
Comparison of thin ice thickness distributions derived from

RADARSAT Geophysical Processor System and advanced very high

resolution radiometer data sets

Y. Yu and R. W. Lindsay
Polar Science Center, Applied Physics Laboratory, University of Washington, Seattle, Washington, USA

Received 21 January 2002; revised 23 July 2003; accepted 30 September 2003; published 26 December 2003.

[1] Thin ice thickness distributions estimated from advanced very high resolution
radiometer (AVHRR) and RADARSAT Geophysical Processor System (RGPS) data sets
were compared over the Beaufort Sea and the Canada Basin for the period December 1996
to February 1997. The comparisons show a compelling agreement. High correlations were
found in cases where thin ice grew in large, wide leads extending several hundred
kilometers. At these large scales, estimates from AVHRR images and RGPS showed
similar amounts of thin ice in leads. However, when major surface deformation occurred
on small scales (100 m to 10 km), the finer spatial resolution (100 m) of RADARSAT
images enabled the RGPS algorithm to derive more thin ice than that of AVHRR. Under
such conditions the correlation between the two dropped, and a small negative bias (about
1%) was observed in the estimates from AVHRR. This bias, mostly concentrated at the
very thin end of the thickness distribution, caused a further deficit in the AVHRR-derived
thin ice growth, roughly 0.2 cm/d. Although the AVHRR and RGPS algorithms treat
snowfall differently in the ice thickness calculations, both snow assumptions appear
reasonable. However, RGPS may underestimate the thin ice production because of the
3-day sampling interval. With a better understanding of the sources of uncertainty and
improved satellite estimates, a combination of these two satellite data could offer a wider
coverage of thin ice thickness observations in the Arctic Basin. INDEX TERMS: 1863
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1. Introduction

[2] Remote sensing techniques have brought advances in
detecting sea ice thickness from space. These advances
present opportunities to monitor ice thickness routinely
over large areas, which has been difficult to achieve with
field observations alone, such as from submarines and
moored upward looking sonar (ULS). While interpreting
satellite observations remains a challenge, remote sensing
techniques hold promise to contribute to our understanding
of sea ice processes and their roles in arctic climate
variation.
[3] Two satellite algorithms have been developed to

derive thin ice thickness estimates quantitatively over large
scales. In the first method, the thin ice thickness distribution
is inferred from the temperature of sea ice observed by
the advanced very high resolution radiometer (AVHRR).

With this algorithm, the aggregated properties of thin ice
were examined by Yu et al. [2001], such as ice growth, brine
flux, and compressive ice strength. Strongly dependent on
the ice thickness distribution, these properties showed large
spatial and temporal variations, especially along the arctic
shelves.
[4] The second algorithm uses the RADARSAT Geo-

physical Processor System (RGPS) to derive the distribution
of thin ice kinematically. Following a large number of ice
trajectories throughout an ice growth season, the RGPS
tracks the area changes of each Lagrangian cell and its
history of freezing degree days. This allows calculations of
the thin ice thickness and its area distribution. Some
substantial differences were observed by RGPS in total
seasonal ice volume in the western Arctic between winter
1996/1997 and 1997/1998 [Kwok, 2002]. Changes in ice
motion fields are thought to be responsible for the observed
patterns.
[5] While both techniques are successful in obtaining

quantitative estimates of the large-scale ice thickness
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distribution, the measurements can be sparse because the
application of the satellite algorithms is limited by various
factors. For AVHRR, clouds can obscure the surface and
thus hamper the satellite coverage in space and time.
Another limiting factor is the satellite’s 1–4-km spatial
resolution. This coarseness makes it difficult for AVHRR
to detect small leads, which can contribute substantially
to ice growth during the cold season. The RGPS has
difficulty tracking the ice motion over the rapidly
deformed regions and thus the data coverage is limited
along the coasts and ice margins. This is unfortunate
because these are the areas where significant ice growth
has been observed. Further, because of the difficulties in
interpreting Synthetic Aperture Radar (SAR) backscatter
signals soon after the onset of freezing, RGPS provides
no observations in September and October when thin ice
growth is the most vigorous. Since neither satellite
algorithm provides complete thin ice thickness observa-
tions over the entire Arctic Basin, it is logical to combine
the results of the two satellites to maximize the data
coverage.
[6] This paper compares thin ice thickness distributions

derived from the RGPS and AVHRR data sets and
examines the physical implications of the differences in
the satellite observations. In the following sections, we
first review how the thin ice thickness and area coverage
are estimated with AVHRR images and by the RGPS.
We then evaluate the uncertainties in each satellite
algorithm, focusing on the differences in the snow
assumptions and the effects of the 3-day sampling
scheme of the RGPS input data. We next compare the
thickness distributions derived from the two satellite
algorithms over some selected regions and determine
the major contributors to the observed discrepancies.
Finally, we discuss the geophysical implications of our
findings by examining the regionally averaged thin ice
growth rates.

