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Outline Sea Ice Observations
• Microwave Sensors

– Longest time series from MW radiometer since more than 40 years
– Multiple sea ice parameters: sea ice concentration, ice type, snow depth, ice drift, thin ice thickness (since 2010)
– Recent years: strong increase in Synthetic Aperture Radar (SAR) data with almost daily coverage of Arctic

• Altimeter
– Sea ice freeboard ➜ ice thickness ➜ ice mass
– Laser + radar altimeter: snow depth

• Optical Sensors
– Albedo and melt pond fraction
– Synergy with microwave sensors

• Field observations
– More autonomous observations (“buoys”) measuring more parameter
– Dedicated campaigns like MOSAiC for model parametrization
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Remote Sensing of Sea Ice –
Where are we?

• Sea Ice Area: since more than 40 years (since 1972)
• Motion: daily since >20 years (coarse resolution)

high resolution (SAR) since >15 years (sporadically)
• Thickness: 2003–2009 (ICESat), 2010–today (CryoSat, SMOS)

2018–now (ICEsat-2)
(since 1994 until 81.5°N with large pole hole)

• Snow thickness, melt cycle length, ice type, deformation, melt 
ponds, albedo, polynyas, sea ice production, roughness, ice age, 
lead statistics
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Ò New EU Copernicus Sentinel and EUMETSAT satellites for polar regions: CIMR, CRISTAL, ROSE-L, Metop-SG-B  

Ò Many (>20) 
satellites in 
space

Ò Frequency 
spectrum 
covered from 
microwave to 
visual

Ò Plus: Altimetry, 
Gravimetry, 
Interferometry

http://globalcryospherewatch.org
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www.seaice.uni-bremen.de,    
www.meereisportal.de

http://www.seaice.uni-bremen.de/
http://www.meereisportal.de/
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• Time series since 1972
• Annual trend: –4.5%/decade
• Summer trend: –13%/decade www.seaice.uni-bremen.de,    

www.meereisportal.de

http://www.seaice.uni-bremen.de/
http://www.meereisportal.de/
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Spatial

Distribution

ÒArctic: Strongest negative trends in 
marginal seas: e.g., Barents, Beaufort Sea

B. Anhang

Abbildung B.1.: Pixelweise Trends der Eiskonzentration mit linearer Interpolation für
die Arktis für das gesamte Jahr. Dargestellt ist der Mittelwert im be-
trachteten Zeitraum sowie der Anstieg der Eiskonzentration. Ausge-
graute Werte bei den Trends zeigen eine Korrelation von R2 < 0.7, alle
Werte in Prozentpunkte pro Jahr.
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Abbildung B.5.: Pixelweise Trends der Eiskonzentration mit linearer Interpolation für
die Antarktis. Dargestellt ist der Mittelwert im betrachteten Zeitraum
sowie der Anstieg der Eiskonzentration. Ausgegraute Werte bei den
Trends zeigen eine Korrelation von R2 < 0.7, alle Werte in Prozent-
punkte pro Jahr.
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� Antarctic: contrasting patterns 
depending on location

� negative: Antarctic Peninsula, 
Bellinghausen, Amundsen Seas

� positive: everywhere else
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OSISAF Near Real Time

Ò Swath based
Ò Up 15x per day from AMSR-2 and SSMIS
Ò 10 km resolution for AMSR2 (25 km for SSMIS)
Ò Target accuracy: 10 % for NH-product 

15 % for SH-product
Ò Usage: NWP and Ocean/Ice models, 

operational Met and Sea Ice services.
Ò Product OSI-410; 

https://osi-saf.eumetsat.int/products/osi-410

Level 2 Sea Ice Concentration

8

https://osi-saf.eumetsat.int/products/osi-410
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Significant differences exist between sea ice concentration retrievals

4 satellite retrievals:
ice area & extent

1980 1990 2000 2010
12.5

13

13.5

14

14.5

15

15.5
(a) March area

M
ill
io
n
km

2

1980 1990 2000 2010
14

14.5

15

15.5

16

16.5

17
(b) March extent

1980 1990 2000
3

4

5

6

7

(c) September area

Year
1990 2000 2010

4

5

6

7

8

(d) September extent

Year
2010 1980

ASI AMSR

ASI SSMI

NASA Team

Bootstrap

M
ill
io
n
km

2

20 40 60 80 100
0

0.2

0.4

0.6

0.8

(a) Bootstrap (September)

