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Comparison of SSM/I and AMSR-E Sea Ice
Concentrations With ASPeCt Ship
Observations Around Antarctica
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Abstract—We compare passive microwave (PM)-derived sea
ice concentrations (SIC) with more than 21 600 ship-based ob-
servations (OBS) of SIC acquired around Antarctica. PM SIC
are derived from SSM/I-SSMIS and AMSR-E measurements in
1991–2009 and 2002–2010, respectively, with the ARTIST Sea
Ice (ASI), Comiso Bootstrap (BST), NASA-Team (NT), enhanced
NASA-Team (NT2), and EUMETSAT OSI-SAF (OSI) algorithm.
We compare correlation coefficients (CC), RMSDs, and biases,
separately for SSM/I-SSMIS data for algorithms ASI, BST, OSI,
and NT, and for AMSR-E data for algorithms ASI, BST, and NT2.
With OBS SIC and PM SIC being on fundamentally different
spatiotemporal scales, we develop a new colocation approach using
daily-average along-ship-track SIC values. CC between OBS SIC
and PM SIC agree within their uncertainty for all algorithms and
sensors. Year-round CC values are around 0.85 (AMSR-E) and
0.82 (SSM/I); CC values are similar during summer, but drop
significantly during winter. Year-round RMSD values range from
13% (BST and OSI) to 17% (NT) for SSM/I and from 12% (BST)
to 16% (NT2) for AMSR-E. RMSD values are similar during
summer, but decrease for winter (BST: 8% for AMSR-E, 10% for
SSM/I). For AMSR-E, biases are below 0.5% for BST and ASI,
but between 5% (winter) and 9% (summer) for NT2. For SSM/I,
biases are smaller during summer, −0.7% for BST to −7.8% for
NT, than winter, −3.6% for BST to −13.9% for NT. Overall, best
agreement between OBS and PM SIC is found for BST.

Index Terms—Antarctic, Antarctic sea ice processes and climate
(ASPeCt), passive microwave (PM) remote sensing, sea ice concen-
tration (SIC), ship-based observations (OBS).

I. INTRODUCTION

THE Antarctic continent and surrounding sea-ice-covered
regions are vast and remote. Precise knowledge about the

sea ice extent and concentration is needed for many applications
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in geoscientific research, e.g., for modeling the formation of
deep water masses [1] and for providing realistic boundary
conditions when modeling quantities that are dependent on sea
surface and ice conditions [2], [3]. The only tool to receive
weather- and daylight-independent daily coverage of the cur-
rent large-scale ice situation is satellite microwave radiometry.
Measured brightness temperatures are input to retrieval algo-
rithms that detect sea ice concentration (SIC), which, among
other differences, use distinct combinations of frequencies and
polarization to retrieve SIC. Validation of retrieved SIC is pos-
sible by comparing with ground truth data, for example, from
vessels navigating through the sea ice cover. The longest ship-
based observation (OBS) data set of the Antarctic sea ice cover
is available through the Antarctic Sea Ice Processes and Cli-
mate (ASPeCt) program, which collects observations that have
been carried out following the ASPeCt standards, that are also
known as the ASPeCt protocol. Several studies have been using
single or sequences of cruises that contribute to the ASPeCt
data as a ground truth data source for comparison with satel-
lite passive microwave (PM) SIC products based on Special
Sensor Microwave/Imager (SSM/I), Special Sensor Microwave
Imager/Sounder (SSMIS) and Advanced Microwave Scan-
ning Radiometer for the Earth Observing System (AMSR-E)
measurements [4]–[6]. However, to our knowledge, there has
not been a study using all available ASPeCt data extended by
OBS from cruises in recent years and comparing them with
the most used SIC retrieval algorithms. In this paper, we want
to assess the quality and performance of the most used SIC
retrieval algorithms by comparing with an extended ASPeCt
data set around Antarctica. Moreover, we want to infer if there
are significant differences among the tested algorithms or if
there exists one algorithm that we can recommend as the most
reliable algorithm providing data of daily PM-derived SIC.

