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Step-by-Step Validation of Antarctic ASI AMSR-E
Sea-Ice Concentrations by MODIS

and an Aerial Image
Qian Shi, Jie Su , Georg Heygster, Member, IEEE, Jiuxin Shi, Lianzhong Wang, Lizhong Zhu,

Quanli Lou, and Valentin Ludwig

Abstract— The lack of in situ data has always posed chal-
lenges to remote-sensing-data product validation. Herein, the
products of sea-ice concentration (SIC) data derived using the
arctic radiation and turbulence interaction study (ARTIST)
sea ice (ASI) algorithm were evaluated by comparing them
with SICs from a high-resolution sea-ice aerial image obtained
during the 27th China Antarctic expedition in January 2011.
Results suggest that data obtained from the advanced microwave
scanning radiometer for the earth-observing system (AMSR-E)
underestimate SICs by 19%. We performed step-by-step com-
parisons among the aerial image, moderate-resolution-imaging
spectroradiometer (MODIS), and AMSR-E SIC. These types of
comparisons have not been made in previous validation studies.
First, SICs acquired from MODIS-Terra imagery were acquired
using a tie-point method and corrected by SICs derived from
the aerial photography. Second, SICs of MODIS-Aqua images
were trained based on the consistency of SIC results between
MODIS-Terra and MODIS-Aqua over the selected region on
the same day. Finally, the MODIS-Aqua SICs were employed to
validate synchronous AMSR-E swath SIC products. The results
show that the AMSR-E products underestimate SICs by 8.5%
in the marginal ice zone in comparison with MODIS SICs.
According to our further analysis between sea-ice types and
AMSR-E biases, the higher the proportion of first-year ice,
the smaller the AMSR-E SIC bias. In other words, results suggest
that the higher the thin ice proportion, the more the AMSR-E
underestimates the SIC.

Index Terms— Aerial imagery, AMSR-E (advanced microwave
scanning radiometer for the earth-observing system) data, step-
by-step validation, sea-ice concentration (SIC).

I. INTRODUCTION

SATELLITE remote-sensing data have become a crucial
means of polar-climate observation since 1979 [1], [2].

Sea-ice concentration (SIC), which is defined as the ratio
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of the ice-covered area to the total area, is a parameter of
primary interest. The accuracy of remote-sensing SIC data sets
is essential for the modeling processes involved in the inter-
action between ocean and atmosphere in numerical weather
prediction and for data assimilation [3], [4].

Owing to the limited influence of cloud cover, independence
from daylight, and temporal continuity, passive-microwave
data have been significant for investigating SICs in polar
regions. Currently, the most widely used SIC data products
are those based on data acquired by the NASA Team (NT)
and Bootstrap algorithms (BT) [5], [6]. Both use the
Nimbus-7 SMMR and DMSP SSM/I-SSMIS 19- and 37-GHz
brightness temperature (TB) measurements, with a nominal
spatial resolution of 25 km. The higher resolution advanced
microwave scanning radiometer for the earth-observing
system (AMSR-E) was in operation from 2002 to 2011, and
an enhanced NT SIC algorithm has been developed for it [7].
At present, the advanced microwave scanning radiometer
(AMSR2), which is the successor sensor of AMSR-E, is oper-
ating and distributing SIC products by the same ASI algorithm
as AMSR-E. Also, the ocean and sea ice satellite application
facility (OSISAF) of the European Organization for the
Exploitation of Meteorological Satellites proposed a hybrid
algorithm that takes advantage of the Bristol algorithm [8] in
low-SIC regions and the BT algorithm in high-SIC regions [9].

Previous studies have evaluated the abovementioned SICs
using different kinds of measurements and acquired valuable
knowledge for these SIC products. In general, all four algo-
rithms perform better in winter than in summer and could
capture the SIC in pack ice better than in marginal ice
zones [10]–[17]. The BT SICs are higher than NT SICs, and
the hybrid OSISAF algorithm usually has the lowest bias. The
differences in SICs between passive-microwave retrieval and
SIC from higher resolution measurements, such as visible light
sensors and aerial images, mainly result from atmospheric
water-vapor content and ice-surface melting processes in the
Arctic [12]–[15]. In the Antarctic, ice-flooding processes due
to the distinctive thick snow layer also contribute to the SIC
bias [18].

The AMSR-E SICs released by the University of Bremen
and discussed herein were based on the Arctic radiation and
turbulence interaction study (ARTIST) sea ice (ASI) algo-
rithm [19], [20]. Due to the use of 89-GHz TBs, the SICs based
on this algorithm have a spatial resolution of 6.25 km, which is
double that of the 19- and 37-GHz TBs used by the NT and BT
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algorithm. Compared with previous coarse passive-microwave
SIC products, AMSR2 ASI SICs capture the ice edge more
accurately [21]. Due to the similar sensor configurations and
the same retrieval algorithm between AMSR-E and AMSR2,
the AMSR-E ASI SICs are deemed to have better performance
in the marginal ice zone than other passive-microwave SICs
with lower resolutions. However, the ASI algorithm is more
sensitive to atmospheric effects, and it typically overestimates
SICs in winter and underestimates SICs in summer in the
marginal ice zone. The underestimation was −13.6% based
on ship observations [22] and was −8.9% based on visible
images [23], [24]. Also, further studies indicate that ice-surface
processes, such as abnormal ice temperature and snow meta-
morphism, contribute to the ASI SIC bias [25], [26].