2. Data Description

[7] The AVHRR satellite data used here were provided
by the NOAA Satellite Active Archives. These images of
Local Area Coverage (LAC) are from NOAA satellites
12 and 14. The AVHRR instrument on both satellites
measures radiances in one visible channel (0.58–
0.68 mm), one near-infrared channel (0.72–1.10), and
three infrared channels (3.55–3.93, 10.3–11.3, and
11.5–12.5 mm) at a nadir resolution of about 1.1 km
[Kidwell, 1995]. The instrument scans to 55.4� from the
nadir, creating a swath approximately 2200 km wide, and
monitors the same area several times per day over most
of the polar regions.
[8] The LAC data from AVHRR were processed with

TeraScan software provided by the SeaSpace Corporation.
During calibration, the images were mapped onto a 1.1-km
grid with a polar stereographic projection. Radiance from
channels 1 and 2 were converted to reflectance, and
radiance from channels 3, 4, and 5 were converted to
brightness temperature. Pixels at satellite scan angles larger
than 45� were rejected to retain adequate ground resolution
and to avoid increased atmospheric attenuation. While
various algorithms have been developed to screen clouds,

no reliable algorithm has been developed so far for the
arctic dark season. Because half of the images used in the
study were obtained when there was no sunlight, a
subjective manual procedure was used with visual inspec-
tion of all possible channels. Low-level, thin, and subpixel
clouds likely remain a source of uncertainty.
[9] The images used by RGPS to compute ice thickness

were calibrated and geolocated at the Alaska SAR Facility
(ASF). Acquired by the Canadian RADARSAT, the Scan-
SAR wide B backscatter images have a 500-km swath and a
100-m spatial resolution. RADARSAT SAR transmits and
receives signals in C band (5.7 cm wavelength) [Kwok,
1998], allowing the satellite to see through clouds and
darkness and operate under all weather conditions. Since
it was launched in November 1995, RADARSAT has been
used to repeatedly map the western part of the Arctic Basin
within the ASF reception range at a rate of about once every
3 days.
[10] The RGPS data analyzed for this study were

produced at the Jet Propulsion Laboratory. The thin ice
thickness distributions were estimated for 100-km2

Lagrangian cells in the western Arctic for the period
from 7 November 1996 to 20 April 1997. To compare
ice thickness estimates from RGPS and AVHRR, the
latter satellite images were screened for the same region
and the same period. Six clear-sky images were chosen
in order to calculate ice thickness distributions in selected
regions; the images are from 21 December 1996,
29 December 1996, 8 January 1997, 14 January 1997,
20 January 1997, and 9 February 1997. Figure 1 shows
an example of an AVHRR image, along with the
locations of RGPS cells tracked up to the date of
AVHRR observation. The observed perennial ice pack
is typical for the Beaufort Sea and the southern Canada
Basin, where frequent divergence and shear in winter
produce extensive lead networks. These networks offer
an excellent opportunity to examine the differences in
sampling thin ice in leads from the two satellite prod-
ucts, as well as the impact of satellite resolutions on the
derived ice thickness distributions and other geophysical
properties of sea ice.

3. Review of Ice Thickness Algorithms

3.1. Deriving Thin Ice Thickness From AVHRR

[11] To determine the thin ice distribution from
AVHRR imagery, the thickness was first estimated for
each satellite pixel and then all pixels in a scene were
grouped together to compute the thickness distribution. A
one-dimensional thermodynamic ice model was used,
which contains all components of the surface heat balance
[Yu and Rothrock, 1996]. This slab model solves for the
thickness h of thin ice with a uniform snow cover of
thickness hs on ice thicker than 5 cm. The complete
energy balance at the top surface (whether ice or snow)
in the dark season is

F
up
l þ Fdn

l þ Fs þ Fe þ Fc ¼ 0: ð1Þ

[12] The upward longwave radiative flux Fl
up is esTs

4,
where e is the longwave emissivity of the ice or snow
surface, s is the Stefan-Boltzmann constant, and Ts is the
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surface temperature estimated by the AVHRR channel 4.
Following the recommendation of Key et al. [1997], we
used Efimova’s empirical relation for the downward long-
wave flux [Efimova, 1961],

Fdn
l ¼ ð0:746þ 0:0066eaÞ; ð2Þ

where ea is the surface water vapor pressure expressed as
ea = RH esa, and the relative humidity RH was assumed to
be 90%. The 2-m surface air temperature Ta came from
International Arctic Buoy Program and Polar Exchange at
the Sea Surface (IABP-POLES) 6-hourly grided tempera-
ture fields, produced with optimal interpolation of surface
air temperature observations from North Pole drifting
stations, arctic drifting buoys, coastal weather stations, and
ship reports [Rigor et al., 2000].

