates  do  not  
meet  the  5%  Global  Climate  Observing  System  (GCOS)  accuracy  (WMO,  2011).  
  
The  NSIDC  sea  ice  extent  datasets  (Cavalieri  et  al.,  1996;;  Comiso,  2000)  are  not  the  
only  such  long-term  records  of  sea  ice  extent.    Tonboe  et  al.  (2016)  generated  a  
SMMR-SSMI-SSMIS  sea  ice  extent  dataset  with  a  different  methodology  compared  
to  that  used  by  NSIDC.    The  Arctic  Regional  Ocean  Observing  System  (ROOS)  
(http://www.arctic-roos.org/observations/total-icearea-from-1978-2007)  produces  a  
SMMR-SSMI-SSMIS  sea  ice  extent  with  algorithms  different  from  than  those  used  at  
NSIDC.    The  Arctic  ROOS  value  for  the  decrease  of  the  annual  daily  minimum  sea  
ice  extent  in  the  Arctic  Ocean  was  10.5%  per  decade  compared  to  13.4%  
determined  by  NSIDC  and  displayed  in  Figure  1.    The  Japan  Aerospace  Exploration  
Agency  (JAXA)  National  Institute  of  Polar  Research  (NIPR)  Arctic  Data  archive  
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System  (ADS)  (https://ads.nipr.ac.jp)  produces  a  passive  microwave  radiometer  sea  
ice  extent  dataset  over  the  past  thirty-five  years  (Figure  4)  with  SMMR,  SSMI,  
Advanced  Microwave  Scanning  Radiometer  –  Earth  Observing  System  (AMSR-E),  
WindSat  (a  polarimetric  microwave  radiometer  instrument  on  the  Coriolis  satellite),  
and  AMSR2  measurements.    The  Nansen  Environmental  and  Remote  Sensing  
Center  (NERSC),  through  the  ESA  Sea  Ice  Climate  Change  Initiative  (CCI),  
distributes  SSMI  and  AMSR-E  measurements  of  sea  ice  concentration.    NERSC  also  
hosts  the  Secretariat  for  the  Arctic  ROOS.    Under  the  auspices  of  the  CCI,  Ivanova  
et  al.  (2015)  evaluated  13  of  30  sea  ice  concentration  passive-microwave-related  
algorithms  and  concluded  that  a  hybrid  approach  would  be  appropriate  to  retrieve  
sea  ice  concentration  globally  for  climate  monitoring  purposes.              
  
Despite  limitations  that  are  reasonably  well  documented,  the  ice-extent  record  from  
passive  microwave  sensors  has  continuing  high  value  because  it  is  internally  
consistent,  well  studied  and  already  quite  long  (37  years).  
  
Recommendation  1:    Enable  sustainability  of  satellite  passive  microwave  sea  ice  
extent  measurements  begun  in  1978.          
  

  
  
Figure  4.    Annual  cycle  of  daily  Arctic  Ocean  sea  ice  extent  for  several  time  periods  
(see  inset),  including  27  March  2016  when  diagram  was  extracted.    The  data  product  
is  produced  by  JAXA  Arctic  Data  archive  System  (ADS)  with  the  following  satellite  
measurements:  SMMR,  January  1980  –  July  1987;;  SSMI,  July  1987  –  June  2002;;  
AMSR-E,  June  2002  –  October  2011;;  WindSat  (a  polarimetric  microwave  radiometer  
instrument  on  the  Coriolis  satellite),  October  2011  –  July  2012;;  and  AMSR2,  July  
2012  –  present.    Diagram  extracted  from  https://ads.nipr.ac.jp/vishop/vishop-

extent.html?N.  
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2.1.2   Active  Microwave  Scatterometer  Measurements  
  
The  large  difference  in  dielectric  permittivity  between  seawater  and  sea  ice  aids  in  
discriminating  between  open  water  and  sea  ice  using  scatterometer  backscatter  
measurements.    Important  at  high  wind  speeds,  wind-generated  waves  roughen  the  
ocean  surface  and  increase  its  backscatter,  sometimes  leading  to  confusion  between  
ocean  and  newly  formed  sea  ice,  which  tends  to  be  thin  and  often  saline.    As  sea  ice  
ages,  it  becomes  thicker,  rougher  and  less  saline,  which  tend  to  increase  its  
backscatter.    The  resulting  backscatter  contrast  between  first-year  and  multi-year  ice  
enables  accurate  scatterometer  classification  of  sea  ice  by  age,  especially  at  Ku-
band  where  the  contrast  is  much  more  pronounced  than  at  C-band.    Melting  
conditions  during  the  summer  increase  the  liquid  water  content  of  sea  ice  and  
thereby  increase  its  dielectric  permittivity.    This  tends  to  suppress  the  contrast  
between  first-year  and  multi-year  ice,  and  between  sea  ice  and  wind-roughened  
open  water.    During  the  period  of  advanced  surface  melt  in  late  summer  (August  and  
September  in  the  Arctic),  scatterometer  ice  age  discrimination  becomes  
impractical.    However,  sea  ice  coverage  mapping  is  still  possible,  especially  since  
the  variability  of  ocean  winds  creates  variable  backscatter  over  the  ocean  in  contrast  
to  the  more  stable  backscatter  from  sea  ice.    Due  to  their  active  radar  processing,  
the  spatial  resolution  of  scatterometer  sea  ice  maps  is  much  higher  than  than  of  
passive  radiometer  sensors,  particularly  when  coupled  with  advanced  resolution  
enhancement  techniques.    
  
It  is  reassuring  to  note  that  a  15-year  sea  ice  age  dataset  produced  from  Ku-band  
Quick  Scatterometer  (QuikSCAT)  and  Indian  Space  Research  Organization  (ISRO)  
OceanSat  Scatterometer  (23  September  2009  –  February  2014)  instruments  has  
independently  confirmed  the  finding  from  passive  microwave  sea  ice  measurements  
that  the  area  of  first-year  has  increased  and  that  of  multi-year  ice  decreased  (Lindell  
and  Long,  2016).      
  