Prior to this paper, Worby and Comiso [4] investigated the
sea ice edge derived from SIC data with two different algo-
rithms, namely, the enhanced NASA Team (NT2) and Bootstrap
(BST), based on SSM/I measurements and ASPeCt data in
the years 1989–2000. Regarding geographical latitude, they
find an accurate detection of the ice edge between March and
October with maximum mean differences of 0.11◦. SIC that
are derived using BST give the best results. Correlations are
reduced during the melt season (November–February), when
the sea ice and its snow cover become wet and flooded, so that
surface signatures appear as a mixture of ice and open water
to microwave sensors. Tekeli et al. [7] examined data from
field cruises in West Antarctica, comparing snow and ice prop-
erties derived by Envisat Advanced Synthetic Aperture Radar
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(ASAR), AMSR-E measurements and ASPeCt observations.
In particular, during the melt season, radar properties of thick
first- and multiyear ice are altered and a correct interpretation
of the observed radar backscatter values, and their variation
over time becomes difficult to make. Kern [8] compared about
850 OBS taken during several cruises in 1994–1998 with BST,
the PELICON algorithm [9], and the SEA LION algorithm
[10], [11]. All algorithms underestimate OBS SIC by 5% to
17% and show correlations below 0.6. Knuth and Ackley [5]
compared SSM/I-based NT SIC and BST SIC with OBS SIC
from three cruises and one helicopter-based data set during
1999–2004. While from December to mid-February, PM SIC
over- and underestimate OBS SIC to an equal amount, PM
SIC provide better estimates of OBS SIC from mid-February
to April, when air temperatures drop. Correlations tend to be
higher for fall data. Estimates of NT’s maximum error (∼15%)
exceed those of BST (∼10%) and the ∼10% observation error
for OBS—Weissling et al. [12] confirmed the average accuracy
of ASPeCt SIC observations to be 10% or better. In accordance
with Nihashi et al. [13], Knuth and Ackley [5] found floe
size and resolution as the most contributing factors of PM
SIC’s underestimation in a medium-range SIC regime (< 70%).
Ozsoy-Cicek et al. [6] examined AMSR-E-based SIC of NT2
and BST for their accuracy in detecting the SIC, the sea ice
extent, and the location of the sea ice edge and compare them
with ASPeCt OBS. A good correlation was found inside the
ice pack, but the correlation reduced in the Marginal Ice Zone
(MIZ). Both sets of SIC, NT2 and BST, tend to underestimate
low ice concentrations and show the location of the ice edge
further south than ASPeCt OBS. This becomes particularly
apparent during melting conditions. Ozsoy-Cicek et al. [14]
made similar investigations for other cruises finding a low ice
concentration bias with AMSR-E-based sea ice extents showing
the tendency to underestimate U.S. National Ice Center ice
edges.

Despite this number of studies using single cruise observa-
tional data sets or a limited number of years from the ASPeCt
data, there has not been a comparison of the full record of
ASPeCt ship-based SIC observations with SSM/I-SSMIS and
AMSR-E SIC. Here, we present a comparison of OBS SIC
from extended ASPeCt data, which we regard as ground truth,
with different PM SIC data. We append additional OBS SIC
to the freely available ASPeCt data set (http://aspect.antarctica.
gov.au) from other cruises in 2006–2011 where SIC have
been observed according to the ASPeCt protocol [15]. For
the comparison, we use different PM SIC to compare with
the extended ASPeCt data. Four of the PM SIC data sets are
based on SSM/I-SSMIS measurements and three data sets are
based on AMSR-E measurements. We do a third comparison,
in which we compare two algorithms, namely, BST and ASI,
which provide SIC that are based on measurements of both
sensors, SSM/I-SSMIS, and AMSR-E. This henceforth called
sensor comparison emphasizes differences due to the different
spatial resolutions of the sensors. We assess the performance
of PM SIC by calculating correlation coefficients (CC), root-
mean-square deviations (RMSD), and bias with respect to OBS
SIC. Eventually, we are able to rank the SIC retrieval algorithms
used for comparison in this paper.

This paper proceeds in the following way: Section II gives
details about the sensors and the PM SIC data used, as well as

an explanation of the method we apply to compare those data
sets with OBS. Section III describes the results for the different
comparisons, namely, the SSM/I-SSMIS-based comparison,
the AMSR-E-based comparison, and the sensor comparison.
In Section IV, we discuss our results and we end with our
conclusions in Section V.

II. DATA AND METHODS

A. Reference Ground-Truth Data Set: The Extended ASPeCt
Data Set

The ASPeCt data archive contains data from 81 voyages
and 1663 aircraft-based observations for the period 1980–2005
[16]. The data contain each individual observation, including
characteristics of different ice types and snow cover. We use the
total SIC, which, among other quantities, is estimated visually
from the ship’s bridge typically every hour, while the ship is
within an ice cover. A single ship observation accounts for an
elliptically shaped area with about 1 km semiminor axis. The
ellipse’s semimajor axis is aligned along the ship track. Ideally,
the observation area should be a disk of 1 km radius. However,
due to the ship’s movement and the average duration of each
observation of 5 to 10 min, this disk is distorted to an ellipse.
With reduced visibility due to fog, clouds, or precipitation, the
area of observation can be even further reduced. Each individual
OBS SIC is compared with the value from a PM SIC grid cell
colocated to that location as will be described later.

We extend the ASPeCt data set with sea ice observations
from cruises in 2006–2011. The ice observations on these
cruises have been carried out according to the ASPeCt protocol.
The appended data were collected on the following cruises:

• WWOS (September–October 2006; S. Willmes, pers.
comm.; [17]);

• SIMBA and SIPEX (September–October 2007; B. Ozsoy-
Cicek, pers. comm.; [14]);

• ODEN and PALMER (December 2007–January 2008,
December 2008–January 2009, January–February 2009;
A. H. Tekeli, pers. comm.; [7]);

• ICEBELL (November–December 2010; S. Ackley, pers.
comm.);

• ODEN (December 2010–January 2011; S. Ackley, pers.
comm.)