[13] The turbulent sensible heat flux Fs and latent heat
flux Fe were estimated from

Fs ¼ racpCsu Ta � Tsð Þ ð3Þ

Fe ¼ raLCeu RHes � es0ð Þ; ð4Þ

where ra is the air density, cp is the specific heat of air, L is
the latent heat of vaporization, Cs and Ce are the bulk
transfer coefficient for heat and evaporation, respectively.
We used Cs = Ce = 0.003 for very thin ice and 0.00175 for
thicker ice. Parameters RH and esa are the same as in
Efimova’s empirical equation and es0 is the saturation vapor
pressure at the surface. The surface wind speed u at 2 m
above the ice/snow surface was estimated according to u =
0.34UG [Fissel and Tang,1991]; the geostrophic wind UG

was derived from 12-hourly pressure fields compiled from
arctic buoy observations.
[14] Assuming a linear temperature profile in the snow

and thin ice, we estimated the conductive heat flux as

Fc ¼ g Tf � Ts
� �

; ð5Þ

where g = (kiks)/(kH + kih) is the thermal conductance of the
ice-snow slab, and Tf is the freezing temperature of sea
water. The conductivity of the ice was determined by

ki ¼ k0 þ bSi= Ti � 273ð Þ; ð6Þ

where k0 = 2.034 W m�1 K�1 is the conductivity of pure
ice, b is 0.13 W m�1, and Si is the sea ice salinity in ppt.
Because parameter ki depends weakly on the temperature of
the ice slab Ti when it is below �4�C [Maykut, 1986], the
surface temperature Ts was used in place of Ti in equation
(6) and introduced no significant error. The sea ice salinity
Si was determined empirically from a formula by Cox and
Weeks [1974]:

Si ¼ 14:24þ 19:39h; for h � 0:4m

Si ¼ 7:88þ 1:59h; for h > 0:4m
ð7Þ

By reducing the thermal conductivity of the ice slab, a thin
layer of snow can obscure the relationship between the
surface temperature and the ice thickness. Here we applied
an empirical relationship between snow depth hs and ice
thickness h proposed by Doronin [1971]:

hs ¼ 0; h < 0:05m

hs ¼ 0:05h; 0:05m � h � 0:2m

hs ¼ 0:1h; h > 0:2m

ð8Þ

3.2. Deriving Thin Ice Thickness From RGPS

[15] RGPS uses the SAR backscatter images to track ice
motion and to derive the ice thickness distribution. The
system follows thousands of Lagrangian points that are
grouped onto 4-point cells with an initial size of 10 �
10 km. This allows the RGPS to compute the area changes

Figure 1. AVHRR channel 4 temperatures over the
Beaufort Sea and the southern Canada Basin on 21
December 1996. The white dots indicate the center of
RGPS cells. An example of the comparison scene shown in
Figure 7 is indicated by a black box.
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in each cell by comparing pairs of sequential images
through time (see Figure 6). During deformation events,
the cell area is increased by divergence or decreased
through ridging. When a divergence event occurs, thin ice
is assumed to form and a new ice age class is created. The
area fraction of each age class is then recorded for each cell.
By observing the area changes over time, an age class
distribution can be constructed [Kwok et al., 1995].
[16] The age distribution can be used to calculate a

thickness distribution with a simple ice-growth parameter-
ization developed by Lebedev [Maykut, 1986]:

h ¼ 1:33F0:58; ð9Þ

where h is ice thickness in meters and F is the freezing
degree days associated with each age class expressed by

F ¼
Z t

0

ðTf � TaÞdt; ð10Þ

where t is the time, Tf is the freezing temperature of seawater,
and Ta is the 2-m surface air temperature obtained from the
IABP-POLES 2-m air temperature data set. Although snow
depth is not explicitly expressed in equation (9), the relation
between h and F describes ice growth under an average rate
of snow accumulation over the Russian sector of the Arctic
Ocean.
[17] Besides the thermal growth, RGPS also accounts for

the ridging process that eliminates the thinnest ice classes
and moves them into thicker ice thickness categories. A
simplified deformation process is used where three types of
ice are allowed to ridge: (1) the newest ice in the cell; (2) the
once-ridged ice; and (3) the ice present at the time of the cell
creation. The newest ice is assumed to join the ridging first,
and the ridged ice thickness is assumed to be k = 5 times
thicker than the original ice thickness. If an area of A is lost
during convergence, the ridged ice will occupy an area of A/
(k-1). The area of each ice category is recalculated on the
basis of the amount of surface area removed by ridging
[Kwok and Cunningham, 2002]. The newly ridged ice
continues to grow according to equation (9) along with
the rest of the undeformed ice. With these procedures,
RGPS includes both undeformed and ridged ice in the thin
ice thickness distribution. These classes are not separable in
AVHRR’s thermal imagery.
[18] While RGPS provides no information on the loca-

tions of leads or thin ice, a map of ice thickness distributions
over many cells in a region reveals some useful spatial
information (Figure 2). Against the background with less
deformation, the lead features are accentuated by high thin
ice concentration in the Beaufort Sea and the southern
Canada Basin. These regions often experience large defor-
mation, which has a significant impact on the ice thickness
distribution. The example in Figure 3 demonstrates how
dynamic events alter RGPS-derived ice thickness distribu-
tions. The cell 2869 was tracked in the Canada Basin from
24 November 1996 to 13 April 1997. During this period two
large divergence events occurred on days 27 and 75,
causing a sharp increase in the new ice fraction. This was
followed by a series of convergence events which signifi-
cantly increased the ridged ice fraction. Because divergence

dominated the ice motion during most of the period, there
were net increases in both the total surface area and the level
ice fraction.

