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Abstract

Two algorithms have been used in a hybrid
scheme in order to obtain sea ice concentra-
tion maps at 12 km resolution from Special
Sensor Microwave Imager (SSM/I) data. One
algorithm is based on the 85 GHz polariza-
tion difference. The second algorithm is the
NASA Team algorithm using the 19 and 37
GHz SSM/I channels.

Using 85 GHz SSM/I data allows a signif-
icant resolution improvement compared to 19
GHz SSM/I data. This, however, requires to
carefully consider the larger atmospheric opac-
ity affecting SSM/I measurements at 85 GHz

(weather influence) which can lead to incorrect
sea ice concentration estimates - particularly
over open water.

Our scheme combines the high spatial reso-
lution achieved with the 85 GHz channels with
the almost weather-independently NTA-based
decision whether the data points belong to the
ice-free ocean or to the ice-covered area.

Reference 85 GHz brightness temperatures
(tie points) have been estimated using a sta-
tistical linear regression method with the aid
of independent sea ice concentration reference
data. These were derived from aircraft dual-
polarized passive microwave measurements at
19 and 37 GHz and optical line scanner images.



The evaluation of 30 days of SSM/I data
comparing the NTA and 85 GHz ice concentra-
tions indicates a good agreement and a strong
linear relationship.

ERS-2 SAR and SSM/I data were used
to analyse the evolution of the Storfjorden
Polynya and the MIZ in the Fram Strait. Two
different numerical atmospheric models were
used to analyse the effect of a resolution im-
provement from 50 to 12 km of the sea ice con-
centration data prescribed to model the atmo-
spheric boundary layer (ABL). It was found
that the representation of the MIZ substan-
tially influences the modelled ABL tempera-
tures. Temperature profiles obtained with the
model using the high resolution sea ice concen-
tration data agree significantly better with the
profiles measured by the aircraft.

1 Introduction

For about thirty years microwave remote sens-
ing techniques have been used for sea ice ob-
servations. Advances in satellite sensor tech-
nology have led to a considerable improvement
of spatial resolution and accuracy of the mea-
sured quantities.

Maps showing the percentage area coverage
of water with sea ice (sea ice concentration)
are useful for ship navigation as well as for use
in models of the Earth’s climate system and
the regional weather. The spatial resolution
of these numerical models describing different
components of the Earth’s climate system, the
ocean, atmosphere, and cryosphere, continues
to increase.

Regional high resolution atmospheric mod-
els runs operational with a few km and down
to some 100 m resolution. Process studies have
been carried out with mesoscale models in po-
lar regions at horizontal resolutions of 4 km
and less (e.g. Vihma, 1995; Birnbaum and
Liipkes, submitted). The heat and momen-

tum fluxes at the boundary of atmosphere and
ocean significantly depend on the ice concen-
tration (Ledley, 1988).

This is especially true during winter when
the temperature difference between near-
surface cold air and the surface of open water
within the Arctic pack ice or in the marginal
sea ice zone (MIZ) can reach 40 K. Under such
conditions strong ice production occurs (Cava-
lieri and Martin, 1994). During the ice forma-
tion two thirds of the initial water salinity are
being released as brine (Martin and Kauffman,
1981). Because the released brine is denser
than the surrounding water masses, it sinks
and induces convection in the ocean (Aagaard
and Carmack, 1989).

This paper is based on results of the Arctic
Radiation and Turbulence Interaction STudy
(ARTIST), which was conducted in the envi-
ronment of the Svalbard archipelago in March
and April 1998. The core activity of the
ARTIST project was an extensive field study
with ground based and airborne measure-
ments accompanied by adequate model ex-
periments. A comprehensive description of
the ARTIST work can be found in Hart-
mann et al. (1999) or at the ARTIST web-
site (http://www.awi-bremerhaven.de/ATM/
ARTIST/). The section of the Storfjorden
Polynya was a result of independent work,
which was not part of the ARTIST project.

The goal of our study is to develop an im-
proved method for the production of sea ice
concentration maps with 12 km resolution de-
rived from satellite passive microwave data and
to demonstrate the benefits of a higher spa-
tial resolution for modelling the atmospheric
boundary layer.

We first outline the relevant data sources,
the ARTIST aircraft measurements, and the
satellite observations from the Special Sensor
Microwave Imager (SSM/I) and the synthetic
aperture radar on board the second European
Remote Sensing Satellite (ERS-2 SAR).



Then we present a framework for the fusion
of sea ice concentration data from two different
SSM/T algorithms, the NASA Team algorithm
and Svendsen’s et al. (1987) model applied to
the 85 GHz SSM/I data.

We provide in the first place a method to
derive reference brightness temperatures (tie
points) for sea ice and open water which can be
used with Svendsen’s near 90 GHz algorithm.
Secondly we combine the 85 GHz SSM/I chan-
nels with the other SSM/I channels in order
to reduce atmospheric effects. The tie points
are derived using aircraft data and they are
used to calculate ice concentrations. After that
we compare the results to those of the NASA
Team algorithm, which was applied to aircraft
as well as satellite data. Next we interprete
the SSM/I ice concentration data using ERS-2
SAR images. Finally the results serve to inves-
tigate the sensitivity of atmospheric models to
the sea ice concentration.