Apart from high-resolution satellite visible and
synthetic-aperture radar imagery, aerial imagery is a proven
means for observing sea ice and validating passive-microwave-
based retrievals. Compared with the SICs derived from aerial
images during the Third China Arctic Expedition, ASI
overestimates the SIC by 14% ± 9% when the SIC is greater
than 80% [27]. The footprints of aerial images are smaller
than passive-microwave images, and this inconsistency results
in additional uncertainties remaining in the verification results.

In summary, previous assessments have already revealed
the limitations of the ASI-based SIC. However, time-lapse
and ground-coverage differences across sensors weaken the
reliability of those assessments. The proposed study aims to
verify the swath AMSR-E ASI-based SICs from the Univer-
sity of Bremen using imagery from the moderate-resolution
imaging spectroradiometer (MODIS) and an aerial image. Sea
ice concentration from AMSR2 will not be discussed in this
article because the aerial field campaign occurred during the
operation of AMSR-E. We applied a step-by-step validation by
introducing the coincident MODIS-Aqua image to assess the
swath AMSR-E SICs derived from the ASI algorithm. We first
used the SICs based on the aerial image to validate the MODIS
SICs, which we then compared with the AMSR-E SICs.

This article is presented herein as follows. In Section II,
we introduce the sources of data and the inversions of different
kinds of raw data. In Section III, we first directly assess the
SIC derived from AMSR-E SIC by SIC derived from the
aerial image. Second, the aerial image SICs are used to train
the tie-points of the pixel-based MODIS-Terra SIC algorithm,
which is then used for determining the tie-points of the sub-
sequent MODIS-Aqua data. Then, we validate the SICs from
AMSR-E swath data by synchronous MODIS-Aqua SIC data
and investigate the relation between the underestimation of
SIC and the ice types using the broadband-albedo derived from
land surface reflectance in three visible spectra. In Section IV,
we give possible reasons for the AMSR-E SIC bias, and in
Section V, we summarize our work and examine the future of
validation work.

II. DATA SOURCES AND PREPROCESSING

A. Aerial Image

The investigation area is marginal to the Amery Ice Shelf,
bordering the Prydz Basin (Fig. 1). During China’s 27th

Fig. 1. Locations of the aerial image (the green outlined area) and
MODIS-terra subimagery (the red outlined area). The white and gray areas
represent ice sheet, and ice shelf, respectively.

Antarctic Expedition, scientists conducted an airborne sea-ice
survey and took aerial photographs of this area. The aerial
survey started at 2:40 UTC on January 9, 2011, lasting 3.5 h
with a helicopter flying more than 30–24-km-long survey lines
along the meridian. The average flight altitude of the helicopter
was 800 m, and the mean flight speed was 140 km/h. The
digital camera used for aerial photography was installed under
the helicopter. This campaign yielded 30 transects for a total of
about 100 images of 5440 × 4080 pixels each. The distance
between adjacent images is 240 m, and the overlap ratio is
about 65%. The spatial resolution of the composite image
[Fig. 2(a)] is about 3.82 m, covering an area of 526 km2. The
composite image was geolocated based on three fixed points
located on the ice shelf. The position error was determined
from a GPS device to be <1 m. See [28] for detailed infor-
mation on campaign observations and geolocation calibration
of the composite aerial image. To readily compare them
with other data, the aerial image was mapped into a polar
stereographic grid before assessment.

B. MODIS Data

The polar-orbiting satellites Terra and Aqua were launched
in 1999 and 2002, respectively. Each carries a MODIS sensor,
herein referred to as MODIS-Terra and MODIS-Aqua with
36 channels (250-, 500-, and 1000-m spatial resolution).
Terra and Aqua have sun-synchronous orbits with equator
crossings at 10:30 A.M. and 1:30 P.M., respectively. Both
MODIS-Aqua and AMSR-E are on the same satellite, making
MODIS-Aqua an optimal tool for validating AMSR-E data
products. The MODIS-Terra is nearly synchronous with the
aerial image, whereas the MODIS-Aqua is strictly synchro-
nous with AMSR-E. We used both kinds of MODIS imagery
for connecting the high-resolution aerial image and the coarser
AMSR-E data.

The MODIS bands used for retrieving SIC are Level 2
(MOD02) red (0.620–0.670 μm), green (0.545–0.565 μm),
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Fig. 2. Mosaicked aerial image, acquired on January 9, 2011. (a) Total area of the aerial image. Subregions dominated by (b) brash ice; (c) ice shelf; (d) ice
floes; and (e) float ice with a small iceberg. (f) Ice–water binary image after threshold discrimination corresponding to (a), in which black/white/gray pixels
represent open water/sea ice/ice shelf, respectively.

and blue (0.459–0.479 μm) top of atmospheric radiance
(∼500-m spatial resolution) from NASA [29]. The MODIS
images were projected into a polar stereographic grid before
assessment.