3.3. Uncertainties in Ice Thickness Estimates

[19] Each satellite algorithm has unique sources of error
in computing the thin ice thickness distribution. An evalu-
ation of these errors helps to improve understanding of the
comparisons between the two data sets. In a detailed error
analysis of the AVHRR algorithm, Yu and Rothrock [1996]
found that besides uncertain snow depth, downward long-
wave radiation contributes the most to the uncertainty in the
AVHRR ice thickness computation. Because no snow
measurements were made simultaneously with the satellite
observations, the treatment of snow in equation (8) was
evaluated indirectly. When the ice growth determined by the
analytical model with snow depth in equation (8) was
compared with the empirical ice growths by Anderson
[1958] and Zubov [1945], good agreement was found with
both Anderson’s formula for new ice and Zubov’s for older
ice. Because Anderson’s formula applies to observed ice
growth under little snow, whereas Zubov’s applies to ice
growth under thicker snow cover, the agreement indicates
that the snow depth used in the AVHRR algorithm is within
a reasonable range. Given the magnitude of uncertainty

Figure 2. Ice thickness distributions derived from RGPS
for ice categories 0–20, 20–40, 40–60, and 60–80 cm on
20 December 1996. The percentage of each thickness
category is shown as the color bars at the left bottom. The
black diamond marks the beginning location of RGPS cell
2869, for which the thickness change is shown in Figure 3.
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associated with each term in equation (1), Yu and Rothrock
theorized that for typical scenes the uncertainty of AVHRR-
derived thin ice thickness distribution is about 3% of the
total area at 0.2 m and 10% at 1 m thickness. However,
when the estimate of longwave radiative flux is improved
with Efimova’s empirical relation (equation (2)), the uncer-
tainty is reduced to 1% at 0.2 m and 6% at 1 m. Of course,
the magnitude of the uncertainties varies with field con-
ditions. It is difficult to verify the true errors without a large
number of field measurements obtained simultaneously with
the satellite observations. Nevertheless, in the same study,
the AVHRR-derived thin ice thickness distributions were
compared with limited observations from ULS. The satel-
lite-derived thin ice fraction showed similar spatial and
temporal variations to those observed by the ULS.
[20] The uncertainties in the RGPS-derived ice thick-

ness distributions have also been examined by Kwok and
Cunningham [2002]. Several potential sources of error

were identified, such as the uncertainties in computing
area changes, surface air temperatures, ridging assump-
tions, snow accumulation, and 3-day sampling. A recent
RGPS validation study showed that the uncertainty in the
area change of a cell is 1.4% of the total surface area due
to ice tracking error and 3.2% due to resolving the cell
boundary with only four points [Lindsay and Stern,
2003]. While most errors in the RGPS thickness algo-
rithm remain unquantified, the study by Kwok and
Cunningham showed that the uncertainty in area estimates
does not contribute a significant error to the thickness
distribution. Further, their tests suggested that the RGPS-
derived ice thickness distribution was insensitive to dif-
ferent mechanical ridging functions, including rafting,
presumably because of the interaction between the
dynamics and the thermodynamics. Here, we seek more
clarification on the uncertainties of snowfall assumptions
and the 3-day sampling of RGPS.
3.3.1. Snow Depth
[21] As expressed in equation (9), the thickness of young

ice is calculated by RGPS from the number of freezing
degree days. The parameterization contains an implicit
assumption of snow accumulation, in contrast to the explicit
snow depth assumed in the AVHRR algorithm. To examine
how ice growth behaves under these two different snow
assumptions, we compared the analytic ice growth rate
under the snow assumption in equation (8) and Lebetev’s
ice growth rate adopted by RGPS. These two estimated ice
growth rates track closely to each other (Figure 4), implying
that the difference in snow assumptions used by the RGPS
and AVHRR algorithms have little impact on the compar-
isons made in this study.
[22] Snow depth observations collected at the Surface

Heat Budget of the Arctic Ocean (SHEBA) camp were also
used to verify Lebetev’s empirical ice growth rate. During
this field experiment, snow depths were measured along
five survey lines on multiyear ice floes over one year.

Figure 3. (a) Variation of the surface air temperature over
RGPS cell 2869, (b) its area changes, (c) the total fraction of
nonridged ice, and (d) the total fraction of ridged ice. The
time series is from 4 November 1996 to 13 April 1997.

Figure 4. The ice growth estimated by an analytical model
with AVHRR’s snow assumption (solid) compared with that
of Lebedev’s parameterization (dashed) used in RGPS. The
air temperature was set to �30�C for calculating the
cumulative freezing degree days.
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According to these measurements, the average snow depth
increased from 8 cm in November 1997 to 43 cm in April
1998, equivalent to an average snow-accumulation rate of
0.2 cm/d [Perivich et al., 1999]. Figure 5 compares ice
growth rates predicted by the Lebedev formula with those
simulated with a thermodynamic model [Lindsay, 2002] run
under different snow accumulation rates. With the surface air
temperature fixed at �20�C, the simulation showed that ice
can grow to 80 cm thick in about 38 days if the snowfall rate
is 0.1 cm/d. However, if the snow accumulation increases by
10 times to 1.0 cm/d, which was occasionally observed
during SHEBA, the same thickness of ice would require
one additional month to grow. Although the snow cover is
highly variable in the Arctic Basin [Warren et al., 1999] and
thus can be a major source of error in all ice thickness
calculations, the empirical relation by Lebedev appears to
produce an ice growth rate corresponding to a snow accu-
mulation rate around 0.3 cm/d, close to the 0.2 cm/d
observed at the SHEBA camp (Figure 5). This result
suggests that the Lebedev formula can be used to produce
reasonable thin ice growth under typical snow conditions.
3.3.2. Three-Day Sampling
[23] RGPS may miss a significant amount of thin and

