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1.   INTRODUCTION

The goal of the Surface Heat Budget of the Arctic
Ocean (SHEBA) program is to gain knowledge of the
important physical processes in, below, and above sea
ice in order to improve their representation in global cli-
mate models. In order to provide the community with a
test bed for evaluating sea ice model components, we
are attempting to make accurate estimates of the thick-
ness distribution for the entire SHEBA region. Many of
the characteristics of sea ice depend primarily, although
not exclusively, on the thickness of the ice (Thorndike et
al., 1975). Because of this, one way of extending mea-
surements of the ice properties and processes, such as
albedo, growth rate, heat fluxes, and ice strength, from
the local to the aggregate scale is through estimates of
the ice thickness distribution.

The method is to assume that the ice thickness h is
the primary parameter and that all other processes can
be related to the aggregate scale via the thickness distri-
bution g(h). Thorndike et al. (1975) defined g(h) dh as
the fraction of the area that is covered by ice with thick-
ness between h and h + dh. The albedo, heat balance,
ice growth, and melt all are most fundamentally related
to the ice thickness. The regional average of any of
these quantities is, in this technique, simply the average
weighted by the thickness distribution g(h). The average
albedo is, for example,

(1)

and similar equations hold for surface temperature,
sensible heat flux, melt rates, etc.

The ice thickness will be estimated with a mixed
Lagrangian and Eulerian model with data assimilation of
occasional thickness distribution measurements. The
forcing fields (downwelling radiative fluxes, air tempera-
ture, wind speed, etc.) and the growth rates for fixed ice
thickness categories are determined on an Eulerian grid
while the ice thickness distribution is estimated for
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Lagrangian cells following the model of Thorndike et al.
(1975).  The governing equation for g(h) is

(2)

where v is the ice velocity vector, f is the growth rate,
Ψ is a redistribution function, and φ the lateral melt
term, added by Hibler (1980). Flato and Hibler (1995)
investigated the importance of accounting for both
ridged ice and undeformed ice as separate but related
distributions. Discussions of the nature of the ice thick-
ness models are found, for example, in Thorndike et al.
(1975), Hibler (1980), Rothrock (1986), and Flato and
Hibler (1995).

An important aspect of our model is data assimila-
tion of occasional ice thickness measurements. These
measurements will include under-ice surveys by subma-
rines, ice concentration estimates from passive micro-
wave measurements, estimates from upward looking
sonars near the Canadian coast, and aircraft surveys of
the thin end of the distribution made with infrared ther-
mometry. The data assimilation is performed by revis-
ing the thickness distribution estimate of each lagrangian
cell in the model. The procedure begins with an interpo-
lation of the observations to the location of each
Lagrangian cell, followed by a maximum likelihood esti-
mate of the fraction of ice in each of the fixed-thickness
bins. A key component of this procedure is the uncer-
tainties in both the modeled distribution and in the mea-
surements.

This paper will report on the infrared aerial surveys
made from the Twin Otter in the vicinity of the SHEBA ice
station in the Beaufort Sea. These surveys were used to
estimate the thin-ice thickness distribution in a series of
six campaigns in the winter and spring of the SHEBA
field experiment. Figure 1 shows the drift track of the
SHEBA ice station from October 1997 through August
1998 and the location of the station at the time of each of
the six campaigns.

2.   INSTRUMENTATION

The Twin Otter aircraft, used for moving people and
supplies from the shore base to the SHEBA ice station,
served as our platform for measuring the surface tem-
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perature of the ice. It flew relatively low (100 m) and
slow (130 knots), thereby allowing detailed observations
of the surface. In addition, the incremental costs of mak-
ing scientific measurements with the logistics aircraft
were relatively small.

We used a Heimann KT-19 radiometer for our
observations, a narrow-beam, broad-band instrument
with a fast response time. It has a field-of-view of 0.037
radians, a bandwidth of 8 to 14 µm, and a response time
of 0.03 seconds. At this response time, the manufac-
turer specifies a noise equivalent temperature of 0.4 K.
The KT-19 data are received at a rate of 30 hz and the
flight speed is about 65 m s-1; these parameters corre-
spond to a sample spacing of 2 m. At a flight level of 100
m and a tilt angle of 20o, the observational field-of-view
on the surface is 4 m.