Limitations exist for the accuracy of the ASPeCt observa-
tions, i.e., OBS SIC. Total SIC is estimated to the nearest 10%,
which can give a rounding error of up to 5%. A human ice
observation is subjective and prone to contain errors that may
vary between observers and are difficult to quantify. However,
tests with different observers have shown that simultaneous
observations of total SIC rarely differ by more than 10% [4].
Due to the duration of a single ice observation, the SIC estimate
can represent an average of the real ice situation [12]. In partic-
ular, in the MIZ, SIC changes can be abrupt over short time
scales with alternating bands of open water and consolidated
ice. Depending on the weather situation, visibility can be low,
reducing the validity of the observed SIC value. To ensure as
much consistency as possible, the ASPeCt data have been taken
through quality control processes [15]. The analysis carried out
by Weissling et al. [12] confirms that the average accuracy of
ASPeCt SIC observations is 10% or better.
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TABLE I
FOOTPRINT SIZES (IN km × km) OF THE DIFFERENT CHANNELS OF SSM/I [23], SSMIS [24], AND AMSR-E [21]

TABLE II
OVERVIEW OF THE SIC ALGORITHMS; “V” AND “H” REFER TO VERTICAL AND HORIZONTAL POLARIZATION, RESPECTIVELY

B. SIC From Satellite Data

The SSM/I instrument was launched onboard the Defense
Meteorological Satellite Program (DMSP) satellites. These
satellites circuit the Earth in a sun-synchronous, near-circular,
polar orbit. During one day, a complete coverage of the polar
regions is achieved. The instrument is a multichannel PM
radiometer scanning the ground scene at constant angle of about
53◦ incidence angle [18]. With the launch of DMSP F-16,
SSM/I has been replaced by its successor, i.e., the SSMIS
instrument. SSMIS augments SSM/I’s imaging channels by
several atmospheric sounding channels, but still holds SSM/I’s
capabilities in recording brightness temperatures (Tb) with
imaging channels that are relevant for SIC retrievals, namely,
the 19 GHz, the 22 GHz, the 37 GHz, and the 85 GHz imaging
channels. The 85 GHz data provide higher spatial resolution
and thus a finer grid resolution in contrast to the low-frequency
channels usually used for SIC retrievals; the area of one
85 GHz grid cell is just one-fourth of the grid cell area of the
low-frequency channels. 85 GHz data became only usable with
DMSP F-11 in late 1991; for SSM/I on DMSP-F8 and DMSP-
F10, the 85 GHz channels were too noisy at time and could not
be used [19]. For coherency, data from SSM/I and SSMIS have
been intercalibrated [20].

The AMSR-E instrument was launched aboard the Aqua
satellite [21]. Like the DMSP satellites, Aqua is on a sun-
synchronous, near-circular, and polar orbit. The AMSR-E in-
strument scans at similar frequencies and at a similar incidence
angle such as the SSM/I and SSMIS instruments but has an
improved spatial resolution in comparison to SSM/I and SSMIS
instruments (see Table I). For instance, the resolution of the
AMSR-E 89 GHz channels is about three times finer than for
the SSM/I 85 GHz channels, which reduces the 85-/89-GHz
footprint area by a factor of 8 [22].

From this point onward, we refer to the combined SIC
databased on SSM/I and SSMIS measurements when we men-
tion SSM/I.

C. SIC Retrieval Algorithms

The SIC data used in the SSM/I comparison are based on
the ASI, the NASA Team (NT), the BST, and EUMETSAT’s
OSI-SAF (OSI) retrieval algorithms. In the AMSR-E compari-
son, we use the enhanced NASA Team (NT2) algorithm instead
of NT. Moreover, OSI SIC are not available based on AMSR-E
data. An overview of the algorithms that we compare is given
in Table II. All algorithms use a set of brightness temperature
values—so-called tie points—that account for 0% and 100%
ice concentration. These tie points have been derived from ob-
servations of different surface types such as open water and sea
ice separately for each of the algorithms. Tie points represent
typical radiometric signatures of these surface types. However,
these signatures may vary considerably due to temperature
changes, ice and snow property changes, and water content in
the atmospheric column between the surface and the radiometer
onboard a satellite. These variations can result in SIC biases and
differences among the different algorithms.

NT uses 19 and 37 GHz Tb values to compute Tb polar-
ization ratios (PRs) and gradient ratios (originally described
in [25], [26]). The main SIC information comes from PR at
19 GHz. NT SIC has a grid resolution of 25 km × 25 km for
SSM/I.