Rivas  et  al.  (2012)  demonstrated  that  the  European  Space  Agency  (ESA)  C-band  
Advanced  Scatterometer  (ASCAT)  instrument  on  the  European  Organization  for  the  
Exploitation  of  Meteorological  Satellites  (EUMETSAT)  Meteorological  Operational  
(MetOp)  satellite  (15  May  2007  –  present)  and  the  NASA  Ku-band  SeaWinds  
instrument  on  the  NASA  QuikSCAT  (19  June  1999  –  23  November  2009)  satellite  
produced  comparable  measurements  of  Arctic  Ocean  sea  ice  extent  throughout  
2008.    However,  Rivas  et  al.  (2012)  noted  that  daily  sea  ice  extents  recorded  with  
ASCAT  and  AMSR-E  differed  by  5-10%  during  summer  months  when  mixed  sea  ice  
and  sea  water  conditions  occurred;;  AMSR-E  estimates  were  lower  (Figure  5).    
Should  this  bias  also  appear  with  SSMIS  data  and  if  it  is  consistent  year  to  year,  then  
the  QuikSCAT-ASCAT  series  of  scatterometer  measurements  have  the  potential  to  
provide  an  independent  estimate  of  the  decadal  trends  of  sea  ice  extent  shown  in  
Figure  1.      
  
Having  redundancy  in  observational  estimates  of  Arctic  Ocean  sea  ice  extent  is  
critically  important  in  enhancing  the  reliability  of  satellite-derived  trends  linked  to  
climate  warming.    Declining  sea  ice  extent  is  considered  an  important  indicator  of  
climate  warming,  analogous  to  the  canary  in  the  coal  mine  whose  death  warns    
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Figure  5.  Daily  Arctic  and  Antarctic  sea  ice  extents  from  January  -  December  2008  
from  QuikSCAT  (black  line),  ASCAT  (blue  lines)  and  AMSR-E  (red  lines).    Extracted  

from  Rivas  et  al.  (2012).  
  
miners  of  carbon  monoxide.    Redundancy  is  best  achieved  through  independent  
observations  and  independent  methodologies.    Moreover,  integration  of  passive    
microwave  measurements  (see  Section  2.1.1)  and  scatterometer  measurements  
could  provide  a  single  improved  dataset  (Meier  and  Stroeve,  2008).    EUMETSAT  
intends  to  provide  both  scatterometer  and  passive  microwave  sea  ice  measurements  
for  many  years  beyond  2020  (EUMETSAT,  2016).    The  sea  ice  Essential  Climate  
Variable2  (ECV)  (GCOS,  2015)  captures  the  need  for  passive  microwave  and  
scatterometer  measurements,  in  addition  to  synthetic  aperture  radar  and  altimeter  
measurements  (Drinkwater  et  al.,  2008).      
  
Recommendation  2:    Promote  the  implementation  of  sustained  satellite  sea  ice  
observations  with  scatterometer  to  provide  an  independent  source  of  information  
concerning  climate  change  impact  on  the  marine  cryosphere.    
  
2.2   High-Spatial  Resolution  (<  1  km)  Observations  
  
Sea  ice  observations  at  high-spatial  resolution  are  important  to  day-to-day  human  
concerns  such  as  ship  navigation  and  coastal  safety.    Satellite  sea  ice  extent  
measurements  with  spatial  resolutions  of  1000  m  and  less  are  available  from  a  
variety  of  instruments,  such  as:  the  Advanced  Very  High  Resolution  Radiometer  
(AVHRR)  on  U.S.  National  Oceanic  and  Atmospheric  Administration  (NOAA)  
satellites  (1981  –  present)  with  1000-m  resolution;;  the  DMSP  (1976-present)  
visible/infrared  Operational  Linescan  System  (OLS)  instrument,  the  Aqua  (4  May  
2002  –  present)  Moderate  Resolution  Imaging  Spectroradiometer  (MODIS)  
instrument,  and  the  Suomi  National  Polar-orbiting  Partnership  (NPP)  (28  October  
                                                
2  The  sea-ice  ECV  covers  concentration  (fraction  of  the  sea  covered  by  ice),  extent,  
area  of  coverage,  motion,  deformation,  age,  thickness,  freeboard  height  of  ice  above  
the  ocean  surface  and  the  timing  of  ice  melt  and  creation.    Snow  depth  on  sea  ice  is  
also  a  crucial  parameter  
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Fig. 6. Daily Arctic and Antarctic sea ice extents from January 2008 through
December 2008 from QuikSCAT (black line) and ASCAT (red lines) for
Cmix = 1, 2, and 3.

purposes, and produces a sea ice coverage map once a day
on a 12.5 km polar stereographic grid using a 55% thresh-
old to posterior sea ice probabilities in (3). The probability
threshold was set slightly larger than the relaxed a priori sea
ice probability at 50%: mark, however, that the sea ice maps
are only marginally sensitive to this parameter, being mainly
responsive to changes in the tolerance parameter Cmix. The sea
ice maps are filled with normalized backscatter values, which
are a qualitative proxy for sea ice age/thickness [23], [24] (see
Fig. 10) and finally archived.

III. ALGORITHM TUNING AND VALIDATION

As validation data sets, we use the continuous series of
daily sea ice extents recorded by QuikSCAT and the pas-
sive microwave AMSR-E sensor in the period spanning from
January through December 2008. The QuikSCAT sea ice ex-
tents have been derived from the KNMI Bayesian sea ice
detection algorithm [12]. The passive microwave sea ice extents
are defined by the 15% threshold on sea ice concentrations gen-
erated by the Enhanced NASA Team NT2 algorithm (AE SI12
Version 1) [19].

As a preliminary step, the ASCAT sea ice classifier is ad-
justed to a suitable reference using the tolerance factor Cmix

as tuning parameter. Recall that the tolerance factor provides
a margin for the expected (thus acceptable) geophysical de-
partures of sea ice backscatter from the wintertime sea ice
model, which may be legitimately caused by mixed sea ice and
open water conditions in a resolution cell, or else attributed to
rain contamination. The ASCAT sea ice detection algorithm
has been run using a discrete range of tolerance factor values
(Cmix = 1, 2, 3), and the results are shown in Fig. 6 for the
Northern and Southern Hemispheres. The total extent of sea
ice detected by ASCAT naturally increases with the tolerance
factor, but this sensitivity is geographically confined to areas
with frequent mixed sea ice and open water conditions, such as
the Arctic ice edge in the summer, and the Antarctic ice margin
all year round.

The algorithm sensitivity during the winter months is aggra-
vated by a dramatic response to rain contamination over open

Fig. 7. Time varying scheme for the ASCAT tolerance parameter Cmix
featuring high values in the summer and low values in winter.