ridged ice production if rapid divergence and convergence
events occur within the 3-day sample interval. To examine
how the undersampling of the deformation affects the
derived thickness distributions by RGPS, we ran the same
model of Lindsay [2002] with divergence estimates selected
randomly from the 1997–1998 winter observations. These
observations were grouped into two categories: samples
with 1-day intervals (N = 3,448) and samples with 3-day
intervals (N = 951,606). The model used the same ice
growth parameterization expressed in equation (9) and
tracked the thickness of up to 100 thickness bins, each with
its own time-variant ice thickness. Ridging was estimated
with the same redistribution function used by Thorndike
et al. [1975]. Beginning with uniform 2-m ice and using a
constant air temperature of �30�C, the model was run
1000 times over a 2-month period for each of the two sets
of sample intervals. After the 2-month run, the divergence

samples with a 1-day interval produced an average new ice
volume 80% greater than those with a 3-day interval. This
calculation implies that the current 3-day sampling scheme
by RGPS may significantly underestimate the ice produc-
tion rate and thus affect the thickness distribution. More
observations are needed to verify this speculation.

4. Comparisons of AVHRR and RGPS

4.1. Approach

[24] To compare the thickness distribution estimates de-
rived from AVHRR with those of RGPS, it is important to
distinguish the differences between AVHRR’s Eulerian
snapshot and RGPS’s cumulative Lagrangian sampling.
For AVHRR, the derived ice thickness comes from an
image of the surface temperature. Because the warm thin
ice distinguishes itself well from the surrounding cold, thick
floes, a map of brightness surface temperatures can be
related directly to a map of thin ice thickness.
[25] The RGPS also uses images of the ice surface.

However, rather than deriving ice thickness directly from
satellite imagery, the system analyzes the area changes of
Lagrangian cells over time. This allows the amount of thin
ice to be estimated for various thickness categories, each
evolving according to their history of thermal growth and
mechanical deformation.
[26] A cartoon is used to further explain the different

sampling schemes inherent in the two satellite-derived
estimates (Figure 6). RADARSAT captures images of the
surface every 3 days between the initial tracking time t0 and
the comparison time tn. During this period, the RGPS
algorithm estimates the changes of the thickness distribution
in the cell, whereas the AVHRR algorithm uses a snapshot
taken at one moment over the same region. Consequently, a
thickness distribution from RGPS up to time tn presumably
corresponds to the same distribution ‘‘seen’’ by AVHRR at
about the same time. To allow enough time for the thin ice
to grow in the RGPS cells to a thickness of about 0.5 m, we
selected AVHRR images acquired at least one month after
the RGPS cells were initialized. Further, we believe that the
ice thickness distribution is best compared, not at one
particular cell location, but in a statistical ensemble over a
region. Here, the region size was chosen to be between 100
and 200 km in width.

Figure 5. Ice growth rate as assumed in the RGPS (thick
line) and as calculated with a thermodynamic ice model
with different snow accumulation rates. In these simulations
the air temperature was �20�C, the wind speed was 5 cm/s,
and the downwelling longwave flux was 165 W m�2.

to

t1

t6

tn
10 km

10 km

3 days

tn-1 t5

 Atn - Atn-1 > 0
Thin ice created

Some ice ridged
   At6 - At5 < 0

AVHRR “snapshot”

Figure 6. A sketch of RGPS and AVHRR sampling
schemes. Initialized as 10 � 10 km in size, the cell drifts
along a trajectory from t0 to tn, during which period the area
of the cell changes according to the observed displacements
of the four corners.
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[27] Following Thorndike et al. [1975], the ice thickness
distribution can be defined by

Zh2

h1

gðhÞdh ¼ Aðh1; h2Þ=R; ð11Þ

where R denotes an area within some region R and A(h1, h2)
represents the area within R covered by ice with thickness h
in the range h1 � h < h2. Because each AVHRR pixel is an
independent sample, g(h) can be obtained from a satellite
scene with a sampling proportion g(h) = n(h1, h2)/N, where
n(h1, h2) is the number of pixels with a thickness range
between h1 and h2 and N is the total number of pixels in the
scene.
[28] To compare the ice thickness distributions estimated

from AVHRR with those from RGPS, we first searched for
cloud-free regions that were observed by both satellites and
for which the overpasses were no more than 4 hours apart.
We then divided the regions into small scenes, over which
we computed the thickness distribution for each satellite and
analyzed the statistics of the comparison. Dependent on the
size of each clear-sky AVHRR scene (e.g., Figure 1), the
number of RGPS Lagrangian cells included is between 176
and 812.