20 40 60 80 100
0

0.2

0.4

0.6

0.8

(b) NASA Team (September)

20 40 60 80 100
0

0.2

0.4

0.6

0.8

(c) Bootstrap (March)

20 40 60 80 100
0

0.2

0.4

0.6

0.8

(d) NASA Team (March)

N
or
m
al
is
ed

fre
qu

en
cy

di
st
rib

ut
io
n
of

se
a−

ic
e
co
nc
en

tra
tio
n

Sea−ice concentration range [%]

PDF for 2 retrievals:
compact vs. loose ice

Ò CMIP5 models (red and blue dots) 
can be either closer to the compact 
(red) or loose ice (green) retrieval

Ò Satellite total ice area and extent 
are not useful metrics for model 
evaluation

Notz, D.: Sea-ice extent and its trend 
provide limited metrics of model 
performance, The Cryosphere, 2014.
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Scarlat et al., JGR, 2020

Current 
algorithms: 
~5%

with higher 
spatial resolution 
at 89 GHz: ~10%

New 
algorithms: 
<3%

• Current ice concentration algorithms have 
significant uncertainties

1. Atmospheric influence on retrievals
➜ use lower frequencies ➜ lower 
spatial resolution or new satellite (CIMR)

2. High variability of sea ice emissivity
• Better microwave emission modeling needed
• Derive new parameters like 

snow depth and better ice thickness
• New satellites (e.g. ICESat-2, CIMR, 

MetOp-SG, CRISTAL) and methods can help
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• Current ice concentration algorithms have 
significant uncertainties

1. Atmospheric influence on retrievals
➜ use lower frequencies ➜ lower 
spatial resolution or new satellite (CIMR)

2. High variability of sea ice emissivity
• Better microwave emission modeling needed
• Derive new parameters like 

snow depth and better ice thickness
• New satellites (e.g. ICESat-2, CIMR, 

MetOp-SG, CRISTAL) and methods can help

courtesy T. Lavergne
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Multiparameter Retrieval

Ò Simultaneous retrieval of 
surface and atmosphere 
properties using optimal 
estimation (OE)

Ò Using all available channels
Ò Physically consistent and 

adaptive surface emissivity 
allows better retrieval of 
atmospheric properties

Ò Here shown for 
JAXA’s AMSR2 
MW radiometer 
(7 – 89 GHz)

Scarlat et al., JGR, 20206 Nov 2019
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Uncertainties and Information 
Content from Optimal Estimation

Information content 
regarding the different 
geophysical parameters

Water Vapour Liquid Water Path

Ice Surface Temperature Sea Ice Concentration

Multiyear Ice Fraction

100% Ice

100% Ice

Uncertainties 
for different 
frequency 
combinations 
used in the 
OEM

Scarlat et al., JGR, 2020

One way forward:
Multiparameter Retrieval
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Copernicus CIMR

Ò Copernicus Imaging Microwave 
Radiometer – CIMR

Ò Large deployable antenna
Ò Will add higher spatial resolution 

and better radiometric accuracy
Ò Adds 1.4 GHz (like SMOS / SMAP) 

channel: 1.4 – 37 GHz
Ò Launch 2027
Ò Higher accuracy sea ice concentration
Ò More sea ice parameters: 

thin ice, ice type, ice drift, 
ice temperature, snow depth

Ò Shown here: AMSR2 + SMOS OEM 
(Scarlat et al., 2020); many more proposed 
methods: Kilic et al, 2018, 2020; Prigent et 
al., 2020; Lavergne et al., 2021 and more 
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Copernicus CIMR

Ò Copernicus Imaging Microwave 
Radiometer – CIMR

Ò Large deployable antenna
Ò Will add higher spatial resolution 

and better radiometric accuracy
Ò Adds 1.4 GHz (like SMOS / SMAP) 

channel: 1.4 – 37 GHz
Ò Launch 2027
Ò Higher accuracy sea ice concentration
Ò More sea ice parameters: 

thin ice, ice type, ice drift, 
ice temperature, snow depth

Ò Shown here: AMSR2 + SMOS OEM 
(Scarlat et al., 2020); many more proposed 
methods: Kilic et al, 2018, 2020; Prigent et 
al., 2020; Lavergne et al., 2021 and more 

SMOS + AMSR2 OEM, 20 November 2012
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scattering of sea ice and snow

Brine pocket (salt water)