2 Data set

During ARTIST several satellite under-flights
were carried out with the research aircraft Po-
lar 2 and Polar 4 of the Alfred Wegener In-
stitute for Polar and Marine Research (AWI)
while operating equipment for remote sens-
ing. This equipment consists of microwave ra-
diometers, line scanners, radiation thermome-
ter, and a laser altimeter, as well as several
sensors for measuring meteorological parame-
ters. The non-imaging dual-polarized 19 and
37 GHz radiometers mounted on Polar 4 al-
low to scan the surface below the aircraft at
an incidence angle of 53° similar to the view-
ing geometry of the SSM/I. The cross-track
line scanner measures the solar radiation re-
flected by the ground surface (Bochert, 1999).
The aircraft in-situ measurements (air temper-
ature, humidity, pressure, wind) are used in
the modelling studies to assess the effect of the

improved spatial resolution of the ice cover on
the development of the atmospheric boundary
layer.

The SSM/I sensor is an imaging microwave
radiometer. It has been launched as part of
the Defense Meteorological Satellite Program
(DMSP) on the series of DMSP F-x satel-
lites. The SSM/I measures dual-polarized mi-
crowave radiances at 19, 37 and 85 GHz and
vertically polarized radiances at 22 GHz. The
SSM /I scans the Earth’s surface conically with
a swath of 1400 km width. Thus the SSM/I,
operating from a near-polar orbit, provides an
almost global coverage every day. The sam-
pling distance is 12.5 km at the 85 GHz chan-
nels and 25 km at the other channels. The spa-
tial resolution depends on the frequency (Table
1) because the SSM/I utilizes only one broad-
band antenna and the spatial resolution is de-
termined by diffraction.

The ERS-2 SAR gains surface information
in very high spatial resolution of about 25 m,
within a 100 km wide swath and with limited
temporal access. The ERS-2 SAR operates at a
frequency of 5.3 GHz (C-band) at an incidence
angle of about 23° with VV-polarization (verti-
cal on transmit, vertical on receive) (Kramer,
1996). For ARTIST, we acquired 40 ERS-2
SAR images partly coincident with the aircraft
flights.

3 SSM/I algorithms

Several algorithms exist to derive the sea ice
concentration from SSM/I data. The differ-
ences between the techniques consist in a dif-
ferent choice and utilization of the sensor chan-
nels, and in different tie points.

The NASA Team algorithm (NTA) is widely
used and was therefore selected as a reference
in this study (Cavalieri et al., 1984; Cavalieri
et al. 1991).

It makes use of both frequency and polar-



ization information at 19 and 37 GHz. The
spatial and temporal variations of the ice tem-
perature are taken into account by the NTA
to the first order by using the polarization ra-
tio (PR) and the spectral gradient ratio (GR)
which are defined by

_ TB(19V) — TB(19H)
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where, for instance, TB(19V) is the verti-
cally polarized brightness temperature at 19
GHz, and H refers to horizontal polarization.
The two nearly independent parameters PR
and GR are used to solve a mixing equation
for the three dominant ocean surface types of
the Arctic: open water, first-year and multi-
year ice. The NTA is commonly used in com-
bination with a filter, based on a combination
of the 19 and 22 GHz SSM/I channels (Cava-
lieri et al., 1995). This filter effectively reduces
the spurious ice concentrations.

Comparisons of the NTA to a few other
sea ice concentration algorithms basing on 19
and 37 GHz data conducted by Burns (1993)
and Comiso et al. (1997), reveal discrepancies
of up to 45% in the ice concentration values.
The NTA has a few shortcomings, for instance
the underestimation of the ice concentration in
presence of new ice and the low resolution of
the 19 GHz channels. Recently, the NTA was
enhanced by Markus and Cavalieri (2000) in
order to overcome the problem of a bias to-
wards lower ice concentrations associated with
snow surface effects. The revised algorithm
(NT2) includes the 85 GHz channels, which
are less sensitive to inhomogeneities inside the
snow. The NT2 algorithm has not been used
in this study due to the lack of 85 GHz aircraft
measurements.

The 85 GHz SSM/I channels yield consid-
erably higher resolution than the other SSM/I

channels. However, the atmosphere is far more
opaque at 85 GHz compared to 19 and 37
GHz, and can cause severe biases in geophysi-
cal surface parameters obtained from 85 GHz
SSM/I data, particularly in cloud-covered ar-
eas. However, if the atmospheric conditions
are obtained from other sources, or have neg-
ligible variations in the region studied, the 85
GHz channels can well be used for sea ice ob-
servations.

A procedure to retrieve the total sea ice con-
centration from a spaceborne dual-polarized
passive microwave instrument operating near
90 GHz was first developed by Svendsen et
al. (1987). A physical basis to interpret 85
GHz brightness temperature in terms of total
and multiyear ice concentration was presented
by Lomax et al. (1995). They compared the
Svendsen et al. algorithm (SVA) and the NTA
estimates of total ice concentrations and found
an excellent agreement (+ 3 %) over cloud-free
areas of high ice concentration in winter. The
agreement remained good (£ 6 %) for cloudy
scenes in winter but larger discrepancies oc-
curred in summer. Lubin et al. (1997) com-
pared ice concentrations retrieved from 85 GHz
SSM/I data using the SVA with shipborne ice
observations during Arctic summer and found
an agreement that was at least as good as
that obtained with NTA ice concentrations.
Markus and Burns (1995) and Hunewinkel et
al. (1998) developed methods to derive the sea
ice edge and to detect polynyas with the spa-
tial resolution of the 85 GHz SSM/I channels
and the weather-influence sensitivity of the 37
GHz SSM/I channels. These methods can not
be used to calculate the sea ice concentration,
but to classify open water, the interior ice pack,
and new ice.