4.2. Statistical Comparisons

[29] Figure 7 shows a comparison for one AVHRR scene
obtained on 21 December 1996; the scene was centered at
approximately 73.8�N and 130.5�W in the Canada Basin.

There was a large spatial variation in temperature, ranging
from �40.6�C to �19.8�C (Figure 7a). With these temper-
atures and the thermodynamic model, thin ice thickness was
estimated and then mapped at each satellite pixel. Ice less
than 0.5 m resided mostly in large leads; the warmest and
thinnest ice (h < 0.2 m) was detected in the northern portion
of this area (Figure 7b).
[30] RGPS also derived thin ice thickness distributions

for 280 Lagrangian cells (black dots in Figure 7a) over the
same region at about the same time. The thickest thin ice
estimated from RGPS was about 0.7 m. Figure 7c compares
the RGPS-derived thickness distribution with that from
AVHRR. The agreement varies from bin to bin; the largest
difference is in the bin between 0.4 m and 0.5 m and the
smallest between 0.6 m and 0.7 m. The agreement in the
cumulative ice thickness distributions is good for ice thicker
than 0.2 m (Figure 7d). The agreement in the cumulative
distribution is better because an underestimate at one
thickness category may be compensated by an overestimate
at another for each satellite. The difference between the
cumulative distributions, i.e., GRGPS(0.7 m)-GAVHRR(0.7 m),
is only about 10% of the thin ice area, well within the
theorized uncertainty of 6% of the total surface area.
[31] To examine why both satellites agree well in Figure 7

and whether RGPS ‘‘saw’’ the same ice as AVHRR, we
compared the locations of thin ice observed by each
satellite. Figure 8 shows the same AVHRR image as in
Figure 7a, but overlaid with dots marking the center

Figure 7. (a) AVHRR-observed surface temperatures for a
region on 12 December 1996, (b) AVHRR-derived thin ice
thickness coded as the color bar shown below, (c) and (d)
thickness distributions g(h) and G(h) estimated from RGPS
(solid lines) and from AVHRR (dashed lines). The centers
of RGPS cells are indicated by black dots in Figure 7a. The
temperature scale is in �C in Figure 7a, and the thickness
scale is in meters in Figure 7b.

Figure 8. Thin ice fractions detected by RGPS over the
same area shown in Figure 7. Each color dot, plotted at the
center of the cell, represents the area fraction of the ice
thickness category indicated by the color bar below. The
smallest dots correspond to area fractions of less than 5%,
and the largest dots correspond to 15–20% of the total cell
area.
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locations of RGPS cells. Four different colors were used to
represent four thickness categories, and various dot sizes to
represent the abundance of each ice type observed by
RGPS. Elements containing more thin ice tended to con-
centrate along the AVHRR-observed leads. For example,
large concentrations of ice thinner than 0.2 m (the largest
red dots) were located in the northern area, where AVHRR
also detected a considerable amount of the thin ice in leads
(Figure 7b). Another region of good correspondence is also
found in a large lead stretching from the lower center of the
scene to the north, despite a 0.2-m difference in the
estimated ice thickness. While some areas of thin ice
indicated by RGPS appear as cold, thick floes in AVHRR
imagery, over much of the scene, both AVHRR and RGPS
are able to identify the same thin ice in leads that were
associated with large-scale deformation.
[32] Ice deforms on spatial scales from a few meters to a

few hundred kilometers. When the changes occur on a small
scale, the lead features can only be detected by satellites
with fine spatial resolution. To illustrate how critical this
factor is, Figure 9a shows another AVHRR scene observed
in the Canada Basin on 8 January 1997. The ice surface
temperature in this case was much colder, ranging from
�49�C to �36�C. Because the image is clear of clouds, the
absence of warmer temperatures suggests that most of these
leads were likely older and thus covered with deep snow.
Moreover, the dimensions of the leads in this AVHRR scene
suggest a history of small-scale deformation. Under these
conditions, AVHRR observed little thin ice in this area
(Figure 9b); the majority of the thin ice was thicker than
one-half meter. This agrees with RGPS observations (Fig-

ures 9c). However, the two satellites disagree on the area
fraction of ice between 0.5 and 0.9 m thick, leaving a 10%
difference in the cumulative ice thickness distributions at
h = 0.9 m (Figure 9d).
[33] The impact of lead size on the comparison is also

demonstrated in Figure 10, in which the locations of thin ice
from RGPS were plotted on the AVHRR scene. Most of the
thin ice detected by RGPS was not associated with the large
leads seen in the AVHRR imagery. In particular, the
locations of ice thinner than 0.4 m (marked with red and
yellow colors) suggest that most divergence occurred on
scales of O(100 m to 1 km). At such scales most fractures
can be defined as thermal cracks and macrocracks with a
typical timescale less than 1 day [Curtin, 1991]. The
strongly scale-dependent behavior of ice deformation helps
to explain why most new ice (�0.2 m thick) observed by
RGPS was located in areas of small openings.
[34] To evaluate the statistical agreement between the

estimates of RGPS and AVHRR, we compared the two
ice thickness distributions g(h) for each thickness bin and
the cumulative ice thickness distributions G(h). The com-
parisons were made for 19 scenes selected during the period
21 December 1996 to 9 February 1997. Table 1 shows the
mean differences and correlations between RGPS and
AVHRR for ice up to 0.8 m thick. There is a small negative
bias in all cases except one, suggesting that AVHRR-
derived thin ice thickness distributions tend to be lower
than those of RGPS by a minimum of less than 1% to a
maximum of about 2% of the total surface area. The