Salty ice

E.g., Multiyear Ice
• Absorbs almost all incoming radiation at longer 

wavelengths – nearly a black body (emissivity ~0.9)
• Scatters radiation at shorter wavelengths (<2 cm) –

Lower emissivity

Fresher ice

Air bubble

Salty ice

Snow

• Sea ice and snow are complex to 
model in the microwave domain

• Snow/ice MW models exists (e.g., 
MEMLS, SMRT) but need many not 
well constrained input parameters

• In comparison, atmospheric 
MW forward models are reliable

• However, at frequencies <90 GHz 
sea ice dominates the brightness 
temperature measured at the satellite

• For satellite data assimilation 
in climate/weather models a 
MW forward operator for sea ice 
and atmosphere is needed

Ø Field observation needed for development
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Forward Model in Retrieval

Ò MEMLS snow/ice emission model in OEM 
retrieval

Ò Will allow to retrieve properties like snow 
depth, snow/ice interface temperature

Ò Because variability of sea ice emissivity is 
better represented also other variables like 
ice concentration, type, cloud liquid water 
and water vapor should improve

Ò Problem: many MEMLS input parameters 
like snow density, salinity, or correlation 
length scale are poorly constrained

Ò First, preliminary results are promising: 
Ò Realistic snow depth and temperature 

distribution
Ò Inclusion of MEMLS increases variability of 

surface brightness temperatures (TB) 
especially at 89 GHz ➜ more realistic ice TB

MEMLS

Rückert et al., 
under preparation
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iup Way forward: Include Sea Ice/Snow 
Forward Model in Retrieval

Ò MEMLS snow/ice emission model in OEM 
retrieval

Ò Will allow to retrieve properties like snow 
depth, snow/ice interface temperature

Ò Because variability of sea ice emissivity is 
better represented also other variables like 
ice concentration, type, cloud liquid water 
and water vapor should improve

Ò Problem: many MEMLS input parameters 
like snow density, salinity, or correlation 
length scale are poorly constrained

Ò First, preliminary results are promising: 
Ò Realistic snow depth and temperature 

distribution
Ò Inclusion of MEMLS increases variability of 

surface brightness temperatures (TB) 
especially at 89 GHz ➜ more realistic ice TB

Ice Concentration Multiyear Ice

Snow Depth Snow/Ice Interface 
Temperature

Rückert et al., 
under preparation
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for model evaluation

Ò Uncertainties in satellite sea ice 
concentration make model evaluations 
challenging (Notz, 2014)

Ò Better evaluate model directly with 
measured brightness temperatures (TB)
➜ removes influence of satellite retrieval 
(but introduces uncertainty of observation 
operator)

Ò Model provides consistent sea ice physics
Ò Burgard et al., TC, 2020a,b developed a 

observational operator for 6.9 GHz V
Ò Applied to MPI-ESM GCM and compared 

to AMSR-E
Ò Difference between observed (AMSR-E) 

and modeled TB overall is small (<5 K)
Ò Some spatial variability: overestimation 

for older, thick ice; underestimation in MIZ
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Sea Ice Drift
ÒSeveral datasets (OSISAF, NSIDC, 

IFREMER …) from SSM/I and AMSR-E/2
ÒLong time series starting 1979
ÒCross-correlation of TB pattern with 

1, 2, or 3 days time difference 
Ò Spatial resolution >50 km

Microwave Radiometer

Recent Developments
ÒSwath-to-swath ice drift 

(Lavergne et al., TC, 2021)
ÒDemonstrated with AMSR2; in preparation for CIMR

1 am

7 pm

overlap
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Snow Depth
Ò Empirical relation for MW volume scattering at different 

frequencies to snow depth
Ò Long time series from SSMI and AMSR-E/2 using 19 and 

37 GHz (Marcus & Cavalieri, 1998)
Ò Only for first-year ice

Recent Development
Ò Extension to multiyear ice using 7 GHz channels from 

AMSR-E/2 (Rostosky et al., JGR, 2018)
Ò Several new algorithms (Braakmann-Folgmann & 

Donlon, 2019; Kilic et al., 2019; Liu et al., 2019) 
mainly exploiting NASA Operation IceBridge
airborne data for retrieval training

Challenges
Ò Variability of ice/snow emissivity depends on other 

parameters: ice type, salinity, grain size, wetness
Ò Missing evaluation and training data for fall

Microwave Radiometer

First-year Ice, March     2002 – 2019 Multiyear Ice, March

R
ostosky et al., 2018, 2019
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Ice Type
Microwave Radiometer

Ò Retrieval of multiyear ice fraction
Ò Long time series (since 1979) using 

microwave radiometer only (SSMI, AMSR; 
NASA-team algorithm, Cavalieri et al.)