The calibration is specified by the manufacturer to
be accurate to within 0.5 K, which is consistent with our
calibrations made with a precision calibration bath
equipped with a gold-plated cone immersed in a stirred
solution of antifreeze. The instrument was calibrated for
a range of bath temperatures before and after each of
the campaigns. These calibrations show a nonlinear
bias in the difference between the bath temperature and
the radiometer brightness temperature that was highly
consistent over the course of the experiment. The scal-
loped nature of the correction (Figure 2) is related to a
piece-wise linear approximation of the Plank function
used within the instrument to convert radiance values to
brightness temperatures (A. Jessup, personal communi-
cation). With the correction, the rms difference between

the radiometer readings and the bath temperature is 0.3
K in the range –30oC to +10oC. We have not yet had an
opportunity to properly measure the dependence of the
temperature response to the internal temperature of the
instrument, but preliminary findings show it may be sig-
nificant.

Radiative transfer modeling of the contribution of the
atmosphere to the measured surface brightness temper-
atures shows this contribution to be negligible at flight
altitudes near 100m when fog and snow are absent (D.
Groves, Personal Communication). These calculations
also show that if the emissivity of the snow is 0.99, not
1.00 as assumed in our calculations, the sky reflectance
can introduce errors on the order of 1 K. The accuracy
requirements of the system are reduced somewhat
because we rely primarily on relative temperature mea-
surements and use the difference between the mea-
sured lead temperatures and the measured thick-ice
background temperature to estimate the ice thickness.

The data records were divided into 10 km segments
for further analysis. Figure 3 shows one 10 km segment
of the surface temperature record and illustrates the rel-
atively constant floe temperature which is interrupted by
warm spikes corresponding to thin ice and leads.

FIG. 1. Drift track of the SHEBA ice station and the
location of the station at the time of each of the aerial
surveys.
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FIG. 2. Response-dependent correction for the
KT-19 radiometer.

-30 -20 -10 0 10
Brightness Temperature (C)

-0.2

0.0

0.2

0.4

0.6

C
or

re
ct

io
n 

(C
)

0 2 4 6 8 10
km

-30

-25

-20

-15

-10

-5

0

C

FIG. 3. Sample trace of the surface temperature
recorded from the KT-19 radiometer showing leads as
warm spikes.



3.   ESTIMATING THE THICKNESS DISTRIBUTIONS

We use a simple one-dimensional thermodynamic
model of the ice following Yu and Rothrock (1996) who
used the technique to estimate thin-ice fractions from
AVHRR images. In our model the snow/ice interface
temperature as well as the surface temperature is calcu-
lated. The three layer model assumes thermal equilib-
rium (no heat storage) and the ice bottom is assumed to
maintain a constant –1.8oC temperature. The forcing
parameters for the model are the ice thickness, snow
depth, air temperature, humidity, wind speed, and down-
welling long- and shortwave radiative fluxes.

The air temperature is taken from the background
temperature which is estimated from the surface temper-
ature of the thick ice. The thick ice temperature (floe
temperature) is calculated using a 10 km run-
ning-median filter of the measured surface temperature
and the air temperature is assumed to be 1 K warmer
than the mean background temperature in keeping with
climatology (Lindsay, 1998). The wind speed, humidity,
and the downwelling shortwave radiative fluxes are
taken from the camp measurements. The snow depth in
the model is assumed to increase with the ice thickness
following a relationship suggested by Doronin (1971)
that indicates a snow depth of 0 for new ice and 10 cm
for 1.0 m ice. The albedo of the surface is estimated with
the parameterization of Ebert and Curry (1993) which
depends on the ice thickness, snow depth, and the melt-
ing state of the snow cover.

The surface energy balance that determines the
relationship between the ice thickness and the surface
temperature is sensitive to the surface fluxes. Small
errors in the forcing parameters can lead to large errors
in the estimated surface temperature for a given ice
thickness. Our thermal equilibrium assumption implies
that the conductive flux at the surface is only a function
of the surface fluxes and the conductance of the ice and
snow. But the temporal variability of the energy balance
also means that the surface temperature is a function of
the surface fluxes in the recent past. Guest and David-
son (1994) find that for 0.5 m ice with little snow the time
scales for variations in the conductive flux penetrating to
the bottom are on the order of 2 to 4 days, so that the
conductive flux at the surface reflects the heat capacity
of the ice on time scales less than this. Calculations with
a time-dependent multi-layer thermodynamic model of
the ice using data from the Soviet drifting ice stations
also shows that for 3 m ice there is considerable variabil-
ity in the heat storage at scales down to 3 hours (Lind-
say, 1998). Similar calculations for 0.5 m ice also show
large variability in the heat storage at time scales from 3
hours to 2 days.