True-color MODIS-Terra image composites of bands
(1–4–3) reflectance, covering the area marginal to the Amery
Ice Shelf (bordering the Prydz Basin) on January 9, 2011, are
shown in Fig. 3. Based on the visible image, we know that the
sky was clear in the daytime, except for minor thin clouds (not
shown) just before noon. West of the aerial field (the green
rectangle), there was a field of brash ice, and the region east
of it was full of pack ice and fast ice.

The MODIS radiance was converted into land surface
reflectance using Fast Line-of-sight Atmospheric Analysis of
Spectral Hypercubes (FLAASH) atmospheric correction model
based on the MODTRAN4 radiation transfer code in the ENVI
software [30]. The atmospheric correction method used in this
article is consistent with the one used in Su and Wang [31], and
the detailed information could be referred to there. The solar
zenith for MODIS-Terra scan at 03:25 is 57◦ and is 50◦, 56◦,
and 88◦ for MODIS-Aqua scans at 09:05, 10:40 and 18:45,
respectively.

The MODIS-Terra scan was acquired at 03:25, January 11,
2011, and could be considered to be synchronous with the
aerial image started at 02:40. The acquisition time of three
MODIS-Aqua scans on the same day is 09:05, 10:40, and
18:45, respectively.

Fig. 3. True-color composite image of top of atmospheric reflectance in red
band 1 (0.620–0.670 μm), green band 4 (0.545–0.565 μm), and blue band 3
(0.459–0.479 μm) acquired by MODIS-Terra at 03:25 UTC, January 9, 2011.
The green outline (rectangle) corresponds to the aerial image [Fig. 2(a)]; the
yellow outline (square), to quasimotionless area (Fig. 9); the violet red circles,
to tracers of R/V Xuelong; and the colored dots, to positions during the aerial
observation (initial positions during January 7–11 are shown in yellow).

C. AMSR-E SIC
Daily AMSR-E SIC products from the University of

Bremen [19], [20], which we validated in this article, were
provided using the standard Polar Stereographic Grid (6.25-km
spatial resolution) Fig. 4(a) and (b)]. The ASI algorithm
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Fig. 4. (a) Antarctic SIC January 9, 2011, based on using the ASI
algorithm. (b) SIC of Amery Ice Shelf corresponding to the black outline
(the quadrilateral) in Fig. 4(a). Data were produced from daily AMSR-E by
Bremen University.

determines the SIC based on a third-order polynomial of
the polarization difference of the 89-GHz v-pol and h-pol
channels, which have the highest resolution among the chan-
nels of the instrument. This nonlinearity serves to account
statistically for the atmospheric influence on the microwave
signal. In addition, three “weather filters,” based on the 18-
and 37-GHz channels, screen out spurious ice concentration
generated incorrectly by the algorithm in open water regions
of high atmospheric water vapor and cloud liquid water. Fig. 4
gives the SIC distribution of the Antarctic Ocean and the
region near Amery Ice Shelf.

According to Fig. 4, on January 9, 2011, Weddell
Sea, Amundson Sea, King Haakon VII Sea, and Dumount
D’Urville Sea were still covered by the dense sea ice, but the
sea ice had already melted in the Ross Sea and Prydz Bay,
resulting in a large area of open water. West of 75◦ E, along
the Amery Ice Shelf from northwest to southeast, pack ice got
denser. We noticed that in the ASI SIC product [Fig. 4(b)],
part of the shelf ice (74◦ E–75◦ E, 69.3◦ S–69.6◦ S) extending
into the Amery Ice Shelf is incorrectly considered to be 100%
sea ice.

We excluded these data before assessing the passive-
microwave SIC accuracy. Furthermore, in order to avoid the
influence on AMSR-E SIC validation resulting from the ice
drift, we employed the swath AMSR-E SICs instead of the
daily mean AMSR-E SICs were employed when comparing
with the MODIS-Aqua data.

Fig. 5. Air temperature from cruise observation onboard R/V Xuelong. Time
series between vertical dashed lines started at 18:00 UTC on January 8, 2011,
and ended at 23:00 UTC on January 9, when vessel was in pack ice ∼50 km
from area of the aerial campaign.

D. Thin Ice Thickness

Thin ice is semitransparent in microwave bands so that the
emission from the water below the ice also contributes to the
microwave signal [15]–[17]. This effect is only pronounced at
low microwave frequencies and is used to detect the thickness
of thin ice. For this article, data on the thickness of thin
sea ice in the Antarctic was acquired from the University of
Bremen Data Center. The data had been retrieved from the
L-band microwave Soil Moisture and Ocean Salinity sensor
(SMOS). The retrieval algorithm is based on the relation
between polarization differences and intensity of TB [32], [33].

E. Meteorological Observation Onboard R/V Xuelong

Hourly air-temperature data were recorded on VAISALA
MILOS 500 Data Collection and Processing System onboard
R/V Xuelong during the period of the aerial observation, which
was occurring about 50 km away from the vessel [34]. Based
on the weather records, there was a cooling process during the
aerial campaign period in January 2011 (Fig. 5).