Ò Scatterometer only timeseries from 
QuikSCAT since 1999 (Kwok et al., 
Haarpaintner et al.)

Recent Development
Ò Combining radiometer and scatterometer 

data 
Ò Sea ice type mask (OSISAF) or 

concentration (Yu et al., 2016; seaice.uni-bremen.de)

Challenges
Ò Ambiguities for deformed, rough ice in the marginal ice zone
Ò High surface roughness (deformation, pancake ice) has similar MW signature 

as multiyear-ice

01-01-2021

http://www.seaice.uni-bremen.de/
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Altimeter: Sea ice Thickness
• Measure distance to ice (radar) or snow (laser) surface + SSH ➜ freeboard
• Conversion to ice thickness under assumption of hydrostatic balance 

I = ( ρwF + ρSS) / (ρw – ρI)
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Polar Altimeters (past and present)

• Laser altimeter 
• Two frequencies:

− infrared 1064 nm
− green 532 nm

• Launch: Jan. 2003
• Mission end: Oct. 2009
• 94° inclination
• Lasers decayed faster than 

expected
• 2–3 about one month long 

measurement periods per year
Remote Sensing of Sea Ice Thickness 25

• Radar altimeter
• Ku-band (13.6 GHz)
• Launch April 2010
• 92° inclination
• First Synthetic Aperture 

Interferometric Radar 
Altimeter (SIRAL)

ICESat CryoSat-2 ICESat-2

• Laser altimeter
• 6 beams (3 pairs)
• Photon-counting lidar 
• Launch September 2018
• 92° inclination
• 13 m footprint
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Upcoming: CRISTAL

ÒDual-frequency (Ku & Ka) radar altimeter
ÒContinuation of CryoSat-2 mission
ÒTwo frequencies: Snow depth in addition 

to ice thickness
ÒLaunch 2027

Copernicus Polar Ice and Snow 
Topographic Altimeter
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• Combined ICESat (laser) and CryoSat-2 (radar) 
time series → thickness decrease
ØHow Consistent are the ICESat and CryoSat record? Envisat can help.

• Combined with submarine record: strong decrease in ice thickness for 1976–2019.
• Recent years, however, show strong variability and no decreasing trend.

thickness after the record setting years of 2005 and 2007);
the thinning seems tohave slowed in theCS-2 years.

The overall thinning since the maximum thickness
of 3.64 m (1980) in the results of the submarine regres-
sion model has not changed significantly during the
winter (February–March); themean ice thickness is now
close to 2 m. In fall (October–November), the mean
thickness seems to have increased from less than 1 m
after the end of the summer of 2007. Still, the largest
contrast in the record is between the thickness in the
1980s and that observed during the latter half of the last
decade. In the earlier years, the thinning is remarkable in
that it has occurred when a larger fraction of the Arctic
Ocean is covered by MYI. Over the ICESat and CS-2
records, the changes are expected to be smaller with
increased coverage of thinner seasonal ice in theDRA.

3.3. Volume during the satellite period (ICESat and
CryoSat-2)
Ice volumewithin a grid cell is the product of themean
cell thickness and cell area, and the total volume is the
sum of the volume of all grid cells within the Arctic
Ocean. Except for the notable increase in total volume

in 2013, the trend in the six years of CS-2 data are
insignificant. Taken together, this 15 year satellite
record (from ICESat-2 and CS-2) depicts losses in
Arctic Ocean ice volume at 2870 km3/decade and
5130 km3/decade in winter (February–March) and fall
(October–November); these aremoremoderate trends
compared to the steeper losses of 8620 km3/decade
(February–March) and 12 370 km3/decade (October–
November) in the ICESat record. The decline in ice
volume between the two satellite periods is higher
during the fall (October–November). As mentioned
earlier, the larger trend in the short ICESat volume
record is heavily weighted by the record setting sea ice
minimum in 2007 that saw a large loss of ice area (and
MYI area) at the endof themelt season.