Because of this thermal memory of the ice and
because of errors in extrapolating camp measurements
to locations away from the camp, we have adopted a
method of adjusting the energy balance to account for
these problems. The adjustment will be made in the
downwelling longwave radiative flux in such a way that
the modelled surface temperature of 1.0 m ice corre-
sponds to temperatures just slightly warmer than the sur-
rounding floes.

We first consider a version of the surface tempera-
ture scaled so that 0 corresponds to the thick ice temper-
ature and 1 to the freezing point of sea water. This
scaling is the potential open water of Lindsay and Roth-
rock (1994) that originated in the study of satellite data
and is defined by the ratio

   Tsfc – Tfloes
     δ = _____________       . (3)

  –1.8 – Tfloes

where Tfloes is obtained from a 10 km median filter of
the measured surface temperature. The potential open
water gets its name because it is the open water frac-
tion of mixed satellite pixels made up of only water and
thick ice if the average pixel temperature is Tsfc.
Examination of the data obtained during these cam-
paigns as well as other aircraft data and AVHRR
images indicate that a value of δ = 0.10 discriminates
well between leads and floes over a wide range of cir-
cumstances.

Calculations with the time-dependent multilayer
model indicate that in the cold seasons δ = 0.10 corre-
sponds to ice 50 cm thick with 10 cm of snow or ice 1.0
m thick with 5 cm of snow. Ice 1.0 m thick with 10 cm of
snow (from the Doronin relationship) is well represented
by a value of δ = 0.05, although there are variations in δ
on the order of 0.05 at time scales of a day.

We adjusted the surface energy balance of 1.0 m
ice for each 10 km segment by selecting a value of the
downwelling radiative flux that produced a surface tem-
perature corresponding to a value of δ = 0.05. The val-
ues of the other forcing parameters observed at the
camp were retained (wind, humidity, and downwelling
shortwave flux). This modified downwelling radiative flux
was then used to compute the surface temperature for a
range of ice thicknesses from 0.05 to 0.75 m in 0.10 m
increments. Only values of δ > 0.10 were tabulated so
that the thickness distributions include only values of h
less than 0.75 m. These modeled surface temperatures
were then used to construct the ice thickness distribution
from the measured surface temperatures.

Because there are small variations in the floe tem-
perature in each 10 km segment and in order to take
advantage of the reduced accuracy requirements
obtained by using relative measurements, the parcelling



of the surface temperature measurements into ice thick-
ness bins was made on the basis of the potential open
water, not the surface temperature. Note that δ is
strongly dependent on the difference Tsfc – Tfloes.

4.   RESULTS

A total of six campaigns were conducted in this pro-
gram, each campaign consisting of one or two flights out
to the ship within a two or three day period. Typically we
would fly out high, not taking measurements, land and
off-load the passengers and cargo and take on fuel, con-
duct a low-level survey in the vicinity of the ship, and
finally take on passengers and cargo and return to shore
flying low and recording the surface temperature as we
went. Sometimes we would encounter fog or snow fall
on the return trip and the measurements would be sus-
pended. Figure 4 shows the useful flight tracks of each
campaign relative to the position of the ship.

At the time of the last campaign in early May the
surface energy balance was not directly related to the ice
thickness because the surface temperatures were rela-
tively warm and the incident shortwave radiative flux was
quite strong. The cumulative distributions for the other
five campaigns are shown in Figure 5.  When there were

flights on more than one day within a single campaign,
the distributions from both flights are combined. The
fraction of ice less than 0.7 m ranged from 1.2% in
March to 5.2% in November. The thin ice fraction was
highest in the fall and lowest in the spring. There was no
significant amount of open water observed in the vicinity
of the SHEBA ice camp on any of the flights except the
one in May. Although the area covered by the thin ice is
quite small, the thin ice is the most significant part of the
distribution for heat exchange, ice growth, and brine
rejection.