Figure 9. (a) AVHRR-observed surface temperatures for a
region on 8 January 1997, (b) AVHRR-derived thin
ice thickness coded as the color bar shown below, (c) and
(d) thickness distributions g(h) and G(h) estimated from
RGPS (solid lines) and from AVHRR (dashed lines). The
centers of RGPS cells are indicated by black dots in
Figure 9a. The temperature scale is in �C in Figure 9a, and
the thickness scale is in meters in Figure 9b.

Figure 10. Thin ice fractions detected by RGPS over the
same area shown in Figure 9. Each color dot represents
the area fraction of the ice thickness category indicated by
the color bar below. The smallest dots correspond to area
fractions of less than 5%, and the largest dots correspond to
15–20% of the total cell area.
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correlations for g(h) are mostly low and vary from bin to
bin. However, the correlation for G(h) increases with
thickness; the highest value (r = 0.89) was observed at
G(h < 0.6 m). The improved agreement of G(h) with
increased ice thickness is likely a result of compensation
effects among thickness bins. The exception is at thickness
0.8 m at which the correlation of G(h < 0.8 m) decreased.
The reason for this decrease is not clear. However, we noted
that ice thicker than about 0.7 m is not available in the
RGPS-derived December ice thicknesses, which reduces the
number of pairs for comparing G(h < 0.8m) from 19 to 16.
This change in the sampling number may cause the decrease
in the correlation. Certainly, other factors may also contrib-
ute to a lower correlation of G(h) at h = 0.8 m. At this
thickness, the AVHRR algorithm approaches its upper limit
in the assumption of a linear ice temperature profile. In
addition, the accuracy of the RGPS ice thickness algorithm
may degenerate with time as the ice gets older and thicker
and has experienced many deformation events, resulting in
a larger uncertainty in the thickness calculation than that at
early stages of tracking.
[35] Figure 11 is a scatter plot of G(h) for four different

maximum ice thicknesses. Again, the agreement is the
lowest at the thin end of the cumulative distribution and

the best for ice up to 0.6 m thick. The consistent bias in all
cases is likely caused by a difference in satellite resolutions,
rather than errors in the snow assumptions and the 3-day
sampling scheme. Applying the theorized uncertainties of
GAVHRR from 1% at 0.2 m to 6% at 1 m, the bias between
RGPS and AVHRR was only detectable for new ice with
thickness less than 0.2 m thick.
[36] To further demonstrate the impact of satellite resolu-

tion on the observed bias, we examine in Figure 12 images
from both AVHRR and RADARSAT. Covering about the
same area shown in Figure 7 and taken about three hours
apart on 21 December 1996, both images captured large leads
in the region. However, the RADARSAT backscatter image
also revealed a more detailed ice surface with many inter-
secting small fractures. Similarly, in the images taken about
two hours apart on 8 January 1997 (Figure 13), numerous
small features were only detected by RADARSAT; the
fractures, regardless of size, were less organized than those
in the previous figure.
[37] Studies have shown that sea ice acts like a granular

medium on small regional scales (100 m to 10 km), as both
rapid and quasi-static deformation are observed in the Arctic
Basin [Overland et al., 1995]. On the other hand, as
suggested by the authors, the sea ice deformation and
atmospheric forcing are coherent at spatial scales of several
hundred kilometers and timescales of days. This may imply
that AVHRR imagery is more suited to study ice thickness
on large scales. However, as shown here, comparisons of

Table 1. Comparisons of Area Fractions Between RGPS and AVHRR

g(h) gRGPS � gAVHRR Correlation G(h) GRGPS �GAVHRR Correlation

0 � h < 0.2 m 0.011 0.46 h < 0.2 m 0.011 0.46
0.2 m � h < 0.4 m 0.005 0.79 h < 0.4 m 0.015 0.77
0.4 m � h < 0.6 m 0.002 0.48 h < 0.6 m 0.017 0.89
0.6 m � h < 0.8 m �0.17 0.21 h < 0.8 m 0.001 0.68

Figure 11. Comparisons of RGPS- and AVHRR-derived
thin ice cumulative distributions for four maximum
thicknesses. The samples are from 19 comparison pairs.
The dotted lines indicate a 1:1 ratio, and the solid lines are
the least squares fit of the two estimates.

Figure 12. Images from (left) AVHRR and (right)
RADARSAT taken about 3 hours apart over the same
region shown in Figure 7a on 12 December 1996. The
AVHRR image covers a region 346 � 257 km, and the
letters in the images mark some common features detected
by both satellites.
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AVHRR and RADARSAT imagery help to improve under-
standing of the interactions of sea ice properties aggregated
at various scales.