The increase in sea ice thickness and ice volume
(higher by ∼2500 km3) in 2013/2014 (see thickness
fields in figure 3 and also evident in the DRA thickness
record in figure 2) is attributable to a record extreme in
ice convergence event north of the CAA and Green-
land coasts during the summer of 2013. In addition to
the cooler summer air temperatures in 2013 (com-
pared to 2011–2014 averages) reported (Kwok 2015,

Figure 3.Arctic sea ice volume calculated from ICESat (2003–2008) andCS-2 (2011–2018) thickness fields. Volume is computed
within theArctic basin bounded by the gateways into the Pacific (Bering Strait), the CAA, and theGreenland (FramStrait) andBarents
Seas. This encompasses the entire Arctic Basin compared to the smaller area infigure 2.

5

Environ. Res. Lett. 13 (2018) 105005

Altimetry Example: ICESat + CryoSat-2

Kwok, Environ. Res. Lett., 2018

IPCC AR 6, 2021

winter

fall
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Freeboard to Thickness Conversion

• Convert freeboard to thickness: assume 
hydrostatic balance

• Different for laser and radar altimeters:

• Snow depth S, and ice, snow, and water densities 𝜌 need to be known
• The snow loading and ice densities are large error sources
• For radar altimetry also the snow penetration depth is a large error source

Remote Sensing of Sea Ice Thickness 28

R. Ricker et al.: CryoSat-2 1609

Figure 1. Schematic diagram of parameters regarding the CryoSat-
2 freeboard and thickness processing. The actual sea-surface height
is composed of the mean sea-surface height (MSS) and the sea-
surface anomaly (SSA). The radar freeboard is obtained by sub-
tracting the actual sea surface from the range retrieval over sea ice.
In contrast to a laser altimeter (e.g. IceSat), the radar altimeter of
CryoSat-2 can penetrate the snow cover, depending on the snow
properties.

CryoSat-2 (hereafter called CS-2). As for the ice free-
board the lower wave propagation speed in the snow
layer requires a correction based on assumed snow
depth and penetration, but is not applied for the radar
freeboard in this study.

Figure 2 gives an outline of the steps in our data processing
chain. To obtain radar freeboard it is necessary first to relate
range estimates from the satellite to the main scattering sur-
face. We use geolocated waveforms provided by ESA (L1b
data set, baseline B) in both the SAR mode and the interfer-
ometric SAR (SARIn) mode which is applied in the west-
ern Arctic Ocean and coastal zones. SARIn data additionally
contain phase information of the returning echo. Since they
are not used in this study and to keep consistency, the phase
information is discarded (Kurtz et al., 2014).
We obtain the two-way delay time of the averaged radar

echoes (waveforms) by applying a TFMRA (threshold first-
maximum retracker algorithm) retracker (Helm et al., 2014).
First, the original waveform is oversampled by a factor of
10 and a running mean with a width of 10 bins is applied to
smooth the oversampled waveform (grey line in Fig. 3). The
noise in front of the leading edge is suppressed with a power
threshold. Then, the first local maximum is determined by
the derivative of the curve. In the final step the leading edge
of the first maximum of the waveform is tracked at a cer-
tain threshold of the maximum power of the waveform. We
choose thresholds of 40% (TFMRA40), 50% (TFMRA50)
and 80% (TFMRA80) of the first-maximum power to simu-
late the assumptions in Helm et al. (2014) and Laxon et al.
(2013), and to emulate the waveform fitting method used in

CryoSat(2*geolocated*
eleva1ons*

Mean*SSH*

Snow*density*
W99*climatology*

Snow*depth*

Sea(ice*thickness*

Ice(type*mask*

Range&retracking&
(TFMRA)&

Lead&detec4on&

Isosta4c&&
equilibrium&

Mean&SSH&="Geoid"+"Mean"Dynamic"Topography"
(DTU10)&

ActualCSSH&(WGS84)&="Mean"SSH"+"SSH"Anomaly"SSH(anomaly*

Radar*freeboard*

detrend"

Ice*density*

Modified*W99*climatology*

Figure 2. Flowchart of the CryoSat-2 data processing algorithm.

