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Background



• A sensitive indicator 
(integrator) of wintertime 
weather/climate 
conditions 

• An Essential Climate 
Variable (ECV) with 
broad social and 
economic impacts

• Manual measurements 
are sparse in space and 
in time, and have 
declined in the last three 
decades

Relevance of Lake Ice Thickness (LIT)
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Satellite retrieval of LIT (passive microwave)

Kang et al. (2014)

Brightness temperature at
18.7 GHz V-pol from AMSR-E is 

sensitive to ice growth



Beckers et al. (2017)

CryoSat-2 (Ku-band) retrieval of lake ice thickness 
over GBL and GSL

← Scatter plot of CS2 versus in situ ice thickness 
measurements (Back Bay, GSL)

← Comparison of time series of lake ice thickness from 
CS2, the FDD model, and in situ measurements Back 
Bay, GSL)

CryoSat-2 estimates are R > 0.65, RMSE < 0.33 m 

BECKERS et al.: RETRIEVALS OF LAKE ICE THICKNESS FROM GSL AND GBL USING CS2 3715

Fig. 7. Validation results for ice thickness retrievals over GBL and
GSL derived from the full-resolution CS2 data described in Section V-A.
(Top) Scatter plot of CS2 versus in situ ice thickness measurements. The
blue line shows the linear regression with slope 1.10 ± 0.01 for GBL and
0.78±0.01 for GSL. The black line is a one-to-one line. (Bottom) Comparison
of time series of lake ice thickness from CS2, the FDD model, and in situ
measurements.

and statistics in Fig. 6, we have removed radar data from
outside the period of the drill hole data in order to remove
erroneous retrievals that occur during the early and late ice
seasons. Possible explanations for the erroneous retrievals in
the early and late ice seasons are discussed in the next section
and in Section VIII. The p-values for all correlations presented
in Sections VII-A and VII-B are ≪0.001.

A. Validation of Thickness Retrievals From
Individual Waveforms

Using the P = F&MPP, Npeaks ≥ 2, peak selection
criterion and a normalized power threshold of 0.5
(see Section V-A), the correlations between all the thickness
retrievals from the full-resolution waveforms and the drill
hole data are 0.72 and 0.87 for GSL and GBL, respectively
(Table I and Fig. 7). The root-mean-square error (RMSE)
values are near the vertical resolutions of CS2 and this
method, which requires the separation of peaks in the
range bins to be greater than 2 bins, roughly 0.26 m. The
correlations between in situ thickness and CS2 derived ice
thickness of individual winters range from 0.93 to 0.94
for GBL and from 0.67 to 0.85 for GSL, stronger than
that of the complete 2010/2011 through 2013/2014 data set
(except for 2011/2012 over GSL; see Table I). The reason
for the poor performance of the algorithm in 2011/2012
over GSL eludes us. For both lakes, the correlations for
individual winters are likely higher than the correlations for
the complete (four winter) time series due to differences in
the amount of overestimation/underestimation of thickness
as a result of changes in the representativeness of the GSL
in situ measurements to GBL and GSL in their entirety and
variability in the properties of the snow and ice that affect the
speed of light in ice, e.g., waveform shape, and the bubble
content of the ice [23], [26], [32]–[34], [46]. Underestimation
of ice thickness in the CS2 data seems to occur more often
at higher thicknesses, near the end of the ice season when
snow and ice melt may have already initiated. Warmer ice

TABLE I

CORRELATION (R) AND RMSE OF THE INDIVIDUAL FULL-RESOLUTION
CS2 ICE THICKNESS RETRIEVALS (SEE SECTION V-A) AND THE FDD

MODEL AND DRILL HOLE THICKNESS DATA OVER GSL AND GBL.
TWO SETS OF STATISTICS ARE PROVIDED: ONE FOR THE FULL-

RESOLUTION INDIVIDUAL CS2 WAVEFORMS (SCALE = IND.)
AND THE OTHER FOR THE ORBIT MEANS OF THOSE WAVEFORMS

(SCALE = ORBIT). FOR THE ORBIT MEANS, IF AN ORBIT CONTAINED
LESS THAN 33 WAVEFORMS (WHICH IS APPROXIMATELY ONE
COMPLETE 10-km MEAN WAVEFORM), IT WAS NOT INCLUDED

IN THE CALCULATED STATISTICS. RMSE IS IN METERS
AND N IS THE NUMBER OF POINTS IN THE COMPARISON.

THE 2010/2014 ENTRY COMBINES THE DATA
FROM ALL STUDY YEARS

and wetter snow without a change in the thickness of the
snow or ice could explain the decrease in thickness retrieved
by CS2 by decreasing the penetration of the radar signal into
the snow or ice.

The correlation between the orbit means of the
full-resolution retrievals of thickness and the drill hole
data is 0.88 for GBL and 0.73 for GSL (Table I). These
correlations are comparable to the results from the 10-km
mean waveforms and the orbit means of the 10-km mean
waveforms (Section VII-B and Table II). However, there is
significantly more noise in the full-resolution results than
in either of the aforementioned retrievals; the majority of
the noise remains limited to the early and late ice season,
but the full-resolution data also show larger variability
throughout the winter, relative to the along-track averaged
and orbit averaged data. The CS2 thickness retrievals from
the individual waveforms presented errors at the beginning
and end of the ice season where the peak selection criterion
resulted in overestimation (early season) and underestimation
(late season) of ice thicknesses.