NT2 is an enhancement of the NT algorithm that has been
designed to mitigate some of the problems inherent to NT [27].
In addition, 19 and 37 GHz channels, it uses 85 GHz (SSM/I) or
89 GHz (AMSR-E) Tb values to compute Tb PRs and gradient
ratios. The main SIC information again comes from PR at
19 GHz. The other channels included mitigate the influence
of different ice types and layering in the snow that caused
problems with NT. A weather correction is applied that uses a
catalogue of simulated SIC depending on standard atmospheric
states. NT2 SIC has a grid resolution of 12.5 km × 12.5 km for
AMSR-E and 25 km × 25 km for SSM/I.

For Antarctica, BST utilizes vertically polarized Tb values
measured by the 19 and 37 GHz channels [28], [29]. The BST
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algorithm interpolates between Tb value pair clusters forming
for 0% and 100% SIC in Tb space. BST SIC has a grid
resolution of 12.5 km × 12.5 km for AMSR-E and 25 km ×
25 km for SSM/I.

OSI SIC [30], [31] are retrieved from a hybrid algorithm
based on BST and the Bristol algorithm [32]. It uses Tb values
measured by the 19- and 37-GHz channels. Instead of a weather
filter, OSI incorporates an atmospheric correction through the
use of a radiative transfer model. OSI SIC has a grid resolution
of 10 km × 10 km for SSM/I.

ASI uses 85 GHz (SSM/I), 91 GHz (SSMIS), and 89 GHz
(AMSR-E) Tb polarization difference to calculate SIC from
tie points for 0% and 100% ice concentration [33], [22].
Using the higher frequency Tb measurements leads to an
increased spatial resolution. As a tradeoff, these channels
are more sensitive to influences from atmospheric cloud liq-
uid water and water vapor on Tb [34]. ASI SIC has a
grid resolution of 6.25 km × 6.25 km for AMSR-E and
12.5 km × 12.5 km for SSM/I.

Except OSI, the SIC retrieval algorithms use the gradient
ratio of vertically polarized 19 and 37 GHz Tb values to filter
out spurious SIC over open water [26], [35]. A second weather
filter involves vertically polarized 19- and 22-GHz (AMSR-E:
23 GHz) Tb values. These weather filters reduce atmospheric
effects from the atmospheric water content, however, they also
limit detection of low SIC and of SIC associated with new ice.
In addition, an increase in atmospheric water can also lead to
erroneously increased SIC. This increase is more pronounced
for low SIC [36].

For AMSR-E, NT2, and BST, data were obtained from the
National Snow and Ice Data Center (NSIDC) as part of the
AMSR-E/Aqua Daily L3 12.5 km Brightness Temperature, SIC,
and Snow Depth Polar Grids data set [40]. The ASI SIC
used here originates from a reprocessing of the AMSR-E Tb
time series until 2011. This data set is available from the
Integrated Climate Data Center at the University of Hamburg
(ICDC, http://icdc.zmaw.de). Note that the tie points used for
this reprocessing have been developed for the Arctic and have
not yet been adapted to meet the perhaps different conditions in
the Antarctic [22]. For SSM/I, NT and BST, were obtained from
NSIDC, as part of the SIC from Nimbus-7 SMMR and DMSP
SSM/I-SSMIS Passive Microwave Data [41] and the Bootstrap
SIC from Nimbus-7 SMMR and DMSP SSM/I-SSMIS data sets
[42]. OSI-SAF SIC [30] were downloaded from ICDC (http://
icdc.zmaw.de), as were ASI SIC [43].

D. Colocation and Comparison Method

Ship OBS represent sea ice conditions on a scale on the order
of 1 km for a defined time. An average speed of four knots
(about 7 km/h) is a reasonable assumption, if a ship crosses the
sea ice cover during navigable sea ice conditions. Therefore,
during one day, a ship is able to transit a distance of 150–
200 km, which corresponds to 12–16 grid cells with 12.5 km
resolution; during light ice conditions, the ship’s speed and the
distance traveled are accordingly larger. In contrast, PM SIC
are daily averages. Data from several satellite overpass from
different times of one day are combined into one PM SIC value.
In addition, this PM SIC value represents sea ice conditions on
a scale on the order of 10–50 km. Temporal and spatial scales

Fig. 1. Scheme of the colocation method. See text for explanation.

Fig. 2. Analysis structure in this paper shown in flowchart form.

between OBS SIC and PM SIC are therefore quite different. It
can be expected that OBS SIC is more variable than PM SIC,
and a direct comparison of OBS SIC and PM SIC as they are is
therefore questionable. As a solution of this caveat, we suggest
to compare both data sets on a daily along-track average basis
to align the different spatial and temporal scales of OBSs with
the satellite data.

Throughout this paper, the colocation of OBS SIC with PM
SIC is as follows: PM SIC are transformed onto a Cartesian
grid (see Fig. 1). The distance to the center of the surrounding
PM SIC grid cells is computed for each OBS SIC location, as
shown in Fig. 1 by the hatched pixels for the last ship position
on day N . The grid cell with the minimum distance is selected
for the comparison, which is shown by the blue-colored pixels
in Fig. 1. After the colocation, we compute the average along-
ship track OBS SIC for all observations of one day (Nday) and
the average PM SIC for all Nday colocated PM SIC grid cells
(see Fig. 2).