III. STEP-BY-STEP VALIDATION

In this section, we will first compare AMSR-E SIC by aerial
image SIC directly. There are many surface types in Prydz Bay,
including ice sheets, ice shelf, fast ice, pack ice, polynya, and
open water, making this region an ideal experimental place for
the validation of microwave remote-sensing products. The ice
shelf in this area can also provide a natural reference for the
geolocation of the aerial image and satellite remote-sensing
data, which ensures the geographical consistency of different
data sources. The aerial coverage focused on the leading edge
of the Amery Ice Shelf [Fig. 2(a)]. In contrast to the shelf ice,
sea ice in the Antarctic was melting during the research period.
We could recognize the mixture of brash first-year and flat
first-year ice with snow cover (after enlarging) from Fig. 2(d)
and (e).

The technique of step-by-step validation applied herein uses
data sources at different resolutions: aerial image (3 m), visible
imagery (500 m), and the passive-microwave data (6.25 km).
First, the SIC values obtained from the aerial image were
used to validate the MODIS SICs, and then the thus-proven
MODIS SICs were compared with the AMSR-E microwave
SIC products. One of the prerequisites for the step-by-step
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verification is the quasisynchronization of the different data
sources. The acquisition time of the composite aerial image
was 02:40–06:10 UTC. During this period, there were two
MODIS-Terra transits at 03:25 UTC and 05:05 UTC, respec-
tively. The first one had better spatial consistency with the
composite aerial image. Therefore, as the first step, we com-
pared the composite aerial image SICs with MODIS-Terra data
at 03:25 UTC to determine the tie points of sea ice and open
water for the MODIS-Terra SICs retrieval algorithm, and then
we calculated the MODIS-Terra SICs. Next, in the second
step, a quasimotionless area was selected to accomplish SICs
comparison between MODIS-Aqua and MODIS-Terra. The
SICs inversion parameters of MODIS-Aqua imagery were thus
determined. Finally, the MODIS-Aqua SIC results were used
to validate the swath AMSR-E SICs, as the MODIS-Aqua and
AMSR-E are on the same satellite.

A. Deriving SICs From the Composite Aerial Image

A prerequisite for accurately extracting SICs is distinguish-
ing sea ice from open water correctly in the aerial image.
As shown in the composite aerial image [Fig. 2(a)], the ice
shelf is in the southwest, and floating ice circulates along
the edge of the ice shelf in a roughly northwest–southeast
direction. Open water covers the northeast part of the region.
The study area contains regions of brash ice [Fig. 2(b)], ice
shelf [Fig. 2(c)], pack ice [Fig. 2(d)], and small icebergs
[Fig. 2(e)]. The optical properties of the ice shelf are close
to those of thick ice with dry snow and are brighter than
typical pack ice in the summertime. If the shelf ice is classified
as sea ice, some darker pack ice will be interpreted as open
water, resulting in an underestimation of SIC in the aerial
image. As a consequence, we first constructed an ice-shelf
mask using the Environment for Visualizing Images (ENVI)
geospatial software, and then, after removing the influence of
the ice shelf, distinguished the sea ice from open water in the
image.

We used a MINERROR threshold algorithm to distinguish
sea ice and open water [35]. The discriminant algorithm
assumes that the gray value (0–255) histogram of the image
obeys a bimodal Gaussian distribution. At the selected thresh-
old, the cost function based on a Bayesian classification
reaches its minimum. The thresholds that we found for the
three components of the true-color composite aerial image
were 118, 141, and 140. In the binary image, the pixels with all
three channels greater than the corresponding threshold were
labeled as ice, whereas the remaining pixels were labeled as
water. The classification results in Fig. 2(f) effectively distin-
guish the characteristics of brash ice and recognize the pixels
that have high reflectance among open waters [upper right
in Fig. 2(a)] reasonably well. Accordingly, they demonstrate
the reliability of the aerial image SICs.

After projecting the discriminated aerial binary image onto
the MODIS (500-m) and AMSR-E (6.25-km) polar stereo-
graphic grids, we counted the number of the aerial ice pixels
in each of the two kinds of grids and calculated the SICs. Then,
we used the results to verify the AMSR-E SICs (Section III-B)
and to determine the MODIS-Terra SICs (Section III-C).

Fig. 6. (a) Sea ice concentration distribution in the polar grid based on data
acquired by the mosaicked aerial image (cyan numbers) and AMSR-E (blue
numbers). Red numbers (ranging 1–8) denote grid serial numbers. (b) Blue
bars denote SIC (%) versus grid serial number; cyan bars, area-averaged SIC.

B. Validation of AMSR-E SICs With the Aerial Image SICs

The aerial image SICs on the AMSR-E grids are presented
in Fig. 6 as cyan numbers. Only the AMSR-E grids with aerial
campaign coverage exceeding 70% were calculated. Visually,
the ASI results appear plausible. We performed a point-by-
point comparison between the aerial image SICs and ASI
AMSR-E SICs (Fig. 6(a), the blue numbers): grid cells 1 and
2 (the red numbers) are dominated by flat first-year ice with
snow cover; grid cells 3–5 by mixed pack ice and brash ice;
and grids 6–8 by low-brightness brash ice.