Kern (2000) developed a weather-correcting
algorithm (SEA LION algorithm) to calculate
the total sea ice concentration using the polar-
ization ratio at 85 GHz together with monthly
tie points, which are reference brightness tem-



peratures for the two ocean surface types of
the Antarctic: open water and ice. The SEA
LION algorithm includes a weather correction
scheme based on radiative transfer modelling
and atmospheric data calculated from the
other SSM/I channels or taken from numerical
weather prediction models. Kern and Heyg-
ster (2001) compared the SEA LION, NTA,
and Bootstrap algorithm (BTA) (Comiso et al.
1997) ice concentrations in the Antarctic. Tak-
ing advantage of the finer spatial resolution of
the 85 GHz channels, SEA LION sea ice con-
centration maps show by far more detail. On
these maps the sea ice edge in the MIZ and
in polynyas can be located within 10 km accu-
racy as was shown in comparison with indepen-
dent data. The SEA LION sea ice concentra-
tion of the Antarctic averaged over the period
1992-99 mediates between those obtained with
the NTA and the BTA, being closer to the lat-
ter one. Therefore, according to the results of
Comiso et al. (1997), using the SSM/I 85 GHz
channels can provide a more realistic view of
the Antarctic sea ice conditions. However, the
quality of the SEA LION ice maps strongly
depends on the reliability of the involved at-
mospheric data.

3.1 ASI algorithm

The ARTIST Sea Ice (ASI) algorithm is a hy-
brid algorithm combining the SVA used for ice-
covered regions with the NTA algorithm used
for the ice-free ocean. This approach takes ad-
vantage of the low sensitivity of the 19 GHz
channels to atmospheric effects and of the high
resolution of the 85 GHz channels.

The foundation of the basic equations and
a detailed discussion of the atmospheric opac-
ity at 85 GHz can be found in Svendsen et al.
(1987) and in Lubin et al. (1997). Therefore,
we limit our description of the SVA to a level
useful for a practical implementation.

The microwave radiative transfer equation

is expressed in a simplified form as defined in
Svendsen et al. (1987)

P = c¢(aC +),
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where C is the total sea ice concentration, P
is the difference between the vertically and hor-
izontally polarized 85 GHz brightness tempera-
tures, Ae is the difference in surface emissivity
between vertical and horizontal polarization
for the ice or water surface fraction, and tau
is the total atmospheric optical depth. Equa-
tion (3) was derived assuming a plane paral-
lel atmosphere over a Lambertian surface with
the effective temperature being constant with
height and with a viewing zenith angle near
50°.

Tie points are defined through the condi-
tions for the totally ice-free C(Py) = 0 and
ice-covered ocean C(P;) = 1. Inserting the tie
points in equation (3) leads to an equation sys-
tem which can be formulated using the partial

derivatives of the total sea ice concentration
ac
5

ac(P) b

p lo=0 = Py (4)
oc(P) e
p lo=wo = —p—

for totally ice-free (eq. 4) and ice-covered
(eq. 5) ocean.

The ratio b/a=-1.14 given by Svendsen for
typical sea ice signatures has been assumed to
be constant.

The basic assumption of the SVA is that the
atmospheric influence can be represented by
a smooth function of C between the ice and
the ice-free ocean. Therefore, the third-order
polynomial function



C(P) =d3P; + da P> + d1 P + dy (6)

is then used throughout the image to eval-
uate the total ice concentration at each pixel.
This is an approximation to take into account
areas of intermediate concentrations where
equations (4) and (5 are not defined. The co-
efficients d; can be derived from prescribing
C(P) with C(Py) = 0 and C(P;) = 1 as well
as equations (4) and (5).

Svendsen et al. (1987) and Lubin et al.
(1997) suggested to use the 85 GHz algorithm
in conjunction with lower frequency observa-
tions to reduce large errors caused by weather
effects. We follow these suggestions by intro-
ducing a low frequency weather-filter over ice-
free areas in order to derive the sea ice concen-
tration C(ASI).

Applying the following rule to each pixel of
ice concentration maps derived with the SVA
and the NTA:

C(ASI)= 0  ,C(NTA)<T
C(ASI) = C(SVA) ,C(NTA)>T (7)

C(NTA) and C(SVA) are the ice concentra-
tions calculated with the NTA and the SVA,
respectively, and T=30% is a threshold to
masks ice-free areas as obtained with the NTA.
The NTA has been used in combination with
the weather filter described in Cavalieri et al.
(1995).

For this approach, C(SVA) and C(NTA)
have to be mapped into the same grid. For the
present study we use a polar stereographic pro-
jection according to Snyder (1982) and a grid-
ding and interpolation method, which is part
of the free software package Generic Mapping
Tools GMT (Wessel and Smith, 1998; (http:
//imina.soest.hawaii.edu/gmt/). In order
to generate a smooth and differentiable inter-
polation the gridding was performed with con-
tinuous curvature splines in tension (Smith and

Wessel, 1990). We used a grid cell size of 200 m
for comparisons between ice concentrations de-
rived from aircraft and from SSM/I measure-
ments as well as between SSM/I and ERS-2
SAR data. A grid cell size of about 8 km was
used to ingest the SSM/I ice concentrations
into the numerical atmospheric models.

The sea ice edge obtained from the 19 GHz
channel data can be expected to be located far-
ther away from the pack ice if compared to 85
GHz channel data. For instance C(SVA) may
be already 0% while C(NTA) still is 30% (see
Fig. 6). In general the full range (0-100%) of
ice concentrations is detectable despite of the
rigid threshold cut-off T=30% (eq. 7).