For a single point in time, we require all data sets to
provide a value: if one of the data sets has a missing value,
the specific point in time is not used for the comparison. For
the SSM/I comparison, this procedure yields a period from
December 1991 until February 2009 with 21625 OBS/PM SIC
data pairs. Limits in the comparison time frame are due the
85 GHz channels only being reliably available from the start
of DMSP F-11 in December 1991 (see Section II-B) and from
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Fig. 3. ASPeCt ship tracks (OBS) during the SSM/I comparison period
(1991–2009) projected onto an ASI sea ice extent map of September 7, 2005.

the reprocessed OSI data ending in 2009. For the AMSR-E
comparison, we investigate the period from August 2002 until
December 2010 with 3871 OBS/PM SIC data pairs. For the
daily along-track averaging, cases with Nday < 3 were dis-
carded. This led to 1132 SIC daily averages in total to be used
for our SSM/I comparison, 516 of which were from the winter
months (April–September) and 616 from the summer months
(October–March). For the AMSR-E comparison, we obtain
320 SIC daily averages, 84 of which were from the winter
months and 236 from the summer months.

E. Statistical Comparison

We assess the performance of the different PM SIC methods
compared with OBS SIC by calculating the correlation coeffi-
cient, the RMSD and the bias, which we define here as the mean
difference between PM SIC and OBS SIC. Since SIC data are
not normally distributed (see in Figs. 4, 7, and 9), we calculate
Spearman rank correlation coefficients (denoted as r from this
point onward) instead of Pearson’s product moment correlation
coefficients for our comparison of PM SIC and OBS SIC.

III. RESULTS

A. SSM/I Period

The tracks of the ships from which the ice concentration
data used in our comparison are shown in Fig. 3. Positions
are overlaid onto an ASI sea ice extent map for September 7,
2005 based on SSM/I data. Due to the advantage of a long
comparison period, SIC were collected all around Antarctica.
Only an area between 0◦ and 30◦ E and 60◦ and 55◦ S shows no
ship tracks. This area is usually covered by sea ice only at the
end of winter.

The distribution of daily mean SIC in tenth of 100% for OBS,
ASI, OSI, NT, and BST shows only little differences among

Fig. 4. Histogram of daily mean along-ship track SIC that are used in
the SSM/I comparison. Top panel: all data; middle panel: data from the
summer months (October–March); lower panel: data from the winter months
(April–September). Legends indicate the different algorithms. In each panel,
the number of days Nused in the comparison is shown.

the compared SIC algorithms in the 5–15% to 55–65% bins
(see Fig. 4, upper panel). In other bins in the histogram, several
differences exist. In general, the PM data tend to overestimate
SIC values below 25%, whereas for high SIC values individual
differences occur. In the 75–85%-bin, NT tends to overestimate
SIC. In the > 95%-bin, aside from the BST, all PM data sets
underestimate OBS SIC. During summer, differences only exist
in the very low SIC regime (0–5%-bin) and for very high SIC
(> 95%-bin) (see Fig. 4, middle panel). During winter,
however, differences are more pronounced: NT strongly over-
estimates OBS in the 75–85%-bin, ASI and OSI overestimate
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Fig. 5. Statistics of the comparison of daily mean along-ship track average SIC from PM and OBS for SSM/I. Left panel: correlation coefficient; middle panel:
RMSD; right panel: bias.

TABLE III
SUMMARY OF STATISTICAL NUMBERS IN THE SSM/I COMPARISON

OBS in the 85–95%-bin and in the > 95%-bin, only BST comes
close to the number of SIC values accounted for by OBS (see
Fig. 4, lower panel).

Fig. 5 and Table III summarize the statistical comparison be-
tween the individual PM SIC and OBS SIC for the SSM/I data.
The differences in the correlation coefficients (CC) lie within
the uncertainty of the correlation: BST: CC = 0.82± 0.03,
OSI: CC = 0.83± 0.03, ASI: CC = 0.80± 0.03, NT: CC =
0.80± 0.03. The uncertainty is estimated separately for each
satellite product by a Monte Carlo simulation of the data and
1000 repeated calculations of CC. During winter, correlations
drop down to CC = 0.67± 0.04 for BST, CC = 0.70± 0.04
for OSI, CC = 0.60± 0.05 for ASI, and CC = 0.65± 0.04 for
NT, respectively. During summer, correlations slightly increase,
although the different values for r usually stay within the uncer-
tainty range (BST: CC = 0.86± 0.04, OSI: CC = 0.87± 0.04,
ASI: CC = 0.85± 0.04, NT: CC = 0.86± 0.04). RMSD and
bias show larger differences between the satellite data. Notably,
NT shows high values for bias and RMSD: the bias is at least
−10% in all data and almost −14% in the summer months,
the RMSD is more than 16% in all seasons. RMSD values for
OSI range between 12.5% in winter and 13.8% in summer. ASI
shows a greater RMSD value in summer than winter. BST has a
very low bias, only increasing to −3.6% in the winter months.
The bias is generally slightly lower for ASI than for OSI. Both
ASI and OSI range between the minimum values for BST and
the maximum values for NT. Aside from NT, all algorithms
show a lower winter than summer bias, but NT’s winter bias
increases to 17.1%.