The results show that the ASI SICs in the sea ice covered
area (grids 1–8) are on average 19% lower than the aerial
image SICs, and the root mean square (rms) error is also 19%.
In the region near the ice shelf (grids 1 and 2), the average
AMSR-E SIC is 76% and the mean bias is 5.5%. In grids 3–5,
the average AMSR-E SIC is 80% and the mean bias is −33%.
In the marginal ice zone (grids 6–8), the average AMSR-E
SIC is 49% and the mean bias is −20%. We also noted that
the strongest underestimation (−43%) did not appear near
the edge of the ice but in the region with high SIC, so this
phenomenon is worth further investigation.

C. Retrieval of MODIS-Terra SIC by Calibrated
Tie Points Using the Aerial Image SIC

Although the aerial image is a valuable means for verifi-
cation of the AMSR-E SIC product (Section III-B), such an
image may yield only eight AMSR-E grid cells. The time
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TABLE I

ALBEDO TIE POINTS OF FOUR MODIS-AQUA
GRANULES ON JANUARY 9, 2011

gap between the aerial image and daily AMSR-E product may
thwart error analysis. However, MODIS-Aqua, due to its broad
spatial coverage and synchronization with AMSR-E, can make
up for these deficiencies.

The threshold method represents a conventional means
for distinguishing sea ice and open water in visible-imagery
datasets [36]. However, this method cannot resolve more-
detailed, within-pixel ice information. Currently, threshold
methods, also called tie-point methods, are widely used to
extract ice concentration from visible imagery [37]–[40].
The selection of ice/open water tie-points is influenced by
the solar zenith angle, atmospheric water-vapor content, and
sea-ice microphysical properties. Therefore, different visible
images should use different tie points for retrieving SICs.
Key et al. [39] and Liu et al. [40] proposed determining local
tie points for each pixel based on the visible images without
external data sources and achieved good results with data
of the Visible Infrared Imaging Radiometer Suite (VIIRS).
However, due to using such a high-resolution aerial image,
we determined uniform tie points of ice and water of MODIS
imagery based on the aerial image.

MODIS-Terra SIC retrieval was performed as follows. First,
we calculated broadband albedo (BBA) [41]

α = R1 × 0.3265 + R4 × 0.2366 + R3 × 0.4364 (1)

where R1, R4, and R3 represent surface reflectance in bands
red, green, and blue, respectively. The MODIS L2land surface
reflectance was divided by the cosine of the solar zenith angle
(Table I) to correct for the atmospheric path length [41].

Then, the MODIS SIC was calculated by the tie-point
method

SIC = α − AW

AI − AW
. (2)

The histogram of MODIS-Terra BBAs [Fig. 7(a), corre-
sponding to Fig. 3)] shows the main peak near 0.051 with
a smaller peak near 0.021. The smaller peak is interpreted as
open water under clear sky conditions. The higher BBA values
representing sea ice have a much broader distribution, with two
peaks an order of magnitude smaller than the main peak. They
are interpreted as thin ice (BBA = 0.55) and thick first-year
ice with snow cover (BBA = 0.755), after the masking of
ice-shelf pixels [Fig. 7(a)].

To accurately determine the tie points of open water
(AW ) and ice (AI ) used for MODIS-Terra SIC retrieval,
we refer to the aerial image SICs (Section III-A) as ground
truth to measure the spatially averaged absolute bias of
SICs between the aerial image and MODIS-Terra imagery.
We select the tie-points for further MODIS-Terra SIC retrieval
when absolute bias reaches the minimum. Since the BBA of

Fig. 7. (a) Logarithmic histogram of broadband albedo (BBA) detected by
MODIS-Terra at 03:25 UTC, January 9, 2011. The red dashed lines indicate
BBA peaks discussed in Section III-C. (b) Average absolute bias between two
SIC data sets obtained from MODIS-Terra and the aerial image versus the
different pairs of ice and water tie points, AW and AI .

seawater is <0.4 and BBA of ice is mostly >0.4, we assumed
AW to be in the range 0.01–0.40 and AI to be between
0.41 to 0.85 with an interval of 0.01, and then obtained the
corresponding MODIS-Terra SIC values. When calculating the
SIC bias, the aerial image was divided into 5 × 15 subregions,
including approximately 654 × 654 aerial image pixels and
5 × 5 MODIS-Terra pixels per subregion after projection
onto the polar stereographic grid. SIC for each subregion was
calculated by the spatially averaged SICs over each subregion.
In Fig. 7(b), the average SICs bias of MODIS and the aerial
image reaches a minimum at Aw = 0.14 and AI = 0.59 [red
dots in Fig. 7(b)]. Based on (2), using these tie points, the
SICs of the MODIS-Terra (Fig. 8) represent the ice edge and
leads in the marginal zone as well as the brash ice in the
northwestern part (Fig. 3).