5.   COMPARISONS WITH SAR BACKSCATTER

We have compared the thermal record taken during
two of the flights to RADARSAT SAR (synthetic aperture
radar) images which were processed at the Alaska SAR
Facility. The images are uncalibrated so we use “back-
scatter” loosely to mean “pixel value”. One SAR image
was acquired 19 hours after the flight of January 9, 1998.
We extracted the pixel values along the flight path and
compared them with the thermal trace. We were looking
for a correspondence between hot spikes, which we
associate with thin ice, and low backscatter values in the
SAR image. If a good correspondence existed, we could
use the SAR image to improve the estimate of the frac-
tional area coverage assigned to each thickness class.
This would dramatically increase the area sampled, and
would reduce the uncertainty in the fractional esti-
mates. It would also complement the work of
Haverkamp et al. (1995) by providing validation data

FIG. 4. Flight tracks of each campaign relative to
the position of the ship. Some of the campaigns
involved two flights on different days.

FIG. 5. Cumulative distributions of the fractional
coverage of ice as a function of thickness for each of
five campaigns.



obtained with the thermal radiometer. Their work relied
on expert interpretation to tie the ice thickness to SAR
backscatter for three broad categories of thickness: 0-30
cm, 30-200 cm, and >200 cm. We found a good corre-
spondence between temperature and SAR backscatter
values for some segments of the flight, but the relation-
ship was not consistent.

Figure 5 shows two series of surface temperature
and SAR backscatter values from the flight of January 9.
In the upper figure there is a warm lead that corresponds
very well with the region of low backscatter (correlation
–0.66), while in the lower figure the correspondence is
poor (correlation +0.16), and an area with many leads
actually shows high backscatter. We were unable to
select a backscatter threshold that showed any corre-
spondence to surface temperature or temperature
anomalies (potential open water). A large region in the
image with low pixel values (lower figure, first six kilome-
ters) has the appearance of first year ice and does corre-
spond to slightly warmer surface temperatures, but the
surface temperature is just two or three degrees above
the background, and this thermal difference is too small
to allow for an estimation of the ice thickness with the
thermal equilibrium model and a single estimate of the
surface energy balance. This intercomparison shows
the difficulty of extracting thin ice thickness from SAR.
Previous work by Onstott (1994) and others shows that
SAR backscatter does not always increase monotoni-
cally as new ice forms and thickens. However, discrimi-
nating multiyear ice from first year ice is shown to be
feasible by Fetterer et al. (1994).

6.   CONCLUSIONS AND COMMENTS

An essential element of any data assimilation proce-
dure is an estimate of the uncertainties in the assimi-
lated quantities as well as the uncertainties within the
model. We think that the uncertainty in the thickness
estimates, h, are on the order of 30 to 50%, mostly
because of the large uncertainty in the snow depth. The
uncertainties in the distributions, g(h), due to measure-
ment error are relatively small because the only source
of error, unaccounted-for variations in the speed of the
aircraft, are quite small. The location and speed were
recorded from the GPS system on board the aircraft.
However sampling error can be quite large because of
the spatial distribution of leads. One way to obtain an
estimate of this error is to consider each 10 km sample
an independent observation of the thickness distribu-
tion. The uncertainty in the overall estimate for the cam-
paign is then given by the uncertainty in the mean.

(4)

where G(h) is the fraction of the area with ice of thick-
ness h or less, li is the length of segment i, L is the
total length, and n is the number of segments. This
procedure suggests that the limited sample offered by
the aerial surveys leaves an uncertainty in the cumula-
tive distribution of about 20% of the distributions them-
selves. The uncertainty in the individual 10 cm bins is
about 30%. If wider bins are used, the uncertainty is
reduced.

These thickness distributions will be valuable addi-
tional data to help constrain the estimates we make of
the thickness distribution for the SHEBA region. The ice
thickness model is designed to incorporate measure-
ments of the ice thickness distribution taken at any time
and place within the model region, and where these
measurements are available the model estimate is
refined and the model errors are reduced.
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FIG. 6. Surface temperature (solid line, scale on
the right) and SAR backscatter (pixel) values (dotted
line, scale on the left) from two segments along the
flight of January 9, 1998. The SAR image was
acquired 19 hours after the flight.
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