Kurtz et al. (2014) that tracks the leading edge rather close to
the peak.
We assume that the resulting range gives the distance to

the main scattering horizon at the individual threshold level.
Figure 3 shows typical CS-2 waveforms for sea ice and leads
and the different applied thresholds. As a result we receive
geolocated ellipsoidal elevations of CS-2 data for each orbit
over sea ice.
In the following step, the mean sea-surface (MSS) height

product DTU10 (Andersen, 2010) is subtracted from the ge-
olocated surface elevations to remove the main features of
the actual sea-surface height. This is done to reduce errors in
regions where the actual sea surface cannot be obtained with
sufficient accuracy due to the absence of leads.
Then, by applying a lead detection algorithm, we automat-

ically obtain the actual elevation of the sea level in ice-free
sections of the CS-2 ground tracks. Leads between ice floes
usually have far less surface waves than the open ocean and
thus feature a distinct mirror-like peaky waveform. On the
other hand, diffusive radar returns over snow-covered and
roughened sea-ice surface lead to a wider angular distribu-
tion and a significantly different shape of the radar wave-
forms. Radar echoes over open ocean with higher significant
wave height again show specific characteristics. In contrast
to Laxon et al. (2013) we use the same retracker for both
leads and sea ice to avoid biases due to the usage of different
retracker algorithms.
This surface-type dependance of radar waveforms is tradi-

tionally used to automatically classify leads in the ice pack
(Laxon, 1994; Drinkwater, 1991). We consider several wave-
form parameters that are either available in the raw data files
or can be computed from the waveforms. Table 1 gives an
overview of these parameters and their assumed threshold
values which are used to distinguish between the surface
types “ocean”, “lead” and “sea ice”. The surface type lead
may not represent a single, large lead, but a sea-ice surface
that typically includes a few small leads within the footprint.
We use the “pulse peakiness” PP that has already been de-
scribed in Giles et al. (2008) and Peacock and Laxon (2004).

www.the-cryosphere.net/8/1607/2014/ The Cryosphere, 8, 1607–1622, 2014

𝐼 = 𝐹!
𝜌"

𝜌" − 𝜌#
+ 𝑆

𝜌! − 𝜌"
𝜌" − 𝜌#

- Giles et al., 2007, Rem. Sens. Env.
- Ricker et al., 2014, Cryosphere

Laser:

Radar: 𝐼 = 𝐹$
𝜌"

𝜌" − 𝜌#
+ 𝑆

𝜌!
𝜌" − 𝜌#
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Altimetry: Geophysical Uncertainties
• Snow depth

−Warren climatology. Outdated? No interannual variability.
−Microwave radiometer snow depth. Uncertainties? SMOS snow depth?
−Accumulation and advection of precipitation from atmospheric reanalysis. Quality?

• Ice and snow densities
−Different depending on age and ice type.
−Melt-refreeze layers. Flooding.

• Salinity in snow → changes radar penetration depth (~5–15 cm)
• Radar penetration into snow

−What is the main scattering horizon? Ice surface, snow surface, where inbetween?
− Sensitivity of different retrackers to snow penetration “problem”?

Ø These questions can only be answered by regular field and airborne surveys!
• Other uncertainties: retracker, SSH identification, sampling (for monthly grids)

29



iup

Uncertainty Estimation Example for ICESat

• ICESat error estimation using Gaussian error propagation for
§ 5 cm ice freeboard uncertainty
§ 30% snow depth uncertainty
§ 𝜌S = 300 ± 50 kg/m3; 𝜌I = 915.1 ± 20 kg/m3

Remote Sensing of Sea Ice Thickness 30

absolute error relativ error

Kern and Spreen, 
Ann. Glaciol., 2015
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ICESat-2 first results (with CryoSat-2)

Remote Sensing of Sea Ice Thickness 31
• Kwok et al. (2020): Arctic Snow Depth and Sea Ice Thickness From ICESat-2 

and CryoSat-2 Freeboards: A First Examination. JGR-Oceans.

Past December, the snow depth in both the hERA ‐ I and hERA5 monthly composites are thicker than those in
the hΔf fields, even though the spatial patterns remain similar. This is expected as there are no loss terms in
our reconstruction algorithm. The treatment of the daily snow estimates does not account for the wind redis-
tribution of snow, losses into open leads, or changes due to divergence/convergence of the ice cover, and

(a) (b) (c) (d) (e)

Figure 3. Monthly composites of (a) IS‐2 freeboard, (b) CS‐2 freeboard, (c) retrieved snow depth (hΔf) and snow depth
reconstructions using (d) ERA‐Interim and (e) ERA5 reanalysis products for the period between October 2018 and
April 2019. Boundaries of the Arctic Ocean are shown in the top left panel (red).