B. AMSR-E Period

The positions of OBS used for the AMSR-E comparison are
overlaid onto a AMSR-E-based ASI sea ice extent map for
September 7, 2005 (see Fig. 6). Due to the limited number
of years available for this comparison, OBS SIC were only
collected in the Weddell Sea, around the Antarctic Peninsula,
Bellingshausen Sea, Amundsen Sea, Ross Sea, and the South
Indian Ocean.

The distribution of daily mean SIC for OBS, ASI, NT2,
and BST shows almost no discrepancies among the compared
SIC algorithms in the 5–15% to 55–65% bins (see Fig. 7,
upper panel). The NT2 algorithm detects more sea ice in the
> 95%-bin than the other SIC algorithms. Furthermore, all
algorithms overestimate very sparse ice concentration of OBS.
The overestimation of > 95% OBS SIC by PM data is most
pronounced in summer, particularly for NT2 (see Fig. 7, middle
panel). Note that OBS SIC have a maximum probability in
the 85–95%-bin with a following decrease in the > 95%-bin.
This is not matched by the PM data. In contrast to NT2’s
overestimation of SIC > 95%, NT2 underestimates the number
of SIC values falling into the 85–95%-bin. ASI and BST also
show this discrepancy, but not as pronounced as NT2. In the
summer months, there is a peak of OBS SIC in the 45–55%-bin
that is not reproduced by PM SIC. During winter, NT2 again
overestimates very high ice concentration and underestimates
the number of observations in the bin below, the 85–95%-bin
(see Fig. 7, lower panel). However, due to the small number of
data pairs during the winter months, these differences are not as
significant as in summer.
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Fig. 6. ASPeCt ship tracks (OBS) during the AMSR-E comparison period
(2002–2009) projected onto an ASI sea ice extent map of September 7, 2005.

Fig. 8 and Table IV summarize the statistical comparison
between the individual PM SIC and OBS SIC for the AMSR-E
period. In contrast to the SSM/I comparison, correlation coeffi-
cients are slightly higher (BST: CC = 0.85± 0.06, ASI: CC =
0.84± 0.06, NT: CC = 0.84± 0.06), but with a concurrent
increase of the uncertainty in r, which is due to the lower
number of data pairs for the AMSR-E period. Correlation
coefficients in summer increase even further to almost 0.9 for
all PM SIC, whereas they decrease in winter to about 0.5 for
ASI and 0.6 for BST. As for SSM/I, we recognize the same
tendency for RMSD: summer values are greater than winter
values. While there is only very little bias for BST and ASI in
both summer and winter, NT2 has a pronounced summer bias,
almost twice as large as the 5% bias in winter.

C. Sensor Comparison

In a third comparison, we assess the performance of two
PM SIC retrieval algorithms that are applicable to SSM/I and
AMSR-E data. We choose BST and ASI for this comparison,
as they tend to provide the best results in the previous com-
parisons. The positions of OBS used for this comparison are
identical to those shown in Fig. 6.

The distribution of daily mean SIC for OBS, ASI-AMSR-E,
ASI-SSM/I, BST-AMSR-E, and BST-SSM/I shows the largest
differences for both seasons in the high SIC regime
(SIC > 85%) (Fig. 9, upper panel). These differences are more
pronounced in winter months. However, winter contains a much
lower number (N = 86) of data pairs than summer (N = 320).
In addition, PM SIC tend to overestimate very low OBS SIC
(< 5%). This is more pronounced in summer, which depicts the
season with a higher fraction of open water within the sea ice
cover. Contrary to this, sea ice is often wet in this season and
thus difficult to be detected in PM data. It seems that navigating
through very open ice areas during summer (and thus causing a

Fig. 7. Same as Fig. 4 but for the AMSR-E comparison.

low bias) is outweighed by the effect of wet ice being invisible
for PM but visible for OBS.

Fig. 10 and Table V summarize the statistical comparison
between the individual PM SIC and OBS SIC for the sensor
comparison, covering the years 2002–2010. There is no sig-
nificant difference in accuracy between either different algo-
rithms applied to the same sensor data or the same algorithm
applied to different sensor data. A few tendencies, however, are
recognizable: considering all statistical numbers, BST shows
more consistency to OBS with lower RMSD values, a better
correlation in winter, and a near-zero bias. SIC based on
AMSR-E data tend to agree better with OBS SIC than SIC
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Fig. 8. Same as Fig. 5 but for the AMSR-E comparison.

based on SSM/I data. Similar to the other two comparisons,
RMSD values and correlations are reduced during winter.