The local variability of the atmosphere and
the radiation properties of water and ice are
not considered using the SVA. A detailed anal-
ysis of the resulting errors was done by Svend-
sen et al. (1987) and by Lubin et al. (1997).

The proposed combination (eq. 7) removes
most weather-induced ice concentrations in the
open sea. But there remain problems near the
ice edge. A passing front, for instance, causes
an abrupt cut-off at the ice edge. Very sharp
ice concentration gradients can signalize these
weather-induced errors. It is possible to distin-
guish these effects from an actual compacted
ice edge with the knowledge of the temporal
development and the prevailing weather condi-
tions. The additional usage of cloud signature
maps, a new method developed by Miao et al.
(2000), can significantly improve the detection
of regions with false ice concentration values.
The removal of errors due to the local atmo-
spheric effects is not provided by the SVA. A
detailed discussion of a local weather correc-
tion method can be found in Kern (2000). The
usage of the ASI sea ice maps is therefore lim-
ited to a range of applications, for instance,
case studies for which the atmospheric condi-
tions are well known or within a data assimila-
tion framework where one can deal with such
errors as statistical noise.



The selection of proper tie points Py and
P is crucial, because they include the com-
plete radiative physics empirically. In order
to account for the variability of the atmo-
sphere, Svendsen et al. (1987) proposed a self-
adapting method to calculate tie points for
each orbit separately by ”setting P; equal to
the median of a certain number of the smallest
P, and P, equal to the median of the largest
P>,

Svendsen’s method has been found to be vul-
nerable to cloud cover contamination for which
the algorithm is intended to correct. Lubin
et al. (1997) reported that there can be large
fluctuations in the polarization for both open
water and sea ice, such that the absolut high-
est (lowest) polarization may not represent the
best tie point for 100% open water (100% ice).
In order to overcome this problem they rec-
ommend the help of ancillary data such as a
clear-sky visible/infrared satellite image.

We propose a new method for the estimation
of 85 GHz tie points which avoids the a priori
selection of regions well inside and well outside
the sea ice. This method does not depend on
clear-sky visible/infrared satellite images and
involves reference ice concentration data C(x)
obtained using a well-proven method instead.
These C(x) data can be based on SSM/I data
as well as on measurements of any other satel-
lite or airborne sensor which has observed the
same area with only a few hours difference to
the SSM/I overpass. We assume that the vali-
dated reference algorithm provides sea ice con-
centrations which can be used as ground truth
data. The reference values have to cover a suf-
ficient range of different ice concentrations in
order to minimize the least-squares regression
error.

The data have to be on the same grid with
matched resolution (degraded for the higher
resolution data). Our proposed method in-
cludes the following steps:

1. Choose initial tie points Py and P;.

2. Calculate the ice concentration

C(ASI).

sea

3. Calculate the least-squares fit parame-
ters SLOPE and OFFSET from C(x) and
C(ASI).

4. Vary the tie points Py and P;.

5. If not (SLOPE~1 and OFFSET=0) goto
2.

Hereby C(ASI) is the ice concentration de-
fined by eqs. (6) and (7). The estimation of tie
points by calculating the minimum and maxi-
mum values of some samples implies the sam-
ples to be suitable and well distributed, which
in general may be not the case. The usage of
a least-squares statistics with independent ref-
erence data rather than the selection of just
two points should provide more robust and ac-
curate results for the tie points, as the results
shown in the next section will confirm.

4 Validation

The ice concentrations derived from aircraft
measurements have been taken as a reference
in order to obtain the tie pointsPy and P; of the
ASI algorithm with the previously described
least-squares method. When comparing air-
craft and satellite data the different spatial res-
olutions of the sensors have to be taken into ac-
count. In order to adjust the aircraft data to
the effective field of view of the SSM/I, they
have been smoothed with a Gaussian weighted
filter. In the following the results of April 1st
(microwave radiometer) and 4th (optical line
scanners) are discussed in more detail.

We conclude this section with a statistical
comparison of the AST and NTA ice concentra-
tions, both derived from SSM/I, for the whole
ARTIST period (March 9 till April 10).



4.1 Validation with aircraft passive
microwave measurements

A cloud free situation south-east of Svalbard
on April 1st was used to fly three long legs over
the ice edge zone in Storfjorden. The flight
track of the Polar 4 aircraft is shown in Figure
1.

The measurements started at 10:45 and
ended at 14:45 UTC yielding profiles of sur-
face microwave radiances. The measurements
were interrupted by calibrations. Therefore,
the total duration of the sea ice concentration
time-series shown in Fig. 2 and 4 is reduced
to about three hours corresponding to a total
distance of 689 km.

Ice concentrations were derived from the
AWI radiometer data with the NTA algorithm,
henceforth denoted aircraft data C(ar;NTA).

In order to check their consistency
C(ar;NTA) values have been compared
to ice concentrations derived with the NTA
from SSM/T data C(SSM/I; NTA).