4.3. Comparisons of Regionally Averaged
Ice Growth Rates

[38] Knowledge of g(h) is essential to extend point local
estimates to large scales. This makes satellite-derived ice
thickness distributions useful for studies of aggregated ice
properties. One such property is the regionally averaged thin
ice growth rate f. Thin ice accounts for up to 70% of total
annual growth over the pack ice [Maykut, 1986] and hence
makes an important contribution to the mass balance of the
sea ice in the Arctic Basin.
[39] To estimate f for thin ice, a simple area weighting

was applied for ice up to 0.6 m thick, the thickness at which
the G(h) correlation between RGPS and AVHRR was the
highest:

�f ¼
X3
i

fi hð ÞgiðhÞ; ð12Þ

where gi (h) is the area fraction for the bin and fi (h) is the
thickness-dependent ice growth rate for the ith 20-cm
thickness bin, which was calculated following the proce-
dures described by Yu et al. [2001]. The value of �f was then
estimated for each thin ice distribution derived from the two
satellites.
[40] The regionally averaged thin ice growth rates from

RGPS are compared with those from AVHRR in a scatterplot
(Figure 14). On average, the AVHRR-derived estimates are
about 0.2 cm/d less than those derived from RGPS. Despite a
nearly constant bias, the estimates between the two show a
high correlation. Because most of the ice missed by AVHRR
is in small leads with thickness less than 0.2 m (Figure 13),
the bias observed in Figure 14 may possibly be explained by
differences in the image resolutions. The ‘‘missing thin ice’’
due to coarse image resolution was also noted in the
comparisons between AVHRR-derived ice thickness distri-
butions and those from ULS [Yu and Rothrock, 1996]. In this
study, the estimates of ice growth from RGPS offer for the

first time an opportunity to examine the impact of image
resolution on the estimated thin ice growth.
[41] For studies of thin ice growth over the pack ice, the

bias of 0.2 cm/d in AVHRR needs to be addressed because
this error is roughly the same order of magnitude as the
regionally averaged thin ice growth during the winter
season (about 0.16 cm/d estimated for a perennial ice-
covered region in the southern Canada Basin [Yu et al.,
2001]). However, we expect this problem to be minor along
the Arctic coasts such as the Mackenzie Shelf, where the
thin ice fraction can be as high as 90% [Yu et al., 2001].
Under these circumstances, AVHRR captures most of the
thin ice growth on the shelves. These areas have high ice
production rate and yet are presently not well covered by
RGPS.

5. Conclusions

[42] This study compares two satellite algorithms that are
capable of deriving thin ice thickness quantitatively over
large areas. The AVHRR algorithm combines the physical
temperature of sea ice with a thermodynamic model to
derive the thin ice thickness and its distribution, whereas
the RGPS algorithm derives the distribution of thin ice
kinematically by tracking the area changes of Lagrangian
cells over time. The thickness of sea ice is then estimated on
the basis of the freezing degree days, the area change
history, and a ridging assumption.
[43] In spite of how differently thin ice thickness distri-

butions were derived from RGPS and AVHRR, our com-
parisons show a compelling agreement between the two.
The agreement was especially good in areas where large
leads were observed. Under such circumstances, the
AVHRR algorithm was able to obtain a similar amount of
thin ice as that of RGPS. However, AVHRR cannot accu-
rately detect small leads (100 m to 1 km). The differences in

Figure 14. Regionally averaged growth rates for ice up to
0.6 m thick. The dotted line indicates a 1:1 ratio, and the
solid line is the least squares fit of the two estimates.

Figure 13. Images from (left) AVHRR and (right)
RADARSAT taken about 2 hours apart over the same
region shown in Figure 9a on 8 January 1997. The AVHRR
image covers a region 390 � 410 km, and the letters in the
images mark some common features detected by both
satellites.
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satellite resolutions results in a 1% higher fraction of thin
ice and 0.2 cm/d greater rate of thin ice growth in the RGPS
estimates than those of AVHRR. Despite these biases,
however, the correlation was high between the two satellite
estimates, especially for ice up to 0.6 m thick. This result
suggests that it is possible to combine these two satellite
estimates to obtain more complete area coverage of thin ice
thickness observations. This merging is particularly benefi-
cial for studies of the Arctic shelves and ice margins.
Because the bias in AVHRR may be small in these regions
with few RGPS observations, the merged observations
should provide a better understanding of large-scale ice
growth over a broader region of the Arctic Basin.
[44] There are several uncertainties in both satellite algo-

rithms. We have focused here on snowfall rates and the
3-day sampling of RGPS. While snowfall is treated differ-
ently by the two algorithms, both snow assumptions seemed
to be within a reasonable range and the differences between
the two do not likely cause a major discrepancy between the
AVHRR- and RGPS-derived thin ice thickness distributions.
However, with a 3-day sampling interval, RGPS may
underestimate the ice production. The uncertainties in both
algorithms need to be further quantified with field observa-
tions, so that the differences between the RGPS and
AVHHR estimates can be better understood.
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