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Outline 

i. Decline of Arctic sea ice, contributing mechanisms, and 
the special role of satellite era observations to our 
understanding of the Arctic marine environment  

ii. Impacts of Arctic sea ice decline on ocean properties, 
sea-ice associated marine biology, and people    

iii. Changes in Antarctic sea ice, with particular focus on 
the emergence of the Antarctic Peninsula region as an 
area of concern 

 



Arctic Ocean 

 14 million km2  

 Approx. 60⁰N to North Pole 

 Extreme, often inaccessible 
environment  

• Sea ice 

• Winter -40°C mean temperature 
at the north pole  

• Summer 0°C mean temperature at 
the north pole 

• Darkness  

 



Sea Ice  

 Covers 12% of the 
world’s oceans. 

 Undergoes significant 
yearly cycling. 

 Ice extent – Arctic:  
• Minimum ~7 million km2 

• Maximum ~15 million km2 

 

 



Sea Ice 



  

Sea Ice 



Sea Ice  

Forms from the freezing of seawater by atmospheric forcing. 

Floats on the surface because it is less dense than the ocean. 

Sea ice state: ice extent, ice age, ice thickness  

 

 

Sea Ice 



Sea Ice 



Sea Ice  

 A major participant in the Earth’s climate 
system. 
 Radiation Balance. Radiative heat loss yields poleward oceanic 

and atmospheric heat transport.  

 Heat and brine flux. Fluxes of heat and brine from sea ice 
formation is a significant source of dense water for deep water 
formation and oceanic circulation.  

 Freshwater flux. Ice melt releases low density fresh water into 
the upper ocean which plays a significant role in North Atlantic 
circulation.      

 Ice margin processes. Abrupt transitions to open water, 
coastlines, and ice sheets & glaciers yield unique processes 
including oceanic upwelling, phytoplankton blooms, and 
atmospheric instability.   

 

 



Sea Ice  

 Major scientific and operational variables of 
interest. 

 Ice extent and concentration  

 Ice thickness distribution  

 Snow depth  

 Ice motion and deformation  

 Melt season information, including melt season length and melt 
pond coverage.  

 All are related to winds, currents, cloud cover, air 
and ocean temperature, and climate 

 



Satellite remote sensing 

 Earth observing satellites 
have played a special role in 
Arctic marine activities and 
observational understanding    

 Satellite “era”, in the Polar 
Regions context, began in 
the 1970’s, when earth 
observing satellites were 
launched into polar orbits 

 



1. Reflected solar radiation  

Passive: sun as direct source of energy  

 

Satellite remote sensing modes 



2. Emitted (thermal) radiation  
Passive: sun as original source of energy  

 

Satellite remote sensing modes 



Satellite remote sensing modes 

3. Backscattered radiation   
Active: own source of illumination 



Electromagnetic spectrum 
 Microwave and radio wavelengths pass through clouds 
and weather. Images can be formed in darkness or 
daylight conditions.  



Satellites – advantages   

 Systematic coverage, useful for time series 
monitoring  

 Polar orbits provide frequent coverage, often daily   

 More than just pictures: sensing techniques use 
signals in parts of the electromagnetic spectrum 
beyond what are eyes are capable of seeing 

 The same information can have multiple purposes 
(environmental monitoring, climate research, 
search and rescue, operational ice charting, etc.)  

 

Source: https://www.bbc.com/news/science-environment-55109092 



Satellites – disadvantages   

 Limited operational life spans 
means satellites must be 
replaced in order to provide a 
legacy of observations. 

 Who pays to build, launch, 
maintain & support?  

 Maintain existing technology or 
replace with new?    

 

Source: https://www.bbc.com/news/science-environment-55109092 



Source: https://www.esa.int/ESA_Multimedia/Missions/Sentinel-1/(result_type)/images 
 

https://www.esa.int/ESA_Multimedia/Missions/Sentinel-1/(result_type)/images
https://www.esa.int/ESA_Multimedia/Missions/Sentinel-1/(result_type)/images
https://www.esa.int/ESA_Multimedia/Missions/Sentinel-1/(result_type)/images


Satellites – disadvantages   

Missions can fail, even at launch.  