The mean difference between C(ar; NTA)
and C(SSM/I; NTA) is less than one percent
(-0.5%) with a standard deviation of 5% (Fig.
2). The least-squares fit of both resolution-
matched data sets yields (Fig. 3):

C(ar; NTA) = 1.0818C(SSM/I; NT A) — 0.06

The same set of tie points (see Cavalieri et
al., 1991) has been used for aircraft and satel-
lite data. The atmospheric influence for the
flight level of the SSM/I is included into the
NTA tie points. This might cause problems
since SSM/I data include the atmospheric in-
fluence of the entire atmospheric depth while
aircraft data are influenced by the atmospheric
layer below the aircraft. The latter influence
can be expected to be substantially smaller.
However, the mean difference in the obtained
ice concentrations is very small, especially for

high concentrations, and therefore, the above-
mentioned difference has been neglected in fur-
ther calculations. Nevertheless errors are likely
to occur in cases of a heavy cloud-cover since
the aircraft measurements have been under-
taken during clear-sky conditions.

In the next step, the aircraft data C(ar;
NTA) have been used together with the SSM/I
85 GHz data in order to derive tie points for the
ASI algorithm as previously described. The tie
points which provide the best linear fit of about
55 data points (averaged aircraft ice concentra-
tion profiles and co-located SSM/I ice concen-
tration pixels) are:

Py = 47K (open water)
P, = 75K (sea ice)

From these tie points we obtain the coeffi-
cients for the third-order polynomial

dy = 6.45714 %1079,
di = —0.000605256,
dy = —0.00922521,
ds = 1.10031

and calculated ice concentrations (egs. 6
and 7) henceforth denoted as C(SSM/I; ASI),
C(ASI) or ASI data.

The mean difference between C(ar; NTA)
and C(SSM/I; ASI) is less than one percent (-
0.6%) with a standard deviation of 6% (Fig.
4). The correlation coefficient CC=0.97 be-
tween both data sets confirms the linear rela-
tionship of the results from the different sea
ice algorithms NTA and ASI (Fig. 5). The
above-mentioned tie points have been used for
all days of this study except for April 4th and
5th where line scanner data was used.

4.2 Validation with optical line scan-
ner measurements

On April 4th two research aircraft (Polar 2 and
4) flew a coordinated mission along the fifth



meridian in a convective atmospheric bound-
ary layer (ABL) during a cold air outbreak.
Sea ice information across the MIZ was ob-
tained over a distance of 38 km on Polar 2 using
the optical line scanner system.

The ice concentration derived from line scan-
ner data C(al) were used in order to estimate
the tie points for the ASI algorithm similarly as
demonstrated in the previous section (Bochert,
1999):

Py = 50.2K (open water)

and
P, = 123K (sea ice)

From these tie points we derived the corre-
sponding coefficients

dy = 1.82546 %107,
dy = —0.00196167,
dy = 0.0362013,
ds = 0.817535

and calculated ice concentrations C(SSM/I;
ASI) (egs. 4 and 7). These values were used
for the atmospheric modelling studies on April
4th and 5th 1998. The mean difference be-
tween C(al) and C(SSM/I; ASI) is less than
one percent (-0.4%) with a standard deviation
of four percent.

4.3 Validation with satellite passive
microwave measurements

We analysed the relationship between C(ASI)
and C(NTA), both calculated from SSM/I
data for an area of 325 x 325 km? centered
at 80°N, 0° in the Fram Strait MIZ. About
30 SSM/I swaths during March 9th and April
10th were evaluated (not shown here). The res-
olution of C(ASI) data was reduced to those of
the low frequency channels. Linear regression

parameters and correlation coefficients were
calculated for the two sets of tie points. The
results summarised in Table 2 show that the
averaged linear regression line for the NTA ref-
erence tie points is almost the identity. In con-
sequence, it makes no difference whether ASI
tie points were derived from aircraft or satel-
lite NTA reference data. Vice versa, this opens
the path to an automatic implementation of
the proposed method without access to aircraft
data.

The maximum deviation between the
reduced-resolution ASI (with NTA reference
tie points) and NTA ice concentration data
was below 10% which legitimizes the usage of
fixed tie points at least for the ARTIST re-
gion and period. The use of fixed tie points
is also supported by Lubin et al. (1997) have
also used fixed tie points and have show that
consistent ice concentration estimates can be
obtained without varying the tie points from
one day to the next during arctic summer.

The ASI ice concentrations calculated with
the tie points referenced to the optical sensor
are on average 10% higher than those obtained
with the NTA for regions well inside the ice.
This agrees with comparisons of NTA sea ice
concentration maps and optical satellite im-
ages reported by Steffen and Schweiger (1991)
and Comiso et al. (1997).

In order to examine a possible influence by
a change in the surface air temperature on the
proposed method we have considered surface
air temperature measurements of the ARTIST
driftbuoy 9372 deployed by Polar 4 on March
5th. These measurements varied between -37°
C and -2°C during March and April. We anal-
ysed the dependency of the above-mentioned
analysis on the temperature and found none
(CC=0.03) for the slope and a slight negative
correlation (CC=-0.4) for the offset parameter.

However, the ARTIST data set covers a
relatively short period and is limited to the
environment of Svalbard which prevents the



generalization of the results. Therefore, we
constructed automatic processing routines for
the production of sea ice maps as a first at-
tempt of using the proposed method through-
out all seasons in both hemispheres (see http:
//www.seaice.de for daily ASI maps). But
the evaluation of this data has not been done
yet. Kern and Heygster (2001) analysed the
seasonal variablility of the 85 GHz SEA LION
algorithm sea ice tie points recommending the
usage of monthly or at least seasonally varying
sea ice tie points. Thus, a seasonal variabil-
ity can also be expected for the ASI sea ice tie
points and have to be considered for an exten-
sion of the method.