Fig. 8. Daily Arctic and Antarctic sea ice extents from January 2008
through December 2008 from QuikSCAT (black line), ASCAT (blue lines) and
AMSR-R (red lines). The ASCAT algorithm uses the time-varying Cmix
scheme introduced in the text.

water areas, manifested as false sea ice positives. The volume
scattering signature attributed to rain at C-band, although not
as strong as at Ku-band, masks the directional response driven
by the spectrum of surface waves and brings backscatter closer
to the azimuthally flat signature that is characteristic of sea
ice backscatter. Rain contamination is particularly present over
open water areas subject to frequent and intense storminess like
the Arctic latitudes in winter [20].

In general, we observe that low Cmix values give better
agreement with QuikSCAT sea ice extents during the growth
seasons, but prove deficient during the melt season. On the con-
trary, high Cmix values give better agreement during the melt
season, but prove extremely noisy during the growth season.
That is, the observed departures of sea ice backscatter from the
wintertime sea ice model should remain small during the winter
months, so that an increase in the tolerance parameter would
only bring enhanced levels of misclassification noise (mostly
from rain contamination associated with high latitude storms).
During the summer months, the mixed sea ice conditions that
predominate along the edge (low concentration and melting sea
ice) push the signature of sea ice backscatter away from the
wintertime sea ice model toward the ocean model, producing
larger departures that need to be specially handled. A good
compromise can be reached by using a time varying Cmix

parameter that features low values in the winter (to suppress
rain contamination in the absence of mixed sea ice and open
water conditions) and high values in the summer (to favor the
capture of low concentration and flooded sea ice).

The time-varying Cmix scheme proposed is shown in Fig. 7.
The ASCAT sea ice extents that result from this configuration
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2011  –  present)  Visible  Infrared  Imaging  Radiometer  Suite  (VIIRS)  instrument,  each  
with  about  500-m  resolution;;  the  synthetic  aperture  radar  (SAR)  on  European  
Remote  Sensing  (ERS)  satellites  (July  1991  –  July  2011)  with  30-m  resolution;;  and  
the  SAR  on  RadarSat3  satellites  (November  1995  –  present)  with  horizontal  
resolution  as  small  as  3  m  and  typically  10-25  m.    Although  SAR  data  reveal  the  sea  
ice  edge  at  high-spatial  resolution,  they  have  limited  spatial  coverage,  i.e.,  SAR  data  
are  not  recorded  in  a  wide  area  on  a  specific  day  and  not  every  day  at  the  same  
location.    Wide-swath  SAR  would  have  the  capability  to  yield  1000-km  coverage  at  1-  
to  3-day  intervals  and  complete  coverage  of  the  Arctic  Ocean  at  1-week  interval  
(Drinkwater,  2012).    Currently,  the  ESA  Sentinel-1A  (3  April  2014  –  present)  and  -1B  
(25  April  2016)  satellites,  each  with  a  SAR  instrument,  greatly  increased  SAR  
coverage  of  the  Arctic.    The  Sentinel  missions  are  elements  of  the  European  Union’s  
Integrated  Arctic  Observing  System.    
        
Since  the  1960s,  local  estimates  of  sea  ice  extent  at  1-day  time  intervals  during  the  
navigation  season  have  been  produced  by  the  U.S.  National  Ice  Center  (NIC)  
(http://www.natice.noaa.gov)  and  the  Canadian  Ice  Service  
(https://www.ec.gc.ca/glaces-ice/).    Ice  analysts  or  forecasters  have  utilized  various  
combinations  of  satellite  data,  as  described  in  the  previous  paragraph  and  in  Section  
2.1,  with  a  variety  of  in-situ  observations  from  buoys,  people  on  the  ice,  and  aircraft  
and  drone  flights  over  the  ice.    In  addition,  analysts  have  incorporated  subjective  
judgement  based  on  experience  and  knowledge  of  the  local  region,  similar  to  the  
local  weather  forecaster.    Human-assisted  ice  analyses  yield  more  spatial  detail  and  
ice-edge  locations  of  higher  accuracy  that  are  excellent  for  navigation.    However,  the  
likelihood  of  uneven  day-to-day  and  region-to-region  data  quality  has  compromised  
their  application  for  climate  research.      
  
Efforts  are  now  underway  to  minimize  subjectivity  in  regional  ice  analyses  and  to  
improve  short-term  forecasts  by  assimilating  satellite  derived  ice  maps  into  
dynamical  atmosphere-ice-ocean  models.    Posey  et  al.  (2015)  described  an  
improved  initial  state  for  the  NIC  operational  sea  ice  forecast  product.    The  daily  
initial  sea  ice  extent  is  determined  with  AMSR-E  (or  AMSR1)  and  Global  Change  
Observation  Mission  –  Water  (GCOM-W1)  AMSR2  measurements,  which  have  
spatial  resolutions  of  12.5  km  and  10  km,  respectively,  and  which  are  considerably  
smaller  than  the  25  km  of  SSMIS  data.    When  NIC  used  the  new  method,  the  skill  of  
the  daily  ice-edge  forecast  (average  separation  of  predicted  and  observed  ice  edges  
around  the  Arctic  in  summer  2012,  formerly  30-60  km)  improved  by  40%  (Posey  et  
al.,  2015)      
  
NSIDC  now  produces  a  daily  Arctic  Ocean  sea  ice  edge  boundary  at  1-km  (available  
from  2  December  2014)  and  4-km  (available  from  1  October  2006)  grid  cell  sizes.    
NIC  analysts  integrate  additional  satellite  measurements,  including  those  recorded  
with  visible/infrared,  SAR,  scatterometer  and  passive  microwave  instruments,  and  in-

                                                
3 The  Canadian  Space  Agency  uses  “RADARSAT”  (http://www.asc-
csa.gc.ca/eng/satellites/radarsat2/)  whereas  we  follow  the  nomenclature  in  the  World  
Meteorological  Organization  (WMO)  Observing  Systems  Capability  Analysis  and  
Review  (OSCAR)  (http://www.wmo-sat.info/oscar/),  which  uses  “RadarSat.” 
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situ  observations,  including  those  recorded  from  aircraft,  to  produce  daily  sea  ice  
extent  at  4-km  resolution.      
  