IV. DISCUSSION

In the previous section, we have presented the results of our
comparison between OBS SIC and colocated satellite PM SIC
based on several algorithms. The results turned out to be quite
different for the different retrieval algorithms used. However,
are the obtained results sufficient to give a recommendation,
about which SIC retrieval algorithm is best to use based on a
comparison with OBS SIC? This is going to be discussed in the
following section.

Retrieval algorithms for SIC differ in how ice concentration
values are derived from PM-measured brightness temperatures.

TABLE IV
SUMMARY OF STATISTICAL NUMBERS IN THE AMSR-E COMPARISON

They use different combinations of different channels that
have distinct characteristics, e.g., the frequencies differ in their
sensitivity to atmospheric water vapor and liquid water content,
both of which influence the radiation received at the radiometer.
Additionally, the algorithms need to use tie points that rep-
resent typical radiometric signatures of ice and open water.
These tie points are usually derived from satellite measurements
and contain the influence of the mean atmospheric state. In
atmospheric conditions that are different from this mean at-
mospheric state, the derived tie points will lead to biased SIC
values.

While the open water tie point is generally influenced by
atmospheric variability, the ice tie point is influenced by sea
ice emissivity variations. Therefore, SIC retrieved for very
open ice conditions are most sensitive to the choice of the
open water tie point and high ice concentrations are sen-
sitive to surface processes [36]. Generally, one seeks for a
high signal-to-noise ratio when choosing the tie points aiming
for a high sensitivity in retrieving PM SIC. Open water tie
points are usually set very close to a minimum brightness
temperature or maximum brightness temperature polarization
difference or ratio, which corresponds to a clear sky, dry
atmosphere, and a smooth water surface. The use of weather
filters reduces the influence of atmospheric water and wind
on the emissivity of the open water surface. However, this
can lead to a cutoff of low SIC values. Only the reprocessed
OSI data provide SIC without a cutoff by using dynamic tie
points that, for instance, minimize the effect of atmospheric
emission [31].

Improvements of AMSR-E data over SSM/I data that are
relevant for this comparison include higher spatial resolution
at all scanned frequencies and a wider swath width. The wider
swath width leads to more brightness temperature measure-
ments that are used to calculate a daily-mean SIC value from the
specific algorithm and, thus, can increase the significance of a
calculated daily-mean SIC value during static ice conditions. In
the MIZ, this can still lead to a smearing of the ice edge, particu-
larly under very dynamic ice conditions, e.g., during the passing
of a cyclone. When retrieving geophysical parameters such as
the SIC, the higher spatial resolution of AMSR-E can reduce
uncertainties. Such uncertainties may partly be due to smaller
spatial variability of differently emitting surfaces, e.g., different
ice types, snow cover, or water surfaces. These different surface
types particularly influence the use of mixing algorithms [44],



BEITSCH et al.: COMPARISON OF SSM/I AND AMSR-E SIC WITH SHIP OBSERVATIONS AROUND ANTARCTICA 1993

Fig. 9. Same as Fig. 4 but for the sensor comparison.

particularly in the MIZ, where the higher spatial resolution of
the AMSR-E sensor allows for a more precise detection of the
ice edge [4]. In our case, with a finer spatial resolution, one
should get a better representation of leads and open water areas
in high ice concentration regimes, i.e., of SIC in the range
> 85%. The same applies to using 85 GHz (SSM/I),
91.655 GHz (SSMIS), or 89 GHz (AMSR-E) data compared
with using the standard frequencies 19 GHz and 37 GHz as
was demonstrated for SSM/I by Kaleschke et al. [33] and
Kern [8].

Sea ice continuously changes its emissivity from its initial
growth stage to thick first-year ice [45]–[47]. In particular, thin
sea ice with thicknesses below about 20 cm often has lower

Fig. 10. Same as Fig. 5 but for the sensor comparison.

microwave emissivities than thicker sea ice or snow covered
sea ice. Therefore, PM SIC retrieval algorithms can underes-
timate SIC in areas of thin sea ice by an unknown amount
[22], [29], [48].

We have shown SIC values in the histograms (see Figs. 4, 7,
and 9) sorted in bins for 0%–5%, 5%–15%, 15%–25% · · ·
85%–95%, and 95%–100% SIC according to the increments
used in the ASPeCt protocol when observing SIC. Due to the
daily averaging, we have values that differ from this quanti-
zation into 10% increments. In order to keep this quantization
visible and to also consider the accuracy of the ASPeCt obser-
vations, we used as division of PM SIC the same increments
that were used in the ASPeCt protocol. However, the differ-
ences between PM SIC and OBS SIC shown in the histograms
(see Figs. 4, 7, and 9) are highest in neighboring bins: 85–95%
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TABLE V
SUMMARY OF STATISTICAL NUMBERS IN THE SENSOR COMPARISON FOR ASI SIC AND BST SIC

Fig. 11. Example of a daily track crossing the sea ice edge in the Weddell Sea on November 14, 2004. SIC based on AMSR-E are shown for (left to right): ASI
(grid resolution: 6.25 km), BST (grid resolution: 12.5 km), and NT2 (grid resolution: 12.5 km). The daily mean and the daily standard deviation for OBS, ASI,
BST, and NT2 are 49.1% ± 33.1%, 64.0% ± 26.3%, 52.5% ± 8.4%, and 89.9% ± 15.7%, respectively.

and > 95%. We cannot exclude that using a different binning
such as 0%–10%, 10%–20% · · · 90%–100% might change the
results of the histograms. However, we are confident that the
main results of our study, which are summarized in Figs. 5, 8,
and 10, will not change due to a different binning.