 



Satellites – disadvantages   

Development of sensing techniques still requires 
field investigation, to understand how detected 
signals relate to the surface properties of interest.  

 



Weather satellites 

 Nimbus 7 (1978 – 1994)  

 Multi-sensor research platform 
developed and launched by NASA 

 Polar-orbit; Earth orbit every ~1.5 
hours   

 SMMR: Scanning Multi-channel 
Microwave Radiometer sensor 

 First in a series of scanning 
microwave radiometers that 
continues to this day 

 



Microwave Radiometers 
 Large swaths of naturally emitted microwave energy from the Arctic 

collected each day.  

 Natural radiation levels are low, so individual scene elements (pixels) 
are large (several km) and fine scale details are not resolved. 

 

 



Advanced Microwave Radiometer for EOS (AMSR-E) 



NASA's Goddard Space Flight Center Scientific Visualization Studio  
The Blue Marble data is courtesy of Reto Stockli (NASA/GSFC) 

Arctic sea ice annual minimum extent of 3.4 million square kilometers on September 13, 2012 



NASA's Goddard Space Flight Center Scientific Visualization Studio  
The Blue Marble data is courtesy of Reto Stockli (NASA/GSFC) 

Arctic sea ice annual maximum extent of 15 million square kilometers on February 28, 2013 



Cavalieri, D. J., P. Gloersen, and W. J. Campbell. 1984. Determination of sea ice parameters with the Nimbus 7 SMMR. J. Geophys. Res., 89, 
5355-5369. https://doi.org/10.1029/JD089iD04p05355 

[Credit: C. Burgard] 

Sea Ice Concentration 

 Percentage of sea ice in a given area 

 Measured using interpolation between 
measured microwave radiation of pure 
surface types (e.g. ocean, sea ice, and 
atmosphere)  

https://doi.org/10.1029/JD089iD04p05355


Sea Ice Extent 

 Area of ocean with at least 15% sea ice concentration 

 



Sea ice extent decline  
Dramatic decline in September minimum extent  

Arctic sea ice extents, 1979-2016 
 
Black line: 1981 to 2010 average 
 
Gray band: shows ± 2 standard deviations 
 
Yearly extents are color-coded by decade:  
• 1979 to 1989 (green) 
• 1990s (blue-purple) 
• 2000s (blue) 
• 2010s (pink) 



Northern Hemisphere Regional Sea Ice Extent 
Seasonal Maximum (March) 



Northern Hemisphere Regional Sea Ice Extent 
Seasonal Minimum (September) 



Sea ice extent decline  
Approx. 30% less sea ice in the Arctic in September  
Approx. 5% less sea ice in the Arctic in March 

The slopes of these lines indicate ice losses of -2.7 ± 0.5% and -12.8 ± 2.3% per decade in March and September, 
respectively. Both trends are significant at the 99% confidence level. 
 



Sea ice extent decline 
Paleoclimate reconstruction  

Kinnard, C., C.M. Zdanowicz, D.A. Fisher, E. Isaksson, A. de Vernal and L.G. Thompson. (2011). Reconstructed change 
in Arctic sea ice over the last 1,450 years. Nature letter, DOI:10.1038/nature10581 







Crystal Serenity Cruise through the Northwest Passage 2016 



http://nsidc.org/arcticseaicenews/ 













Sea ice-albedo feedback  
 A positive feedback mechanism  

Snow and sea ice: high albedo    

Open ocean: low albedo    

Warming 

Melting of sea 
ice 

Ocean exposed 

Increases solar 
absorption 

Seasonal change: areas of open water are exposed 
earlier in spring, and remain open until later in fall. 
 
Inter-annual change: areas of open water persist 
where there used to be sea ice. 



Surface air temperature  
Change: Annual temperature in 2020 compared to 1980  



Surface air temperature  
Change: Annual temperature in 2020 compared to 1980  



Surface air temperature  
Anomaly: Feb. 2021 compared normal Feb. (1981-2010)  



Surface air temperature  
Anomaly: Feb. 2021 compared normal Feb. (1981-2010) 



Surface air temperature  
Seasonal perspective 

Air temperature anomaly 
patterns (in °C).  
 
(a) autumn 2019 
(b) winter 2020 
(c) spring 2020, and  
(d) summer 2020 
 
Relative to the 1981-2010 
means. 