The  data  assimilation  approach  shows  great  promise.    It  is  the  way  of  the  future  
provided  that  the  availability  of  high-resolution  ice  imagery  can  be  sustained.  
  
Recommendation  3:    Enable  sustainability  of  satellite  frequent  high-spatial  marginal  
ice  zone  measurements  for  navigation  and  other  near-real  time  applications.  
  
  
3   SEA  ICE  THICKNESS  
  
Space-based  microwave  sensors  used  to  estimate  sea-ice  extent  also  provide  a  
simple  age  classification,  whether  ice  is  first-  or  multi-year  sea  ice.    This  distinction  
can  be  a  proxy  for  thickness  since  multi-year  is  often  thicker,  but  this  is  not  always  
true.    In  areas  where  sea  ice  drifts  over  warm  water  and  loses  mass  from  below,  the  
top  looks  the  same  as  multi-year  ice  but  reality  is  different  (Barber  et  al.,  2009).  The  
top  surface  of  sea  ice  that  has  survived  a  summer  changes  its  dielectric  properties  
through  normal  weathering;;  surface  roughness,  salinity,  air  content,  and  the  relative  
strength  of  volume  and  surface  scattering  are  modified.    Microwave  backscatter  from  
the  surface  by  a  scatterometer  can  also  be  a  proxy  for  age  through  the  distinction  of  
first-year  and  multi-year  ice  (Nghiem  et  al.,  2007;;  Lindell  and  Long,  2015).    However,  
without  actual  thickness  information,  little  was  quantitatively  known  about  sea  ice  
volume,  which  is  required  to  predict  seasonal-to-interannual  variations  of  sea  ice  
extent.    
  
Laxon  et  al.  (2003)  first  demonstrated  the  utility  of  satellite  radar  altimeter  data  to  
directly  determine  sea  ice  thickness;;  they  used  ERS  data.    A  more  accurate  method  
to  determine  ice  thickness  became  available  with  the  NASA  Ice,  Cloud,  and  land  
Elevation  (ICESat-1;;  12  January  2003  –  14  August  2010)  satellite.    Its  active  laser  
altimeter  instrument  showed  that  sea  ice  was  thinning  dramatically  (Figure  6A).    
When  ICESat-1  was  no  longer  operational,  NASA  continued  some  ICESat-1  types  of  
measurements  over  the  Arctic  Ocean  with  aircraft-based  lidar  under  its  Operation  
IceBridge  annual  March  –  May  campaigns  beginning  in  2010  
(http://www.nasa.gov/mission_pages/icebridge/index.html).    Operation  IceBridge  
measurements  are  expected  to  continue  until  2019.  
  
The  ESA  CryoSat-2  satellite  (8  April  2010  -  present)  measures  sea  ice  thickness  
(Figure  6B)  with  a  SAR  Interferometric  Altimeter  (SIRAL)  instrument  with  an  along-
track  resolution  of  250  m  (Tilling  et  al.,  2015).    CryoSat-2’s  orbit  has  an  unusually  
high  inclination  of  92°,  reaching  to  88°N  and  88°S,  thereby  providing  unique  data  on  
sea  ice  thickness  close  to  the  North  Pole.    CryoSat-2  calibration  and  validation  
activities  (Ricker  et  al.,  2015)  involve  NASA’s  annual  Operation  IceBridge  and  ESA’s  
annual  CryoSat-2  Validation  Experiment  (CryoVEx)  with  in-situ  ground  
measurements  
(http://www.esa.int/Our_Activities/Observing_the_Earth/The_Living_Planet_Program
me/Campaigns/Cryovex).    The  Russian  launch  vehicle  carrying  Cryosat-1  had  a  
catastrophic  failure  on  launch  on  8  October  2005.  
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Figure  6.    (A)  ICESat  and  (B)  CryoSat-2  sea  ice  thickness  measurements  in  
October-November  (ON)  and  February-March  (FM)  in  (A)  2007-2008  and  (B)  2013-
2014.    In  (B),  DJ  and  AM  represent  December-January  and  April-May,  respectively.    
(A)  and  (B)  images  were  extracted  from  Kwok  et  al.  (2009)  and  Kwok  et  al.  (2015),  
respectively.    Wind-driven  transport  in  winter  months  produced  the  thick  sea  ice  
bordering  the  Canadian  archipelago.    This  sea  ice  is  expected  to  continue  for  
decades  after  sea  ice  diminishes  elsewhere  in  the  Arctic  Ocean,  which  would  
provide  a  supportive  habitat  for  polar  bears,  ringed  seals  and  other  species  

dependent  on  sea  ice  (NRC,  2014b).  
  
Additional  satellite  datasets  are  available  to  determine  the  thickness  of  thin  (<0.5  m)  
ice,  which  is  important  because  ICESat-1  and  CryoSat-2  have  a  weak  capability  to  
determine  sea  ice  thickness  when  sea  ice  is  thin.    Thin  sea  ice  allows  air-sea  fluxes  
of  heat,  momentum  and  other  variables.    Yu  and  Rothrock  (1996)  and  Su  and  Wang  
(2012)  described  sea  ice  thickness  methods  with  thermal  imagery  from  AVHRR  and  
MODIS  data,  respectively,  in  which  the  occurrence  of  clouds  limited  daily  coverage.    
Kaleschke  et  al.  (2012)  demonstrated  that  Soil  Moisture  and  Ocean  Salinity  (SMOS)  
(2  November  2009-present)  data  could  provide  estimates  of  sea  ice  thickness  in  the  
range  0-  to  0.5  m.    De  Matthaeis  et  al.  (2014)  found  that  Aquarius  sea  ice  
thicknesses  had  a  similar  trend  compared  with  SMOS  data,  with  Aquarius-derived  
thicknesses  being  larger  and  with  higher  variability.    
  