The number of data pairs differs for the different seasons. In
particular in the AMSR-E comparison, only 25% of the data fall
into winter months. However, due to the number of data points,
with at least three observations required for a daily-average
value, the results for the winter season can still be regarded as
significant.

OBSs are often biased toward thin ice regions, because ships
tend to avoid thick and ridged ice areas and rather follow
leads and openings [14]. Ridged ice areas can correspond to
regions of convergent ice motion and, thus, high ice con-
centrations, whereas regions with many leads and openings
correspond to divergent ice motion and can have lower ice
concentrations. Therefore, we cannot exclude that OBS SIC
are slightly biased toward low ice concentrations, particularly
during summer when leads and openings do not freeze over.
At the same time, however, PM SIC might also be biased low
in areas with leads and openings due to the higher fraction of
thin ice; this effect would be more pronounced during winter
though.

In this paper, we do not distinguish between different re-
gions and potentially different sea ice regimes. The Belling-
shausen Sea, for instance, is known for more compact, thicker,
and less mobile first year sea ice [49]. Distinguishing be-
tween different regions could help to understand where dif-
ferent algorithms have their strengths or limitations. However,
this is not intended in this paper, which rather looks at the
performance of different algorithms compared with a long-
term basin-scale ground-truth data set. Due to the number of
observations, we regard our conclusion as robust and being
generally true for the Antarctic sea ice as a whole. If we
had looked at different ice types or had tried to distinguish
between different regions, the number of data pairs would
have dropped substantially and the results would have been
less robust.

In all three comparisons shown in this paper, BST SIC
has the closest correspondence to OBS SIC, both for SSM/I
and AMSR-E data. However, the higher resolution of the
ASI algorithm can provide more information than algorithms
using the lower frequency channels for their retrievals. One
aspect is the higher spatial variability that is more accu-
rately reproduced by ASI (see Fig. 11). This is an advan-
tage for navigational purposes and for mesoscale process
studies [33].
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V. CONCLUSION

We compare passive microwave (PM)-derived SIC with
those from OBS, and we focus on different retrieval algorithms
that are based on SSM/I-SSMIS and AMSR-E measurements.
OBS SIC are collected according to the ASPeCt protocol.
We assess the quality of PM SIC by calculating correlation
coefficients, RMSDs, and biases with respect to OBS SIC. In
contrast to previous studies, we apply a different method to
compare the colocated OBS SIC with PM SIC to account for the
different temporal and spatial scales between locally observed
SIC on a scale on the order of 1 km and those derived with PM
sensors on a scale on the order of 10 km. We use daily along-
ship track average SIC.

According to our analysis, we can rank the investigated
retrieval algorithms: in the SSM/I comparison, BST SIC reveal
a high correlation, the smallest RMSD, and a very low neg-
ative bias compared with OBS SIC, and thus, BST performs
best out of our choice of algorithms. EUMETSAT’s OSI-SAF
(OSI) SIC show a similar RMSD, but a larger absolute bias
than BST, and thus, OSI ranks as second best algorithm. ASI
SIC shows a significantly larger RMSD and also a very low
bias. NASA Team (NT) SIC, while providing a similarly high
correlation, clearly perform the worst out of our choice of
algorithms with the highest RMSD values and a significantly
larger bias of −10% or more. In the AMSR-E comparison,
BST SIC reveal the smallest RMSD, and a near zero bias
compared with OBS SIC and thus perform the best out of
our choice of algorithms. ASI SIC show a significantly larger
RMSD and also a near zero bias. Like NT in the SSM/I-
SSMIS comparison, enhanced NASA Team (NT2) SIC provide
a similarly high correlation, but perform the worst out of our
choice of algorithms with RMSD values, except for winter,
above those for ASI SIC and a significantly larger bias of
roughly 8%.

Due to the length of the different PM SIC time series, we
have an overlap of OBS SIC and PM SIC that leads to periods
of investigation spanning 1991–2009 for SSM/I data, a total of
21 625 data pairs, and spanning 2002–2010 for AMSR-E data, a
total of 3871 data pairs. To our knowledge, there has not been a
comparison with this number of OBSs of SIC with PM-derived
SIC, and we therefore regard our results as robust. This paper
is an important contribution to SIC evaluation in the in situ data
sparse region of the Southern Ocean.
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