Source: NCEP/NCAR reanalysis air temperature data (Kalnay et al. 1996) are obtained from 
the NOAA Physical Science Laboratory. 



Melt season length   
 



Sea Ice Thickness 

 Cannot be measured from space  

 Inferred from laser/radar measured ice 
freeboard, the distance between the 
waterline and the ice surface  

[Credit: C. Burgard] 

𝐢𝐜𝐞 𝐭𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬 𝒉𝒊 = 𝒉𝒇
𝝆𝒘

𝝆𝒘 − 𝝆𝒊
 

Where hf is the ice freeboard, 
and ρw is density of water, and 
ρi density ice 

Density of water ≈ 1000 kg/m3; 
Density of ice ≈ 850 kg/m3 



Sea Ice Thickness 

 Measurements from various 
laser/radar satellites since 2003. 

 Observations are restricted to cold 
conditions, October to April. 

 Several overpasses by the laser/radar 
carrying satellite are needed to cover 
the Arctic region. 

April 2020  



Thickness anomaly (2017-2018)  

Sea Ice Thickness 



Credit: Stefan Hendricks 

Mean Arctic thickness (winter only)  

Sea Ice Thickness 



Tschudi, M. A., W. N. Meier, and J. S. Stewart, 2020: An enhancement to sea ice motion 
and age products at the National Snow and Ice Data Center (NSIDC). Cryosphere, 14, 1519-
1536, https://doi.org/10.5194/tc-14-1519-2020. 

Younger ice is known to be 
thinner than older ice.  
 
1985: sea ice older than 4 
years made up >30% of the 
Arctic Ocean.  
 
2020: sea ice older than 4 
years made up ~5% of the 
Arctic Ocean. 

Sea Ice Age 

https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.5194/tc-14-1519-2020
https://doi.org/10.5194/tc-14-1519-2020


Impacts  

1) Sea surface temperature   

2) Marine biology 

3) People 

 



Sea surface temperature (SST)  

Linear SST trend (°C/yr) for August of each 
year from 1982 to 2020.  
 
The trend is only shown for values that are 
statistically significant at the 95% confidence 
interval; the region is grey otherwise.  
 
The yellow line indicates the median ice edge 
for August 1982-2010. White shading is the 
August 2020 mean sea ice extent 

Source: M. L- Timmermans and Z. Labe DOI: 10.25923/v0fs-m920  

https://doi.org/10.25923/v0fs-m920
https://doi.org/10.25923/v0fs-m920
https://doi.org/10.25923/v0fs-m920


Sea surface temperature (SST)  

 Warmer SST:  

 More ocean heat storage, more sea ice melt, and 
delayed fall freeze-up. 

 Negative impact on habitat of temperature-sensitive 
species. 

 Increased surface-ocean partial pressure of CO2 
(pCO2), which reduces the air-ocean pCO2 gradient 
and ocean uptake of CO2 from the atmosphere. 
Reduced air-ocean exchange of CO2 may be by as 
much as 50% (DeGrandpre et al. 2020). 

 
Sources:  
M. L- Timmermans and Z. Labe DOI: 10.25923/v0fs-m920 
DeGrandpre, M., et al. Geophys. Res. Lett., 47, e2020GL088051, https://doi.org/10.1029/2020GL088051 
  

https://doi.org/10.25923/v0fs-m920
https://doi.org/10.25923/v0fs-m920
https://doi.org/10.25923/v0fs-m920
https://doi.org/10.1029/2020GL088051


Biology  

Loss of sea ice associated habitat.  



Biology  

Polar bear population trends (completed 2013)  

Vongraven, D. and G. York, 2014: Polar bears [in Arctic Report Card 2014], http://www.arctic.noaa.gov/reportcard. 



Sea Ice Habitat  
  



Credit: Kevin Arrigo 

Biology  

Primary productivity  

 Arctic primary producers: autotrophic single-celled algae living in sea 
ice (ice algae) and water column (phytoplankton) 

 Transform dissolved inorganic carbon into organic material through 
photosynthesis, providing a key ecosystem service 

 



Optical satellite detected algal pigment chlorophyll (chlorophyll-a), a 
proxy for phytoplankton biomass 

July 26, 2020  
Credit: NASA Earth Observatory 

Barents Sea 



Rate of growth of phytoplankton biomass across the Arctic Ocean 
increased by 57 percent between 1998 and 2018. Less sea ice 
combined with open water exposed to wind (nutrient upwelling). 