Satellite-derived  ice  thickness  is  calculated  from  measurements  of  ice  freeboard,  
corrected  for  snow  depth  (which  is  not  measured).    Since  90%  of  ice  thickness  is  
submerged,  accurate  estimates  are  elusive.    Much  work  remains  in  the  validation  of  
satellite-derived  ice  thickness  (Ricker  et  al.,  2014),  although  much  work  has  been  
done.    For  example,  measurements  recorded  by  the  CNES-ISRO  AltiKa  (25  
February  2013-present)  and  CryoSat-2  missions  along  collocated  ground  tracks  will  
provide  estimates  of  uncertainties  due  to  snow  loading  because  the  AltiKa  altimeter  
would  penetrate  less  through  the  snow  compared  to  CryoSat-2  altimeter.    Results  
from  inter-comparison  of  upward-looking  sonar  and  laser  derived  sea  ice  thickness  
averaged  over  25-km  tracks  indicate  indicate  mean  ensemble  differences  in  the  ±  
0.3-m  range  with  the  95%  bounds  on  individual  estimates  being  ±  1  m  (Kwok  et  al.,  
2009).    The  accuracy  of  an  individual  sonar-derived  ice  draft  measurement  was  ±  0.1  
m  with  95%  confidence  (Melling  et  al.,  1995).    An  integrated  in-situ  and  satellite  
observing  system  is  warranted.  
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coastal Greenland, in the Lincoln Sea, and the Canadian
Archipelago.

5.2. Sea Ice Volume

[34] For examining the interannual and seasonal variabil-
ity of ice volume, we first fill the data gaps in our gridded
field of ice thickness, especially the data hole around the
North Pole. Even though the hole in ICESat coverage
occupies only !7% of the area of the Arctic Ocean, it is
important to have a reasonable estimate of the ice thickness
inside the hole so as to minimize the effects due to
advection and the variable coverage of MY and FY ice on

the estimates of total Arctic Ocean ice volume. In recent
years, this area contains a mixture of FY and MY ice (see
Figure 5d) rather than predominantly MY ice. To fill the
hole and data gaps, we follow the procedure outlined in
KC08. For each missing grid point, the QuikSCAT MY ice
fraction at that location is used to provide an estimate of the
mean thickness using corresponding samples of MY ice
fraction and thickness in the local neighborhood. The
QuikSCAT data have a negligible hole around the pole.
The local MY fraction is assumed to provide a reasonable
proxy of the local average ice thickness. This procedure
introduces additional uncertainty in the estimates of total
volume. The filled ice thickness fields are shown in Figure 7.
Ice volume within a grid cell is simply the product of the
mean cell thickness (h) and the cell area (Ac). Total volume is
the sum over all ice-covered grid cells and its uncertainty can
be written as,

sT ¼ N1=2 A2
cs

2
h þ h2s2

Ac

! "1=2
ð5Þ

where sh and sAc
are the uncertainties in cell thickness and

cell area, and N is the number of grid cells in the population,
respectively. Assuming sh = 0.5 m, Ac = 625 km2, and N =
11000, the first term in the above equation (shAc

p
N) is

!33 km3. The contribution due to uncertainties in ice
thickness is very small indeed and should certainly be
regarded as the best case. For instance, if the thickness
estimates were biased by eh, the volume estimate would be
biased by eh AcellN. In effect, this is quite tolerant of random
errors because of the expected magnitude of the total ice
volume. The second term deserves some attention. In
winter, when our Arctic domain is fixed and filled with ice,
there is no uncertainty in ice extent except for uncertainties
in the location of coastal boundaries. During the fall,
however, we use passive microwave ice concentration fields
to compute ice extent and there could be uncertainties in ice
coverage at the ice edge. This source of error could be up to
several percent of the total volume, and is dependent on the
ice thickness (typically thinner) at the ice edge.
[35] With the above procedure, we obtain the following

ice volumes inside the finite area of the Arctic Ocean. Over
the 5-year record, the mean Arctic Ocean ice volume is
13021 (2280) km3 and 16420 (1562) km3 in the fall and
the winter. In winter, the mean ice volume in the seasonal
ice zone, 7863(1258) km3, is nearly as large as the mean
volume (8557 (2690) km3) stored in the MY ice zone.
Mean ice production, less ice export, during the!4.5 months
of the winter is 3400 km3, or equivalently !0.47 m of sea
ice. While there is an increase in mean ice volume in
the FY ice zone (3849 km3) between fall and winter,
there is a decrease in mean ice volume in the MY ice
zone (&449 km3). These results seem to indicate that even
though there is an increase in the mean thickness in the
MY ice zone associated with ice growth and deformation,
there is a loss of volume that could be attributed to the
export of thick MY ice through the Fram Strait and other
passages into the peripheral seas. Because of the large
decline in MY coverage in this short 5-year record
(Figure 5e), mean volume export exceeds that of ice volume
production over a reduced MY ice area. A rough compar-

Figure 7. Spatial pattern of sea ice thickness (same as
Figure 6) except with the satellite hole filled, with a
different color palette to emphasize the ice cover with
thicknesses >2.5 m, and smoothed with a 50-km Gaussian
kernel. The dashed circle shows the ICESat data hole.
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Figure 4. Gridded 2month sea ice thickness fields and their distributions. (a) 2010–2011, (b) 2011–2012, (c) 2012–2013 and (d)
2013–2014. Multiyear (MY) and first-year (FY) areas are delineated using the 70%MY concentration isopleth, and distributions
are within the Arctic basin defined by the boundaries in top left panel. These fields are processed with: α = 0.7 and single
density.

(see tables 1 and 2). The correlations are lower (0.56/0.53) than the comparisons with other in situ
measurements with the mean difference −0.29 ± 0.86 m (α = 0.5) and −0.16 ± 0.87 (α = 0.7). The
increased scatter in the differences relative to the mooring, submarine and EM measurements,
also noted by Laxon et al. [3], are unclear and a subject of future investigations.

5. Arctic Ocean CS-2 ice thickness/volume
In this section, we examine the seasonal behaviour of Arctic Ocean sea ice thickness and volume
in the present CS-2 record (2010–2014). Henceforth, we restrict our attention to the two sets of
estimates processed with α = 0.7/one-density (case 1) and α = 0.7/two-density (case 2) because
the above comparisons show that, for the choice of parameters used here, they yield better
agreements with measurements. Even though the better overall agreement is obtained with one
ice density, the two-density results serve to provide lower bound estimates recognizing that
uncertainties in MYI density remain an issue in the calculation of thickness.