D. Retrieval of MODIS-Aqua SIC by Calibrated
Tie Points Using MODIS-Terra SIC

The time lag between the MODIS-Terra and the AMSR-E
data is more than 5 h, while the MODIS-Aqua scenes
in Fig. 9 are synchronous with the AMSR-E data. Therefore,
in the second place, and taking into account the minimum
SICs difference between the MODIS-Terra and MODIS-Aqua,
we determined AW and AI of the MODIS-Aqua SIC retrieval
algorithm and calculated the MODIS-Aqua SICs.
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Fig. 8. MODIS-Terra SIC covering Amery Ice Shelf calibrated by the
aerial image on January 9, 2011 (UTC). Green rectangles correspond to the
aerial-image region in Fig. 2(a) and the white pixels represents Amery Ice
Shelf.

Fig. 9. True-color (composited bands 1–4–3) images from MODIS-Aqua
covering Amery Ice Shelf at two transit times on January 9, 2011. Overflight
times were (a) 9:05 and (b) 10:40 UTC; the green rectangles correspond
to the aerial image region in Fig. 2(a); and the yellow rectangles represent
quasimotionless area used to determine tie points for MODIS-Aqua images.

After comparing Figs. 3 and 9, we found that the pack ice
has drifted during the time gap between the MODIS-Terra
and MODIS-Aqua. By manual feature tracking of the floes,

Fig. 10. Sea-ice displacement vectors (red arrows) derived from
MODIS-Terra and MODIS-Aqua 250-m reflectance on January 9, 2011,
based on features recognized manually. The red and blue dots represent start
and end points of displacement extraction, respectively. The green rectangle
corresponds to the aerial image in Fig. 2(a).

Fig. 11. Histograms of broadband albedo detected by MODIS-Terra and
MODIS-Aqua overflights on January 9, 2011, in quasimotionless sea-ice area
(Figs. 3 and 9). [probability density function (PDF)].

we determined the MODIS sea-ice drift vectors (Fig. 10). The
average ice speed was 11.9 cm/s in the northwest direction
along the shelf-ice edge. However, there was a velocity shear
between brash ice and pack ice, so we could not get MODIS-
Aqua SICs just by translating MODIS-Terra SICs. Nonethe-
less, we found the quasimotionless area (the yellow outlined
region in Fig. 3) barely changed between one MODIS-Terra
scene and three MODIS-Aqua scenes on the same day. This
allowed us to use the MODIS-Terra SICs in that area to
determine the tie points of two MODIS-Aqua scenes (Fig. 9).

After the solar-zenith-angle correction (Section III-B),
we obtained the BBAs of the four MODIS images (Fig. 11).
For the three MODIS-Aqua images taken at different times
(Table I), there were significant peaks for all BBA histograms
corresponding to open water, sea ice, and ice-shelf ice from
left to right. The curves plotted from MODIS-Aqua scenes
are similar to those from MODIS-Terra. However, the scene
at 18:45 was excluded because the corresponding AMSR-E
observations do not cover the study region (AMSR-E has
narrower swath width than MODIS).
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Fig. 12. Contours of average absolute bias between SIC obtained from
MODIS-Aqua and MODIS-Terra. Data shown are for two MODIS-Aqua
overflights, (a) 9:05 UTC and (b) 10:40 UTC, and for MODIS-Terra using
different pairs of tie points AW and AI . The red lines indicate selected
values for AW and AI used in SIC-retrieval algorithm for two MODIS-Aqua
overflights.

Using the method of determining tie points for MODIS-
Terra imagery, we studied the variation of the average absolute
bias between MODIS-Terra and MODIS-Aqua images with
different pairs of tie points by varying them in steps of 0.01
[Fig. 12(a) and (b)]. We chose to locate AW and AI to
be where the average absolute bias reaches the minimum.
Afterward, we calculated the SIC values of the corresponding
MODIS-Aqua images based on the chosen pairs of AW and
AI (Table I).

E. Comparison Between MODIS and AMSR-E SICs

We projected the obtained MODIS-Aqua SICs
(Section III-D) into the AMSR-E 6.25-km polar stereographic
grid, averaged over the grid cells, and compared with
swath ASI SIC products from the University of Bremen.
According to Fig. 13, AMSR-E SICs are consistent with
MODIS-Aqua SICs near the ice shelf and open water, but
they underestimate the SICs of all the sea-ice grids. The
average SIC underestimation is 8.5% after removing the ice
shelf. The underestimation mainly resulted from the regions
with SIC lower than 70%, which are close to the open water
[pixels with red numbers in Fig. 13(b)]. We maintain that
this underestimation mainly originates from the strong water
signal in these regions characterized by much brash ice.

IV. DISCUSSION

The aerial campaign was performed under clear sky condi-
tions. However, the MODIS imageries are acquired at a higher
altitude and are more sensitive to the clouds. Even though the
atmospheric corrections have been conducted before acquiring
MODIS land surface reflectance, the atmospheric correction
could not exclude the influence of clouds. We have examined
the MODIS cloud mask derived from the MOD35 data set [42]
and found the study area to be generally clear (not shown here)
in the MODIS imageries. Consequently, we are more confident
about the MODIS evaluation results.