The time series plot in Fig. 7 confirms that underestimation
of ice thickness by the CS2 algorithm occurs primarily at
the end of the ice season. Over GSL, retrieved thicknesses
decrease at the end of the season before the FDD or in situ
data show a decline in ice thickness. This may, in part, be
due to the presence of liquid water in the snow, which can
limit or prevent penetration of the Ku-band signal into the
ice. Underestimation of ice thickness by the CS2 algorithm
occurs more frequently over GSL than GBL, likely because
GBL CS2 data are limited to the temporal range of the GSL

Satellite retrieval of LIT (radar altimetry)
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What is the impact of varied ice 
and overlying snow properties 
on LIT retrievals?

Clear ice / grey ice 
with small bubbles

Clear ice with large 
bubble

Snow on ice

Slushing / snow ice

Snow ice

Clear ice

Ice with low and no snow

Pressure ridge
(2 m high, several km long)

Roughness at ice-water 
interface



LIAM Project
(Lake Ice from 
Altimetry Missions) 



Objective

Examine sensitivity 
of backscatter and 
brightness 
temperature 
measurements from 
altimetry missions to 
LIT of varied ice and 
overlying snow 
properties

Jason-2 data

Great Slave Lake (Canada)



Jason-2 data
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Baker Lake (Canada)

Evaluate the impact 
of varied ice and 
overlying snow 
properties on LIT 
estimates (i.e. 
uncertainty 
characterization of 
retrievals)

Goal



• Altimetry missions: Jason-2/3 and Sentinel-3

• Ku/C-band and 18.7-36.5 GHz

• Field measurements and ice charts

• SAR imaging (Sentinel-1/RADARSAT-2) and optical (MODIS) 
products

• Output from a numerical lake ice model forced with weather station 
and atmospheric reanalysis data

Data



Tools: CLIMo (lake ice simulations)

Air  Temperature

Relative Humidity

Wind Speed

Cloud Amount

Snow 
Accumulation

INPUT

Energy Balance 
Components

On-ice Snow 
Depth

Freeze-up/Break-
up dates

Ice Thickness 
(Snow/Black Ice)

Temperature 
Profile (ice and water 

temperature during the ice-
free period)

OUTPUT

CLIMo
0% to 100 % 

snow scenarios

Duguay et al. (2003)



Tools: SMRT model (forward simulations)

• Snow Microwave Radiative Transfer (SMRT) is a passive/active 
microwave model developed as part of an ESA study on snow 
microstructure signature at microwave frequencies (i.e. "grain size 
scattering”)

• Sea-ice module was added with freshwater lake ice as a “side 
product” which has not been evaluated yet

• Altimetry module has recently been added in view of ESA’s Copernicus 
Polar Ice and Snow Topography Altimeter (CRISTAL) mission (planned 
for launch in 2027), but it has not been tested to date for lake ice

See Picard et al. (2018) and https://www.smrt-model.science/ for details 

https://www.smrt-model.science/


Results: Forward simulations of TB with SMRT



Results: Forward simulations of waveforms with SMRT



bank

water

Great Slave Lake (Canada)

Results: Analysis of waveforms (Jason-2)

Along-track echogram

Individual echo



bank

Ice floes/water

water

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)



bank

07 Dec.
Ice drift to SE due to wind and pressure ridge

MODIS 07/12

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)
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c

17 Dec.
ice growth and echo transformation 

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)
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c

6 Jan.
ice growth and echo transformation 

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)
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c

26 Jan.
ice growth and echo transformation 

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)



bank
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b

c

25 Feb.
ice growth and echo transformation 

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)



bank

a

b

c

17 Mar.
ice growth and echo transformation 

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)



bank

a

b

c

27 Mar.
ice growth and ice fields’ characteristics smoothing

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)



bank

5 Apr.
ice growth and ice fields’ characteristics smoothing

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)



bank

25 Apr.
Start of snow-on-ice degradation (the snow is still dry)

River inflow

MODIS 25/04

Results: Analysis of waveforms (Jason-2)

Great Slave Lake (Canada)



w
at

er

w
at

er

Ic
e/

w
at

er

ic
e

m
el

t

ic
e

ic
e ic
e

ic
e

Sentinel-3A ice season 
evolution of waveforms 
over Great Slave Lake 
(Canada) – November 
2016 to June 2017

Results: Analysis of waveforms (Sentinel-3)
Along-track echograms



Next steps
• Assess SMRT simulations in 

standalone mode

• Evaluate SMRT simulations 
forced with CLIMo output (snow 
and ice properties, including 
temperature profiles)

• Compare SMRT simulations 
with backscatter, brightness 
temperature measurements, 
and waveforms over selected 
lakes



Thank you for your attention!

LIAM project website
https://www.h2ogeomatics.com/lake-ice-from-altimetry-missions-li

Contact: crduguay@uwaterloo.ca
or

claude.duguay@h2ogeomatics.ca

https://www.h2ogeomatics.com/lake-ice-from-altimetry-missions-li
mailto:crduguay@uwaterloo.ca
mailto:claude.duguay@h2ogeomatics.ca