In the following, we refer to the Arctic Ocean as that area bounded by the gateways into the
Pacific (Bering Strait), the Canadian Arctic Archipelago (CAA), and the Greenland (Fram Strait)
and Barents Seas (figure 4a, left panel). Within these boundaries, the Arctic Ocean covers a fixed
area of approximately 7.23 × 106 km2. The spatial patterns of ice thickness and their distributions,
and ice volumes for the eight months between October and May are summarized in figures 4
and 5. The 25 km gridded ice thickness fields (figure 4) represent the mean thickness of CS-2
retrievals that fall inside individual grid boundaries. Data gaps including the data hole around
the North Pole are filled (following the interpolation procedure outlined in [4]). We also separate
thickness and volumes into regions with predominantly MYI (MYI fraction > 0.7) and FYI (MYI

 on March 18, 2016http://rsta.royalsocietypublishing.org/Downloaded from 
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Recommendation  4:    Promote  the  implementation  of  sustained  satellite  
measurements  of  Arctic  Ocean  sea  ice  thickness.        
  
  
4   SEA  ICE  PREDICTABILITY  
  
Forecasting  in  advance  by  2-3  months  the  areal  extent  of  Arctic  Ocean  sea  ice  for  
September  is  very  challenging  because  late  summer  ice  conditions  depend  very  
strongly  on  cumulative  atmospheric  forcing  for  which  predictability  is  also  very  
challenging  on  this  time  scale.    Since  2008,  the  Study  of  Environmental  Arctic  
Change  (SEARCH)  Program  conducted  an  annual  informal  contest  to  examine  the  
Arctic  sea  ice  community’s  accuracy  in  forecasting  the  sea  ice  extent  at  its  minimum  
in  September.    Research  groups  in  Canada,  Europe  and  the  United  States  
participate  in  the  SEARCH  Sea  Ice  Outlook  (https://www.arcus.org/sipn/sea-ice-
outlook).    We  highlight  forecasts  for  2012  when  the  sea  ice  extent  reached  its  
minimum  value  since  the  beginning  of  the  satellite  era  in  1978  (Figure  1).    Forecasts  
were  based  on  a  range  of  methods:  statistical,  numerical  models,  comparison  with  
previous  rates  of  sea  ice  loss,  composites  of  several  approaches,  estimates  based  
on  various  non-sea  ice  datasets  and  trends,  and  subjective  information.    On  11  July  
2012,  the  median  of  21  sea  ice  extent  forecasts  for  September  2012  was  4.6x106  
km2  (Figure  7).    The  observed  value,  3.6x106  km2,  indicates  that  we  have  a  long  way  
to  go  in  achieving  seasonal  ice  extent  forecasts  of  useful  accuracy.    All  July  2012  
forecast  estimates  were  above  the  observed  value;;  none  were  below.    In  the  
following  year  2013,  all  July  2013  forecasts,  but  one,  were  below  the  observed  value  
(https://www.arcus.org/search-program/seaiceoutlook/2013/summary).    A  study  of  
Outlook  submissions  for  2008-2013  found  that  skill  was  good  when  the  observed  
September  value  was  near  the  long-term  trend,  but  there  was  very  little  skill  in  
capturing  an  extreme  event  (Stroeve  et  al.,  2014).    It  is  interesting  to  note  that  all  
estimates  in  July  2012  and  July  2013  were  well  below  the  1981-2010  September  
mean  of  6.5x106  km2.     
  
Statistical  models  based  on  past  behavior  of  Arctic  Ocean  sea  ice  extent  and  
thickness  may  not  be  reliable  in  the  future  when  much  more  thin  ice  is  expected.    In  
an  Arctic  Ocean  undergoing  rapid  changes  with  large  year-to-year  variations,  
accurate  knowledge  of  initial  ice-ocean  conditions  is  critically  important  for  dynamical  
prediction.    Whereas  improved  sea  ice  extent,  sea  ice  age  (first  year  or  multi  year)  
and  sea  ice  thickness  observations  are  necessary  to  improve  seasonal  predictions,  
limited  seasonal  predictability  of  the  atmosphere  is  also  a  key  factor.    
  
Sea  ice  is  not  stationary  and  does  not  remain  at  the  location  of  formation.    
Information  on  atmospheric  conditions,  such  as  wind,  incident  solar  radiation  and  
clouds,  and  information  on  ocean  conditions,  such  as  current,  salinity  and  water  
temperature,  are  required  in  dynamical  sea  ice  prediction  models.    Furthermore,  the  
delivery  of  information  on  upper  ocean  currents  and  temperature  is  often  not  
available  daily  when  satellite  sea  ice  measurements  are  recorded.         
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Figure  7.    Twenty-one  volunteer  forecasts  of  the  monthly  mean  Arctic  Ocean  sea  ice  
extent  in  September  2012,  which  were  provided  to  the  SEARCH  Program  by  11  July  

2012.    Blue,  orange,  purple  and  green  colors  represent  statistical,  dynamical,  
heuristic  and  a  combination  of  statistical  and  dynamical  models,  respectively.    

Horizontal  dashed  red  and  blue  lines  represent  the  average  value  from  1979-2007  
and  the  September  2011  value,  respectively;;  the  September  2011  value  was  equal  

to  the  median  value  of  the  21  forecasts.    Diagram  was  extracted  from  
https://www.arcus.org/search-program/seaiceoutlook/2012/july.  

  
  
5   SATELLITE  SEA  ICE  MEASUREMENT  CONSTELLATIONS  
  
5.1   Current  Outlook    
  
The  outstanding  WMO  OSCAR  (http://www.wmo-sat.info/oscar/)  database  indicates  
a  wide  variety  of  satellite  instruments  record  sea  ice  information.    Satellite  missions  
providing  data  related  to  sea  ice  thickness  and  sea  ice  extent  on  1  May  2016  (at  the  
time  of  preparation  of  the  working  paper)  are  discussed  below.      
  
5.1.1   Sea  Ice  Extent      
  
Approximately  250  satellite  instruments  record  the  occurrence  of  sea  ice.    The  
number  is  reduced  to  about  130  if  information  from  high  Arctic  latitude  at  the  “fair”  
quality  level  or  higher  is  demanded  –  “fair”  is  one  level  above  “marginal.”    
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It  is  beyond  the  scope  of  the  working  paper  to  review  the  adequacy  of  each  mission.    
This  type  of  activity  would  be  appropriate  for  a  Committee  on  Earth  Observation  
Satellites  (CEOS)  Virtual  Constellation.    Although  CEOS  Virtual  Constellations  exist  
for  sea  surface  temperature,  clouds,  sea  surface  topography,  ocean  vector  winds,  
atmospheric  composition,  land  surface  imaging,  ocean  color  radiometry  and  
precipitation,  they  do  not  for  sea  ice  parameters.  The  CEOS  Virtual  Constellations  
coordinate  space-based,  ground-based,  and/or  data  delivery  systems  that  meet  a  
common  set  of  requirements  within  a  specific  domain.  They  leverage  collaboration  
and  partnerships  to  address  observational  gaps,  sustain  the  routine  collection  of  
critical  observations  and  minimize  duplication/overlaps.    CEOS  had  partnered  with  
the  former  Integrated  Global  Observing  System  (IGOS)  Cryosphere  Theme  (WMO,  
2007).      
  