Previous studies argued that the underestimation of ASI
SIC in low-SIC regions mainly results from thin ice or newly
formed ice [15]–[17]. Sea-ice flooding caused by thick snow is

another reason for passive-microwave SIC underestimation in
the Antarctic [18]. In general, sea ice was melting during the
study period, and we could not associate the underestimation
of ASI SIC with new ice intuitively. Moreover, the albedos
for pixels where ASI underestimates SICs were not high
enough to be recognized as sea ice covered by thick snow,
so we could start with a preliminary exclusion of the sea
ice flooding process when studying the SIC underestima-
tion. Using only the albedo of visible imagery, we could
not acquire detailed information about sea-ice, such as ice
thickness and ice evolution. As a result, we further analyzed
the ASI SIC underestimation by considering ice type and ice
thickness.

Following the work of Cavalieri et al. [18] and using
the World Meteorological Organization nomenclature [43],
we classified sea ice on the basis of BBA from MODIS-Aqua
imagery. However, what Cavalieri et al. [18] labeled as “new
ice” referring to ice with the lowest albedo, we conservatively
call it “thin ice” since empirically, sea ice was melting rather
than growing during the study period. As a result, we classified
this sea ice into thin ice and first-year ice. Additionally,
the albedo thresholds they used, which are suitable for the
ice at the surface in October, may not be as such for our
study. Accordingly, for the most part, we used the albedo
thresholds of ice types from Brandt et al. [44] based on in situ
observations of Antarctic sea ice. The threshold of open water
we used is 0.04 larger than that used by Brandt et al. [44]
(0.08), so that the small leads in the ice can be detected more
clearly. We used the following classification criteria for the
four surface types:

1) open water: BBA < 0.12;
2) thin ice: 0.12 ≤ BBA < 0.71;
3) first-year ice: BBA ≥ 0.71.

According to these thresholds, all MODIS ice pixels were
classified as either thin ice or first-year ice [corresponding to
the blue and red dots in Fig. 14(a)]. East of the aerial survey
region (the green rectangle), in the direction from the ice shelf
toward open water, the classification results show an orderly
progression from first-year ice to thin ice. An ice-thickness
dataset has also provided evidence that thin ice indeed exist
in the study region. Based on the measurements of thin-ice
thickness from the SMOS [34], [35] (Fig. 15), the study region
was covered by relatively thin sea ice (maximum <45 cm
thick). According to cruise observations aboard R/V Xuelong
(Fig. 5), the average sea surface salinity was 33.3 psu; in our
work, we used this constant to calculate the corresponding
freezing point, −1.83 ◦C. The lowest air temperature during
the study period (between vertical dashed lines in Fig. 5)
was approximately −5.07 ◦C, which is favorable for new-ice
production. The air reached melting temperatures on the day
of the figure (January 9, 2011), violating the conditions for the
sea ice thickness retrieval from SMOS [34], [35]. We never-
theless think the SIT retrieval is correct here within its limits
because the two days before, air temperature was continuously
below 0 ◦C (Fig. 5), so that the warming should not influence
strongly the SIT retrieval results. This is confirmed by com-
parison with the SIT maps of the preceding days which only
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Fig. 13. (a) AMSR-E swath SIC difference with respect to MODIS-Aqua SIC at 09:05 UTC, January 9, 2011. The green rectangle outlines AMSR-E detection
grid, and the blue and red numbers denote negative and positive difference (%) of AMSR-E SICs with respect to MODIS. (b) Scatterplots of AMSR-E swath
SICs and MODIS-Aqua SIC at 09:05 UTC and 10:40 UTC.

Fig. 14. Ice-type distribution based on MODIS-Aqua SIC at (a) 09:05 UTC
and (c) 10:40 UTC, January 9, 2011. (The green rectangles represent the area
of the aerial image.) (b) and (d) Corresponding SIC scatterplots of AMSR-E
SIC biases versus thin ice and first-year ice fractions.

show little change (not shown here). First-year ice is dominant,
while the thin ice mainly exists in a narrow zone along the
ice edge and in the northwestern part of the MODIS scene.

Fig. 15. Sea-ice thickness inferred from SMOS sensor observations [32], [33]
from 12.5 km above study region on January 9, 2011. (The green and
red quadrilaterals outline the aerial survey region and moderate-resolution-
imaging spectroradiometer subimagery, respectively.).

Over the ice-covered regions depicted in Figs. 13(b) and
15(a) and (c), there are nearly 30 AMSR-E grids for each
MODIS scene. Every AMSR-E grid is color-labeled by ice
type derived from the MODIS classification. The average
biases between AMSR-E and MODIS results for thin ice and
first-year ice are −22% and −3%, respectively (Table II),
indicating significant underestimation of thin ice pixels. Fur-
thermore, the thin ice SIC bias (−33%) mainly results from
the scene depicted in Fig. 14(a), while the first-year ice bias
(−5%) mainly results from the scene depicted in Fig. 14(b).
Fig. 14(b) and (d) shows a more quantitative analysis of the
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TABLE II

STATISTICS OF DIFFERENT SURFACE TYPE ESTIMATES (RMS)

relation between the proportions of different sea-ice types
calculated for every AMSR-E grid cell and considering the
AMSR-E SICs bias relative to the MODIS-Aqua SICs. In gen-
eral, for the grids dominated by first-year ice, the higher the
concentration, the smaller the bias. For lower first-year SICs,
the trend is not unique: it has positive values in Fig. 14(a) and
negative values in Fig. 14(b).