5 Comparisons to ERS-2 SAR
images

There are no established algorithms available
to estimate the ice concentration from ERS-
SAR images due to the limitation of: only one
vertically polarized C-band channel, the steep
incidence angle, ambiguities in sea ice sur-
face and volume scattering effects, wind speed
depending ocean clutter and the presence of
speckle noise (Bochert, 1999). Nevertheless,
ERS-SAR images carry valuable spatially high-
resolution information, which can be accessed
by visual inspection. In this study, ERS-2 SAR
images have been used in a more qualitative
manner for a consistency check. We present
two local case studies observed with ERS-2
SAR and SSM/I: the MIZ in the Fram Strait
and the Storfjorden Polynya.

5.1 Evolution of the MIZ in the
Fram Strait

The advantage of the finer resolution of SSM/I
observations when using the 85 GHz channels
is demonstrated with two different ERS-2 SAR
images obtained in the Fram Strait north-west

of Svalbard.

A compact ice edge zone resulting from on-
ice flow during the previous days is evident in
the ERS-2 SAR image of March 30th, 1998
(Fig. 6, top). Then a low pressure system
east of Svalbard and high pressure over Green-
land has lead to northerly winds shifting the
ice edge southwards and transforming the for-
merly compact ice edge zone into a diffuse one
(Fig. 6, bottom).

The average distance between the 30% and
60% isolines was taken as a measure for the
width of the MIZ and is shown in Table 3. The
sharp gradient of the ASI ice concentration on
March 30th decreases during the week and has
changed by a factor of 3.5 on April 6th. In
comparison, the NTA ice concentration gradi-
ent has changed less (factor 1.6) because of the
lower spatial resolution of the 19 GHz channels.

The difference in the spatial resolution is ex-
emplified by the number of independent mea-
surements for the 5000 km? area which is
shown in the top image of Figure 6; this area is
covered about twice (32 fold) by the effective
field of view of the 19 GHz (85 GHz) channels.

5.2 Storfjorden Polynya

A persistent latent heat polynya in Storfjorden,
Svalbard, was observed by ERS-2 SAR im-
agery during the winter 1997/1998 (Haarpaint-
ner, 1999). Since the temporal coverage of
Storfjorden by ERS-2 SAR data is of the or-
der of two weeks, the ERS-2 SAR observations
were combined with polynya models and in situ
data to quantitatively describe the importance
of the polynya for the total ice production and
bottom water formation from induced brine re-
lease in this area (Haarpaintner et al., in press).

In order to replace or support the rather in-
frequent SAR observations with an approach,
which allows more frequent observations, we
made some initial attempts of using SSM/I
data for this purpose. Figure 7 presents the ice
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conditions in Storfjorden on April 9th, 1998,
observed with ERS-2 SAR. We manually seg-
mented the ERS-2 SAR image of Figure 7 in
order to derive a thematic map consisting of
three classes: fast ice, pack ice and polynya
(Haarpaintner, 1999). The polynya class was
defined in a fuzzy sense, and contains brash
ice, new ice, nilas or young ice in addition to
open water areas. A more concise classification
of the polynya ice types is not feasible using
ERS-2 SAR images due to ambiguities of the
radar backscatter. The thematic map is shown
in Figure 8 together with ice concentration iso-
lines derived from SSM/I data with the NTA
and the AST algorithm. The northern part of
the fjord (north of 78 °N) and the eastern coast
of Spitsbergen were covered by fast ice of about
120 cm thickness. A flaw polynya developed
from the fast ice southwards to about 77° 30’
N. Similar conditions were observed from a he-
licopter flight during fieldwork on April 15th,
1998. According to the observations and the
polynya models, the Storfjorden polynya was
composed by about equal areas of open water
and thin ice, which is in good agreement with
the average ASI ice concentrations.

6 Modelling of the atmo-
spheric boundary layer over
the marginal sea ice zone
near Svalbard

The heat exchange between atmosphere and
ocean is strongly influenced by the sea ice con-
centration. Regional atmospheric models use
grid sizes of about 20 km and thus ice concen-
tration data are needed in a similar resolution.
In the following two subsections the results of
two different mesoscale atmospheric models are
discussed. The principal improvements that
can be expected from high resolution ice data,
such as obtained from the ASI algorithm, are
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further demonstrated.

6.1 Flow parallel to the ice edge over
Storfjorden

The air flow over the ice-edge zone in Stor-
fjorden was simulated using a two-dimensional
hydrostatic mesoscale ABL model (Savijarvi,
1991). The present model version has 92 points
with a 2 km grid length in the horizontal,
and 50 levels in the vertical, and the flow is
forced by a geostrophic wind at a height of 3
km (in this case based on the aircraft obser-
vations and analyses of the operational model
HIRLAM). The sea ice concentration is pre-
scribed and applied when calculating the grid-
averaged surface fluxes by the mosaic method
(Vihma, 1995).

On March 30th, 1998, an aircraft flight mis-
sion was made over the Storfjorden (Hartmann
et al., 1999): it was observed that the ABL
flow was parallel to the ice edge, and the leads
were 10 to 20 K warmer than the near-surface
air. Two otherwise identical model simulations
were made: in the first one the ice concentra-
tion was based on the ASI algorithm, and in
the second one on the NTA. The ice concen-
trations differed substantially from each other,
the NTA producing a more diffuse ice edge
zone (Fig. 9 a). The results of the observed
and modelled air temperature at a height of 40
m are shown in Figure 9 b. We see that the air
temperature is closely related to the ice con-
centration in both simulations. The observed
air temperature has a strong gradient in the ice
edge zone. This is well reproduced in the sim-
ulation based on the ASI data but not in the
one based on the NTA. In the zone where the
ice concentrations differ from each other (from
-60 to 70 km in Fig. 9), the mean absolute de-
viation between the observed and modelled air
temperature is 0.7 K for the ASI-based results
and 1.7 K for the NTA-based results. In the
50 km wide zone of the largest difference, the



corresponding numbers are 0.8 K and 3.1 K,
respectively.