The  Polar  Space  Task  Group  (PSTG)  of  the  WMO  Global  Cryosphere  Watch  
represents  community-wide  sources  of  information  on  all  natural  ice  domains,  
including  sea  ice.    A  primary  objective  of  the  PSTG  is  to  make  SAR  measurements  
routinely  available  (Falkingham,  2014),  similar  to  passive  microwave,  altimeter,  
scatterometer  and  optical  data.    PSTG  reports  to  CGMS  (WMO,  2015).                                  
  
5.1.2   Sea  Ice  Thickness  
  
For  sea  ice  thickness,  only  two  of  twenty  satellite  missions  in  the  WMO  OSCAR  
database  recorded  sea  ice  thickness  above  the  “marginal”  level  (http://www.wmo-
sat.info/oscar/gapanalyses?view=138):  (1)  the  SIRAL  instrument  on  the  ESA  
CryoSat-2  satellite  and  (2)  the  recently  launched  ESA  synthetic  aperture  radar  
altimeter  (SRAL)  instrument  on  Copernicus  Sentinel-3A  satellite  (16  February  2016  –  
present).    The  former  was  discussed  in  Section  3.    The  SRAL  instrument  is  the  
follow-on  instrument  of  the  SIRAL  instrument,  and  data  are  expected  to  be  released  
in  August  2016,  after  about  a  6-month  commissioning  period.  
  
Recommendation  5:    Encourage  joint  CEOS/CGMS  Working  Group  on  Climate  to  
establish  a  CEOS  Virtual  Constellation  on  GCOS  ECV  Sea  Ice  Measurements.  
  
5.2   10-  to  20-Year  Outlook      
  
5.2.1   Sea  Ice  Extent    
  
The  SMMR-SSMI-SSMIS  time  series  measurements  will  cease  in  a  few  years  when  
the  last  DMSP  satellite  in  orbit  fails  from  old  age.    The  DMSP  5D3-F19  (3  April  2014  
–  11  February  2016)  suffered  a  communication  failure  on  11  February  2016  and  was  
designated  no  longer  operational  on  24  March  2016.    The  backup  DMSP  5D3-F17  
(11  April  2006  –  present)  has  been  returned  to  service.    The  DMSP  5D3-F20  
satellite,  which  would  have  been  the  final  DMSP  satellite  since  the  first  DMSP  
satellite  was  launched  on  23  August  1962  
(https://directory.eoportal.org/web/eoportal/satellite-missions/d/dmsp-block-5d),  will  
not  likely  be  launched  (Gruss,  2015).    In  addition,  the  U.S.  Defense  Weather  Satellite  
System  (DWSS),  which  would  have  continued  DMSP  passive  microwave  sea  ice  
measurements,  is  no  longer  an  option  (Ray,  2012).    The  AMSR-E  and  AMSR2  
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instruments  have  proven  a  reliable  replacement  for  SSMI  or  SSMIS  (see  Sections  
2.1.1  and  2.2).    While  many  satellite  passive  microwave  radiometers  capable  of  
measuring  sea  ice  extent  are  anticipated  in  the  next  decade  (http://www.wmo-
sat.info/oscar/gapanalyses?view=135),  the  GCOM-W2  and  GCOM-W3  satellite  
missions  are  only  under  consideration  for  launch  
(http://database.eohandbook.com/database/missionsummary.aspx?missionID542)  
so  that  the  follow-on  AMSR2  instruments,  should  they  be  built,  may  need  to  find  
satellite  missions.    The  AMSR-E  instrument  lasted  ~  9  years;;  if  AMSR2  on  GCOM-
W1  also  last  ~  9  years,  then  a  data  gap  would  begin  in  ~  2021.    The  EUMETSAT  
Polar  System  –  Second  Generation  Program  intends  to  continue  passive  microwave  
sea  ice  measurements  beyond  2020  with  the  microwave  imager  (MWI)  instrument  
(EUMETSAT,  2016,  page  68).  
  
A  satellite  scatterometer,  which  provides  similar  sea  ice  information  to  a  passive  
microwave  radiometer  (see  Section  2.1.2)  is  currently  on  MetOp-A  (19  October  2006  
–  present)  and  MetOp-B  (17  September  2012  –  present)  and  is  planned  to  be  on  
MetOp-C  (launch  scheduled  in  2018),  and  then  on  a  3-satellite  series  of  MetOp  
Second  Generation  missions  (http://www.wmo-sat.info/oscar/spacecapabilities).    
However,  measurement  gaps  could  threaten  the  critically  important  overlapping  time  
and  space  intervals  for  calibration  between  sensors.    
  
5.2.2   Sea  Ice  Thickness  
  
The  SRAL  instrument  on  Sentinal-3A  is  expected  to  begin  delivery  of  data  in  August  
2016.  
  
ICESat-2  (scheduled  for  launch  in  October  2017)  will  carry  the  Advanced  
Topographic  Laser  Altimeter  System  (ATLAS)  that  represents  a  quantum  leap  from  
ICESat-1.    ATLAS  is  a  six-beam,  photon  counting  lidar  that  collects  data  at  10  kHz,  
in  contrast  to  the  40-Hz  single  beam  lidar  on  ICESat-1.    ICESat-2  data  will  have  70-
m  footprints  spaced  along  track  at  170-m  intervals.  In  addition,  ICESat-2  will  collect  
data  continuously  all  the  time,  in  contrast  to  ICESat-1  short-duration  campaigns.    
However,  these  lasers  do  not  resolve  pressure  ridge  (30-m  scale)  where  much  of  the  
sea  ice  volume  is  concentrated,  particularly  within  a  hundred  kilometers  of  the  coast.    
  