10.1029/2019JC016008Journal of Geophysical Research: Oceans

KWOK ET AL. 7 of 19

← Snow depth
Ice thickness →
from ICESat-2
• Snow with 

similar pattern 
but differences 
to ERA atmos. 
reanalysis
• Ice thickness 

depends on 
used snow 
dataset 

Sea Ice ThicknessSnow Depth

Oct

Nov

Dec

2019

ICESat-2 CryoSat-2
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Merged Ice Thickness – CryoSat + SMOS

• CryoSat and SMOS have a complementary 
error behavior:
− CryoSat: lower uncertainties for thick ice
− SMOS: lower uncertainties for thin ice

• SMOS daily coverage + sparse CryoSat tracks → weekly merged ice thickness  

Remote Sensing of Sea Ice Thickness 32

1610 R. Ricker et al.: CS2SMOS

Figure 2. (a) Typical monthly sea-ice thickness uncertainty maps
of the CryoSat-2 and SMOS retrievals from November 2015 and
March 2016. The SMOS thickness uncertainty is masked where un-
certainty is > 1 m. (b) Relative uncertainties from November 2015
and March 2016.

where S is the snow depth and ⇢S, ⇢I and ⇢W are the densities
of snow, sea ice and sea water. S and ⇢S are represented by
the modified Warren snow climatology (W99; Warren et al.,
1999), meaning that S is reduced by 50 % over first-year ice
to accommodate the recent change towards a seasonal Arctic
ice cover (Kurtz and Farrell, 2011). FYI and multiyear ice
(MYI) are separated by adopting the daily OSI SAF ice type
product (Eastwood, 2012). We exclude CS2 measurements
over the Hudson Bay and Baffin Bay as they are not located
within the domain of the W99 climatology, referred to the
area, which is constrained by in situ measurements from So-
viet drifting stations and airborne landings from the 1950s to
1990 (Warren et al., 1999). In areas where no observations
are available, the W99 polynomial fit is not reliable, being
based only on extrapolation. We use ice densities of 916.7
and 882.0 kg m�3 for FYI and MYI (Alexandrov et al., 2010)

and 1024 kg m�3 for the sea water density. Z is calculated
for each individual CS2 measurement along each orbit. All
these retrievals are averaged on a 25 km Equal-Area Scalable
Earth Grid version 2.0 (EASE2; Brodzik et al., 2012) within
one calendar week (Fig. 1a).

CS2 sea-ice thickness uncertainties can be separated into
observational uncertainties and systematic or bias uncertain-
ties (Ricker et al., 2014). While observational uncertainties
of individual measurements can be reduced due to spatial
averaging, biases remain. The observational uncertainties of
ice thickness retrievals from individual measurements con-
tain uncertainties caused by speckle noise, sea-surface height
estimation and densities of ice and snow (Ricker et al., 2014).
They can easily reach values of > 1 m but will be reduced
to the range of centimeters by spatial averaging. Figure 2a
shows typical CS2 observational uncertainty maps for au-
tumn and spring, mainly ranging between 0.1 and 1 m. Here,
data points are averaged on a 25 km grid. The latitudinal de-
pendency results from the denser orbit coverage towards the
pole. In the marginal ice zones, when ice concentration de-
creases, many openings in the sea-ice cover can lead to an
underrepresentation of sea ice. Moreover, when the sea-ice
cover is characterized by many openings, so-called snagging
leads to increased uncertainties in the range measurements
(Armitage and Davidson, 2014). Biases mainly occur due to
waveform processing and the lack of representation of in-
terannual variability in the W99 snow climatology (Ricker
et al., 2014).

2.1.2 SMOS weekly sea-ice thickness retrieval

Thin sea-ice thickness has been retrieved from the 1.4 GHz
(L-band) brightness temperatures measured by SMOS for the
winter seasons (15 October–15 April) from 2010 to present
(Mecklenburg et al., 2016). The retrieval method consists of
a thermodynamic sea-ice model and a one-ice-layer radiative
transfer model (Tian-Kunze et al., 2014). The resulting plane
layer thickness is multiplied by a correction factor assuming
a log-normal thickness distribution. The algorithm has been
used for the operational production of an SMOS-based sea-
ice thickness data set from 2010 on (Tian-Kunze et al., 2014).
In this study we use the most up-to-date version (v3.1) of the
ice thickness data set, which has been produced operationally
since October 2016. The v3.1 data for the previous winter
seasons had been reprocessed using the same algorithm.