6.2 Off-ice low over the Fram Strait

The non-hydrostatic  mesoscale model
METRAS (Schlinzen, 1990; Liipkes and
Schliinzen, 1996) was applied in a 2D ver-
sion to simulate the flow across the MIZ
northwest of Svalbard at about 80° N 7° E
using a horizontal resolution of 8 km and 14
grid layers below 500 m height. Figure 10
shows a comparison of aircraft observed ice
concentration C(al) data with satellite esti-
mates C(SSM/I; NTA) and C(SSM/I; ASI).
Obviously the NTA algorithm underestimates
the concentration for values higher than 0.5
whereas ASI data (interpolated on the model
grid) are close to the observations.

On April 5th, 1998, a cold-air outbreak had
developed with off-ice northerly winds across
the MIZ. These conditions always lead to
strong convection over the MIZ due to the large
difference between the near-surface air temper-
ature and that of the water surface. Figure
11 shows the profiles of the potential tempera-
ture as observed by the aircraft at the positions
marked by the crosses in Fig. 10, and model re-
sults which have been obtained with the NTA
or ASI algorithm sea ice concentrations.

The first profile refers to the northernmost
position at -40 km in Figure 10, the profile on
the right hand side is at the southern end of
the MIZ (position 22 km). It is quite obvious
that observations and model results are in bet-
ter agreement when using the ASI ice concen-
trations C(SSM/I; ASI). A similar result was
obtained for the April 4th, 1998 (not shown
here).

Discussion and conclusions

Aircraft flights in March and April 1998 during
the Arctic Radiation and Turbulence Interac-
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tion Study provide high resolution sea ice data.
We used the NASA Team algorithm (NTA) to
derive ice concentrations from aircraft-based
dual-polarized 19 and 37 GHz radiometer data
and to verify and validate a hybrid SSM/I algo-
rithm. The ARTIST Sea Ice (ASI) algorithm
combines the high resolution (12 km) of the 85
GHz channels with the lower sensitivity of the
NTA to the weather influence for reliable open
water/ice discrimination.

Tie point selection for Svendsen’s ice re-
trieval method has been critical because of
the large atmospheric opacity at 85 GHz. We
present a new method which requires reference
ice concentration data from a validated algo-
rithm, such as the NTA.

We derived tie points for the ASI algorithm
with the aid of a linear regression method and
aircraft data. By that way unreliable a priori
guesses of regions well inside and well outside
the ice have been avoided.

Very high correlations CC=0.97 and
CC=0.98 have been obtained from a 689
km aircraft profile and co-located SSM/I ice
concentration pixels calculated with the NTA
and the ASI algorithm, respectively. The
mean differences between aircraft and satellite
data were less than one percent for both
algorithms with standard deviations of about
five percent.

We derived an alternative set of tie points for
the ASI algorithm by using aircraft optical line
scanner images. Ice concentrations calculated
with the ASI algorithm and these tie points
were not afllicted with low concentration biases
typically associated with the presence of thin
ice types as those obtained with the NTA.

We compared NTA and reduced-resolution
ASI ice concentrations, both calculated from
SSM/I data. The ASI tie points have been
chosen with reference to aircraft NTA and op-
tical line scanner ice concentration data, re-
spectively. The results indicate a strong linear
relationship of ASI and NTA data. The NTA



underestimates high ice concentrations by 10%
on average with respect to the ASI data, cal-
culated with optical line scanner reference tie
points. The linear regression line for the ASI
algorithm, calculated with aircraft NTA refer-
ence tie points, and the SSM/I NTA ice con-
centration data is close to the identity for ev-
ery day during March and April, 1998. This
point is interesting from a practical point of
view for situations without access to aircraft
data for the estimation of tie points for the
ASI algorithm; it makes hardly any difference
whether the reference data stem from aircraft
or satellite. Therefore, it should be possible
to determine ASI tie points from SSM/I data
automatically.

The proposed method for ASI tie point esti-
mation should work in almost the same manner
with any other sea ice algorithm, for instance
with the revised NASA Team algorithm NT2.
Svendsen’s near 90 GHz model depends on two
parameters (tie points) only. Thence it is non-
ambiguous to adjust these parameters in order
to match the perfect linear fit with any refer-
ence ice concentration data.

We used ERS-2 SAR images to support qual-
itatively the interpretation of ASI and NTA
sea ice maps. We found that the 85 GHz chan-
nels are suitable to resolve mesoscale ice fea-
tures. We demonstrated how the state of the
ice edge (diffuse or compact) can be observed
in ASI ice maps. Moreover, we found that the
85 GHz channels are suitable for the observa-
tion of coastal zone polynyas.