The  measurement  gaps  between  ICESat-1  and  CryoSat-2  and  between  ICESat-1  
and  ICESat-2  are  unfortunate,  despite  Operation  IceBridge’s  heroic  attempt  to  
mitigate  the  measurement  gaps.    Overlap  between  CryoSat-2,  ICESat-2  and  
Sentinel-3  would  allow  the  biases  between  these  measurement  systems  to  be  
characterised.        
  
  
6   CONCLUSIONS  
  
The  Arctic  Ocean  sea  ice  extent  and  volume  are  undergoing  unprecedented  
changes  and  new  “normal”  conditions  are  being  established  (Jeffries  et  al.,  2013),  
leading  to  substantial  socio-economic  impacts.    Present  predictions  of  sea  ice  extent  
and  volume  for  1-day  and  seasonal  lead  times  are  not  good.    Satellite  observations  
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coupled  with  in-situ  observations  are  critically  needed  to  initialize  the  forecast  models  
and  to  validate  their  predictions.      
  
Recommendations  1-5  are  directed  towards  sustaining  present  capabilities  for  
observing  sea  ice  from  satellites  and  towards  initiating  new  observations.    
Improvements  to  in-situ  observing  systems  are  strongly  warranted  at  least  until  the  
skill  of  model  prediction  improves  significantly  and  likely  thereafter  for  data  
assimilation.    Continuity  of  instruments  across  multiple  satellite  missions  is  critical  to  
observing  and  understanding  the  rapid  changes  occurring  in  the  Arctic  Ocean  sea  
ice.    Establishing  and  sustaining  appropriate  validation  data  series  at  selected  sites  
in  the  Arctic  Ocean  and  in  marginal  seas  would  improve  interpretation  of  data  and  
robustness  of  forecasts  (NRC,  2014b).  
  
The  WMO-sponsored  Year  of  Polar  Prediction  (YOPP)  from  mid-2017  to  mid-2019  
provides  an  opportunity  for  CGMS  members  to  improve  access  to  satellite  
observations  over  the  Arctic  marine  and  terrestrial  environments,  including  intensive  
observation  periods.    
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APPENDIX  A   RECOMMENDATIONS  FOR  CONSIDERATION  BY  CGMS    
  
Recommendation  1:    Enable  sustainability  of  satellite  SMMR-SSMI-SSMIS-AMSR2  
sea  ice  extent  measurements  begun  in  1978.  
  
Recommendation  2:    Promote  the  implementation  of  sustained  satellite  sea  ice  
observations  with  scatterometer  to  provide  an  independent  source  of  information  
concerning  climate  change  impact  on  the  marine  cryosphere.        
  
Recommendation  3:    Enable  sustainability  of  satellite  frequent  high-spatial  marginal  
ice  zone  measurements  for  navigation  and  other  near-real  time  applications.  
  
Recommendation  4:    Promote  the  implementation  of  sustained  satellite  
measurements  of  Arctic  Ocean  sea  ice  thickness.     
 
Recommendation  5:    Encourage  joint  CEOS/CGMS  Working  Group  on  Climate  to  
establish  a  CEOS  Virtual  Constellation  on  GCOS  ECV  Sea  Ice  Measurements.                
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APPENDIX  B       LIST  OF  ACRONYMS  
  
ACIA   Arctic  Climate  Impact  Assessment  
ADS   Arctic  Data  archive  System  
AltiKa   Ka-band  Altimeter  
AMSR-E   Advanced  Microwave  Scanning  Radiometer  –  Earth  Observing  

System  
AMSR2   Advanced  Microwave  Scanning  Radiometer  2  
ASCAT   Advanced  Scatterometer  
ATLAS   Advanced  Topographic  Laser  Altimeter  System  
AVHRR   Advanced  Very  High  Resolution  Radiometer  
CCSM   Community  Climate  System  Model  
CEOS   Committee  on  Earth  Observation  Satellites  
CGMS   Coordination  Group  for  Meteorological  Satellites  
CMTS   Committee  on  Marine  Transportation  System  
CryoVEx   CryoSat  Validation  Experiment  
DMSP   Defense  Meteorological  Satellite  Program  
ECV   Essential  Climate  Variable  
ERS   European  Remote  Sensing  
ESA   European  Space  Agency  
ESMR   Electrically  Scanning  Microwave  Radiometer  
EUMETSAT   European  Organization  for  the  Exploitation  of  Meteorological  

Satellites  
GCOM-W   Global  Change  Observation  Mission  –  Water  
GCOS   Global  Climate  Observing  System  
ICESat   Ice,  Cloud,  and  land  Elevation  Satellite  
IOC   Intergovernmental  Oceanographic  Commission  
IGOS   Integrated  Global  Observing  System  
IPCC   Intergovernmental  Panel  on  Climate  Change  
ISRO   Indian  Space  Research  Organization  
JAXA   Japan  Aerospace  Exploration  Agency  
MetOp   Meteorological  Operational  
MODIS   Moderate  Resolution  Imaging  Spectroradiometer  
MWI     Microwave  Imager  
NERSC   Nansen  Environmental  and  Remote  Sensing  Center  
NASA   National  Aeronautics  and  Space  Administration  
NCAR   National  Center  for  Atmospheric  Research  
NIC   National  Ice  Center  
NIPR   National  Institute  of  Polar  Research  
NOAA   National  Oceanic  and  Atmospheric  Administration  
NPP   National  Polar-orbiting  partnership  
NRC   National  Research  Council  
NSIDC   National  Snow  and  Ice  Data  Center  
OLS   Operational  Linescan  System  
OSCAR   Observing  Systems  Capability  Analysis  and  Review  
QuikSCAT   Quick  Scatterometer  
SAR   Synthetic  Aperture  Radar  
SEARCH   Study  of  Environmental  Arctic  Change  
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SIRAL   SAR  Interferometric  Altimeter  
SMOS   Soil  Moisture  and  Ocean  Salinity  
SRAL   Synthetic  Aperture  Radar  Altimeter  
SSMI   Special  Sensor  Microwave  Imager  
SSMIS   Special  Sensor  Microwave  Imager  Sounder    
SSMR   Scanning  Multichannel  Microwave  Radiometer  
US   United  States  
VIIRS   Visible  Infrared  Imaging  Radiometer  Suite  
WMO   World  Meteorological  Organization  
YOPP     Year  of  Polar  Prediction    