The v3.1 SMOS ice thickness data are based on v620 L1C
brightness temperature data. Brightness temperatures used in
the algorithm are the daily mean intensities averaged over
incidence angles from 0 to 40�. The intensity is the average
of horizontally and vertically polarized brightness tempera-
tures, equal to 0.5 (TBh + TBv). Over sea ice, the intensity is
almost independent of incidence angle. By using the whole
incidence angle range of 0–40�, we can reduce the brightness
temperature uncertainty to about 0.5 K.

The Cryosphere, 11, 1607–1623, 2017 www.the-cryosphere.net/11/1607/2017/

- Ricker et al., 2017, Cryosphere
- data.meereisportal.de

10-16 April 2017
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Optical Data: Melt Pond Fraction (and Albedo)
• 2000–2011: MODIS (Rösel et al., 2012) and MERIS (Istomina et al., 2015) data
• New development 2017 – today: from Sentinel-3 OLCI data  

Sentinel-3 one day: 11 Jun 2018MODIS one week: 20–27 Jul 2009

MODIS data (Rösel et al.) 
from ICDC (www.cen.uni-
hamburg.de/icdc.html) 

Daily Sentinel-3 data from 
seaice.uni-bremen.de

https://www.cen.uni-hamburg.de/icdc.html
http://www.seaice.uni-bremen.de/
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Optical data: Merged MODIS or VIIRS with 
AMSR2 sea ice concentration at 1–km

www.seaice.uni-bremen.de

• MODIS + AMSR2, winter: Ludwig et al., TC, 2019 & Rem. Sens., 2020
• VIIRS + AMSR2, all seasons: Dworak et al., Rem. Sens., 2021

• MODIS/AMSR2 winter time data 
available (Oct-May) 2019 – 2021

22 May 2019

http://www.seaice.uni-bremen.de/
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Ò Daily TerraSAR-X data provided by DLR
Ò Regional distribution of ice types can be monitored 

throughout the yearMOSAiC 
floe

deformed ice

level ice

heavily deformed ice

thin ice

open water

Kortum et al., 
TGRS, submitted

Zoom to floe

Time 
series of 
ice types 
during 
MOSAiC 
drift

• SAR data is now available on an almost pan-Arctic daily scale: Sentinel-1a,b; Radarsat Constellation Mission

• Several automatic SAR ice type classification methods currently developed; here only one example for MOSAiC

• Future development: more frequencies, especially L-band (e.g. ALOS, SAOCOM, ROSE-L) ➜ better classification
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Field Observations: 
Autonomous Buoys

• The number of autonomous 
measurement platforms deployed on 
sea ice is increasing

• Traditionally mainly ice drift, surface 
pressure and temperature

• More parameters added: ice and 
snow thickness, temperature profiles, 
near surface oceanography

International Arctic Buoy Programme (IABP) 
https://iabp.apl.uw.edu

IABP Buoys: 12 Sep 2021

https://iabp.apl.uw.edu/


MOSAiC – International Arctic Drift Expedition
• First time an icebreaker close to 

the north pole for a full year
• More than 70 institutions from

20 nations
• September 2019 to October 2020
• Interdisciplinary:

•  Atmosphere  •  Ocean  •  Sea Ice   
•  Ecology  •  BGC  •  Remote 

Sensing  •  Modeling  •  Aircraft

• Collect in-situ observations for a full seasonal cycle
• Measurements in a distributed network of 50 km
• Primary goal: better process understanding to 

improve models

www.mosaic-expedition.org

Field Observations: Ship Expeditions



MOSAiC: Remote Sensing of Sea Ice

photo: Stefan Hendricks

• Put satellite instrument on sea ice: radiometer, radar, GNSS
• Accompanied by detailed  snow and ice measurements
Ø Improve satellite measurements and climate time series
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Conclusion Sea Ice Observations
• Satellite data is primary source for pan-Arctic and Antarctic sea ice 

observations
• Microwave radiometer time series now more than 40 years long
• Sea ice concentration is primary observed variable

• However, still uncertainties exist mainly due to atmospheric influence and variability of 
ice/snow emissivity

→Move to lower frequencies (6 GHz) ➔ lower special resolution ➔ new satellites (CIMR)
→Better modeling of sea ice microwave emission ➔ forward model instead of empirical

• Sea ice thickness time series gets more reliable: radar + laser, snow depth
• Merging of datasets: e.g. altimeter and L-band radiometer for ice thickness; 

optical and radiometer for ice concentration
• Multi-parameter retrieval (optimal estimation) for consistent datasets
• Field observations critical needed for development and evaluation

Thank you!