A) Subregions and bathymetry. (B) The rate of change in Chl a (milligrams per cubic meter per year) between 1998 
and 2018. Changes in phytoplankton concentration now drive increased Arctic Ocean primary production, By K. M. 
Lewis, G. L. van Dijken, K. R. Arrigo Science10 Jul 2020 : 198-202  

https://science.sciencemag.org/content/369/6500/198/suppl/DC1


  

Risk to people   
 



  

Sea ice travel  
 



  

Sea ice travel  
 



Sea ice travel  
 



Synthetic aperture radar (SAR) 



Synthetic aperture radar (SAR)  

 Radar: pulse of microwave energy sent, and return 
echo (backscatter) measured.  

 Images reveal surface structure.  





SAR Paradigm Shift  
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“We just want to express our gratitude for these [maps]. People are so amazed 
with technology! Especially that they can save money, time and even lives.”  

- Amanda, Kugluktuk  
 



Melt pond fraction  

Spring melt pond 
fraction  

(May-June) 

Albedo decrease  

Heat uptake  

Magnitude of 
September 

minimum extent 

Albedo of snow covered ice ~0.8. 
Albedo of melt pond covered ice 0.2 to 0.4. 



Melt pond fraction (RADARSAT-2 predicted)   



Melt pond fraction (RADARSAT-2 predicted)   



≈26 MJ m-2 

Solar heat input  



Sea ice extent prediction 
Comparison to prediction using surface air temperature   
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Antarctica?  



Southern Hemisphere Regional Sea Ice Extent 
Seasonal Maximum (September) 



Southern Hemisphere Regional Sea Ice Extent 
Seasonal Minimum (March) 



Antarctic Sea Ice Extent 
Spatial and temporal variability in trends 

 

Holland, P. R. (2014), The seasonality of Antarctic sea ice trends, Geophys. Res. Lett., 
41, 4230–4237, doi:10.1002/2014GL060172.  

https://doi.org/10.1002/2014GL060172


Antarctic Sea Ice Extent 
Relation to wind forcing  

 

Holland and Kwok (2012), Nature Geoscience volume 5, pages 872–875 (2012) 

 



Antarctic Sea Ice Extent 
Ice shelf interactions 

 



Antarctic Sea Ice Extent 
Ice shelf interactions 

 
Trend map of annual sea ice season 
duration for 1979/1980 to 2009/2010. 
 
Red indicates fewer days of coverage, 
shorter sea ice seasons, loss of ice-sheet/sea 
ice buffer, and exposure of ice-sheets to 
open ocean swell.  
  



Antarctic Sea Ice Thickness? 

 Determined primarily from ship-based visual observations biased to thin-
ice areas  

 Large discrepancy between in-situ and satellite radar/laser altimeter 
estimates 

 Satellite estimates complicated by deep snow cover, surface flooding  

 



Summary 
 
Arctic sea ice extent is declining, with the most dramatic decline 
during the seasonal September minimum extent (~30% less than 
when records began in 1979). 
 
The Arctic is warming disproportionately to the rest of Earth, sea ice 
melt season is lengthening, and ice is getting younger. The relatively 
short time series of winter period thickness (since 2003) reveals 
significant spatial and temporal variability.  
 
The Arctic Ocean is heating  up, leading to negative impacts on ice-
associated species, increased primary productivity, less CO2 uptake, 
and more risks to humans who use sea ice.       

 



Summary 
 
Satellite remote sensing plays a special role in the study of the Arctic 
Ocean and adjacent land because it enables access to an otherwise 
inaccessible environment.  
 
At the local- to regional-scale, the impact of climate change on the 
ocean, biological systems, and people, is only just beginning to be 
understood.  
 
Special technologies like SAR remote sensing enable us to focus on 
the local- to regional-scale, to understand ice structural properties 
and help people adapt to climate change. Their use will increase in 
the near future.     

 



Thank you  Thank you  