We investigated the heat budget of the atmo-
spheric boundary layer (ABL) with numerical
simulation models in different two case stud-
ies: on March 30th 1998, in the Storfjorden,
the wind was parallel to the ice edge, while on
April 5th an off-ice flow took place over the
Fram Strait. In both studies the model runs
applying the ice concentration data based on
the ASI algorithm agreed better with the ob-
servations than those based on the NTA data.
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It is interesting to note that the ABL was sen-
sitive to the ice concentration data of two very
different cases. Furthermore, the results were
obtained using two different models: a hydro-
static one with a first-order turbulence closure
and a non-hydrostatic one with an advanced
turbulence closure. Thus, the importance of
the spatial resolution of the sea ice concentra-
tion data in ABL models is neither restricted to
certain flow conditions nor to a certain kind of
atmospheric models. From the point of view of
both operational and research applications, we
believe that high-resolution modelling of the
atmosphere over the polar oceans is relevant
only when the model boundary conditions are
based on accurate data on the ice concentra-
tion, or at least on the accurate location of the
ice edge.

We conclude that the AST algorithm is prac-
tical for field studies where extensive high reso-
lution ice concentration data are required and
some independent ice concentration measure-
ments are available for the estimation of well
adapted tie points. The calculation of the ice
concentrations is quite simple and straightfor-
ward, thus the operational usage of the AST al-
gorithm is feasible (see http://www.seaice.de).
However, the validity of ASI results depends on
the weather conditions. For instance, passing
fronts may cause large errors in the obtained
ice concentrations. And there is an obvious
need for further validation studies, especially
for other regions, seasons, and weather condi-
tions.
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Frequency [GHz] | Resolution [km?]
19.35 69 x 43
22.235 60 x 40
37.0 37 x 29
85.5 15 x 13

Table 1: Effective field of view of the SSM/I channels. (Hollinger, 1990)

AST tie point reference Slope Offset Correlation
Aircraft passive microwave (NTA) | 1.01 £+ 0.04 | -0.005 + 0.015 | 0.99 + 0.005
Optical line scanner 0.92 + 0.02 | -0.02 +0.01 | 0.99 + 0.004

Table 2: Relationship between SSM/I ASI and NTA ice concentration data.

Algorithm | Resolution Date State Width | Change
ASI 12 km March 30th | Compact | 6.6 km -
ASI 12 km April 6th Diffuse | 23.3 km 3.5x
NTA 50 km March 30th | Compact | 24.5 km -
NTA 50 km April 6th Diffuse 38 km 1.6x

Table 3: Changes in MIZ width as observed from space with different spatial resolutions.
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Figure 1: Flight track of the AWI Polar 4 resedfch aircraft operating the dual-polarized 19 and
37 GHz AWI radiometers superimposed on the sea ice concentration map calculated with the
ASI algorithm. Isolines of the sea ice concentrations are given in addition. The area shown is
mainly covered with first-year ice. Only the area south of Hopen island consists of pancake ice.
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Figure 2: Ice concentrations C(ar; NTA) and C(SSM/I; NTA) derived from aircraft and satellite
measurements using the NTA. The difference between the SSM/I and the lowpass-filtered air-
craft data is also indicated. The time-series were constructed from seven measurement intervals
of the profile shown in Figure 1 (10:43-11:12, 11:24-11:45, 11:59-12:08, 12:12-12:33, 12:44-13:16,
13:26-13:57, 14:09-14:47). For this reason slight disconuities appear in the curve obtained from
the satellite profile.
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Figure 3: Average sea ice concentration obtained from aircraft data C(ar; NTA) and the co-
located SSM/I ice concentration C(SSM/I; NTA).
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Figure 4: Ice concentrations C(ar; NTA) and C(SSM/I; ASI). The high resolution aircraft data
are identical to those of Figure 2b.
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Figure 5: Average sea ice concentration obtained from aircraft data C(ar; NTA) and the co-
located SSM/I ice concentration C(SSM/I; ASI). The high correlation coefficient proves the
suitability of the ASI tie points for this case.
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Figure 6: The marginal ice zone: SAR images recorded by the ERS-2 on March 30th, 1998
(top, orbit:15380, frame:1935) and on April 628, 1998 (bottom, orbit:15480, frame:1953) The
ERS-2 SAR images are overlaid by ice concentration isolines from the ASI algorithm (light) and
NTA (dark). In areas not covered by the SAR images, the ice concentration C(SSM/I; ASI) is
displayed in a gray scale. (Original ERS-SAR images (C)ESA 1998).
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Figure 7: ERS-2 SAR image, April 9th, 1998. It shows the Storfjorden polynya, extending
southward from the fast ice region in the north. The circles exemplify the different effective
fields of view and sample distances of the SSM/I at 19 GHz (50 km circles) and 85 GHz (12
km circles). (Original ERS-SAR images (C)ESA 1998).
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Figure 8: Segmented ERS-2 SAR image (white: fast ice, dark grey: pack ice, black: polynya),
April 9th 1998. It is superimposed with isolines of the sea ice concentrations C(SSM/I; NTA)
(dark grey) and C(SSM/I; ASI) (light grey).
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Figure 9: (a) Ice concentrations used in the model simulations based on the ASI algorithm
(dashed) and NTA (dotted), (b) observed (solid) and modelled (ASI: dashed, NTA dotted) 40
m air temperatures over the ice edge zone in Storfjorden on March 30th, 1998.
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Figure 10: Ice concentration on April 5th, 1998 obtained with the two different algorithms.
Crosses denote locations of aircraft observed temperature profiles (see Fig. 11).

27



Profiles across the MIZ (at ~ 80° N 7° E)
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Figure 11: Observed (solid) and modeled (dashed) profiles of the potential temperature obtained
from METRAS with ice concentration boundary conditions from different ice algorithms. Posi-
tions of profiles are marked with crosses in Figure 10, first profile on the left is at the northern
end.
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