The correlation between the concentration of thin ice and
bias is significant in Fig. 14(b), but weak in Fig. 14(d).
There are six grids [blue stars in the rectangle in Fig. 14(d)]
dominated by thin ice but which have SICs similar to MODIS-
Aqua, and these grids are mainly located near the edge of
first-year ice [yellow dots in Fig. 14(c)]. The cause of positive
SIC bias of thin ice in Fig. 14(d) (the blue stars in the brown
frame) is not captured by our observations. There is only a
95-min time difference between two MODIS scenes so that
not much melting or change in illumination should occur.
Moreover, both Fig. 14(a) and (b) have been taken around
local noon so that changes in shadows from ice structures
like ridges should contribute only little to the difference. All
observations related to this article have been taken in austral
summer, when the ice properties are more variable than in
winter. Under these conditions, the comparison of Fig. 14(b)
and d shows that the retrieval of first-year ice SIC is more
stable than that of thin ice.

In this article, we found the bias and rms values of the
ASI algorithms to be larger than those in previously published
studies, especially the bias for thin ice (Table II). Temperatures
well above 0 ◦C in the days before the airborne observations
on January 9, 2011 (Fig. 5) may have contributed to this effect.
Generally, SIC retrievals from passive-microwave observations
tend to be less reliable and to underestimate under melting
conditions when the sea ice becomes wet, even before melt
ponds start forming [19], [45]. Areas of melt pond, rare on
Antarctic sea ice, should be detected as open water by both
optical and passive microwave sensors and, therefore, should
not contribute to the discrepancy. Also, it is probable that the
surface wetness is horizontally unevenly distributed due to
sea-ice deformation processes, an aspect which would explain
the higher rms values that we found here in comparison to
previous studies (Table II). Moreover, the surface melt in the
days before the aerial observations may have reduced the
albedo [46] so that the thresholds for ice-type discrimination
taken from Brandt et al. [44] may have experienced slight

shifts. However, the values from their work are the best
reference values we currently have due to the fact that no
separate albedo values were taken for the different ice types
under exactly the same conditions as those employed by our
campaign.

V. CONCLUSION

With the widespread application of AMSR-E/AMSR2 high-
resolution SIC data products, their evaluation and verification
have become an important issue. In our work, we used SIC
from a high-resolution aerial image obtained during China’s
27th Antarctic expedition to validate ASI AMSR-E SIC prod-
ucts. Furthermore, we achieved a step-by-step validation of
ASI SIC by using a combination of the aerial image, MODIS,
and AMSR-E data. We maintain that when data from cam-
paign experiments and satellite observations are asynchronous,
the step-by-step validation method suggested here would be
helpful.

In comparison with the SICs from MODIS imagery,
the daily-mean ASI AMSR-E products underestimate thin ice
and first-year ice by about 22% and 3%, respectively (Table II).
In areas mainly covered by shelf ice or open water, AMSR-E
SICs are generally consistent with those from the aerial image.
But in brash-ice areas far away from the ice shelf, the ASI
data underestimate the SIC. Based on the synchronicity of
MODIS-Aqua and AMSR-E as well as that of MODIS-Terra
and the aerial image, we have presented the successive veri-
fication of passive microwave data by remote sensing visible
imageries and an aerial image in a clearly structured step-
by-step method. First, we determined the tie-point values
of MODIS-Terra imagery based on the aerial image. Then,
in a selected region with quasimotionless ice, we assumed
that MODIS-Terra and MODIS-Aqua had the same SICs
and acquired tie-point values of MODIS-Aqua images and
corresponding SIC values. Finally, we used this validated
MODIS-Aqua SIC to assess the accuracy of AMSR-E SICs.
After the step-by-step validation, it was apparent that the ASI
AMSR-E product underestimates the true concentration, as is
the case for other methods based on visible-imagery sensor
data (Table II), and that the overall average underestimation
is about 8.5% in relation to the SICs from MODIS imagery.

From our work with the ASI AMSR-E, we conclude that
a higher uncertainty exists in the passive microwave SIC
products of thin ice and first-year ice, for example, the rms of
first-year ice (10%) is higher than rms of [13] and [17]. This
higher uncertainty is due to surface melting processes before
the aerial campaign, processes which decrease the reliability
of passive microwave signals.

With the development of remote sensing, more and more
data sources could be employed to retrieve sea ice parameters
in the polar regions. In the future, more multisensors data
sets could be included to evaluate sea ice parameters in a
mutual way, and to improve the accuracy of sea ice prod-
ucts [47], [48].
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