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ABSTRACT:

Sea ice is an essential component of the global climate system since it influences and is influenced by changes and variations in the
global energy balance and water cycle. In the context of decreasing SIE over the Arctic and an increasing area covered by the
seasonal ice, spatial and temporal variations in thin ice especially its thickness are important research questions. The brightness
temperature characteristic to thickness is important because it estimates from the brightness temperature. And the verification of the
estimated result is also important. However, the observation of thin sea ice is difficult. Therefore, the comparison with other data is
important. The reflectivity of visible and near-infrared has a low characteristic in the thin sea ice area. The purpose of this study
clarified the brightness temperature characteristic of sea ice, and compared the relations between reflectivity and the brightness
temperature of the sea ice. The compared data is a brightness temperature from AMSR-E and reflectivity from MOIDS. The analysis
converted the projection of both data into the same polar stereographic. And, the clear regions were chosen from the cloud flag and
compared. The analytical result on January 15, 2003 is reported. The pixel of reflectivity 0.2-0.3 of MODIS band 1 was distributed
about 80% in brightness temperature of 185-190K. And the pixel of reflectivity 0.2 of MODIS band 2 was distributed about 80% in
same brightness temperature. On the other hand, the pixel of reflectivity 0.7 of MODIS band 1 was distributed about 65% in
brightness temperature of 240-245K. And the pixel of reflectivity 0.7-0.8 of MODIS band 2 was distributed about 80% in same
brightness temperature. The reflectance of visible and near-infrared are low in thin sea-ice. The reflectivity of bands 1 and 2 has
concentrated on 0.3 or less in low brightness temperature area. Therefore, it seems very possible that this area is thin region. In
general the visible reflectance of the snow is 0.8 or more and near-infrared reflectance is about 0.6 different according to the grain
size. The reflectivity of band1l and band2 concentrated on a high value in high brightness temperature area. The snow exists on the
sea-ice, and it suggests the existence of thick sea ice in this area. Therefore, the brightness temperature of 18Ghz is low in thin ice,
and thought to rise while growing up. Therefore, the brightness temperature of 18Ghz will be low in thin condition, and rise while
growing up.

1. INTRODUCTION For sea-ice of a thickness <0.3 m that includes nilas (thickness
<0.1 m) and young ice (0.1-0.3 m of thickness) thickness has
been estimated using various remote sensing methods. Of which

passive microwave radiometry is becoming a first choice in

The seasonal sea-ice accounts for a significant portion of the
sea-ice cover. This implies that globally large part of sea-ice

undergoes the stage of thin ice at least one point within a
seasonal cycle. In a freezing condition thin-ice is associated
with the formation of sea-ice, which is closely linked to the
formation of dense water in sub-polar and polar oceans [Vinje
et al, 2002; Tamura et al., 2008]. The amount of heat flux
through sea-ice of thickness <0.5 m is 1 or 2 orders of
magnitude higher than that through thicker ice [Maykut, 1978].
Anomalous sea-ice cover and resulting heat fluxes could
influence large-scale atmospheric circulation [Honda et al.,
1999]. In the context above accurate information on temporal
and spatial distributions of thin ice is of significant importance
to regional- and basin-scale heat budgets and atmosphere-ocean
interaction.

many applications for its relative robustness under different
weather conditions. Although exact methods vary among
investigators [Steffen, 1991; Cavalieri,1994; Drucker et al.,
2003; Martin et al., 2004; Tamura et al., 2008; Nihashi et al.,
2009] all thickness estimates using passive microwave
radiometry are based on a presumed sensitivity of brightness
temperature to sea-ice thickness, which has been identified for a
thickness less than about 0.2-0.3 m. In some cases emissivity (a
ratio of brightness temperature to physical temperature) instead
of brightness temperature was used. An underlying process is
that passive microwave radiometric signals contain indirect
information on ice thickness through the dependence of
dielectric properties on brine [Naoki et al., 2008 and see
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references therein]. Within a range of frequencies and
polarizations the observed thickness-brightness temperature
relationship is more pronounced at lower frequencies (e.g.
18GHz) and horizontal polarization.

Besides passive microwave other remote sensing techniques
such as laser and radar altimetry and SAR are available to
estimate sea-ice thickness. The altimetry is based on a direct
measurement and more effective for thicker ice while the latter
is still difficult to implement. Another remote sensing method
to estimate thickness for thin sea-ice is through optical property.
Within the thin category sea-ice is optically more transparent
than the thicker counterpart [Perovich, 1990, 1991; Allison et
al., 1993]. Massom and Comiso [1994] studied detailed
dependence of visible and infrared albedos on different ice
thickness and surface conditions using Advanced Very High
Resolution Radiometer (AVHRR) satellite images. Based on a
field study in the Arctic Ocean Ehn et al. [2007] also reported a
relationship between spectral albedo and a thickness for a range
of wavelength from the UV to infra-red (see their figures 10 and
11). However there has been no previous attempt to
systematically compare albedo and reflectance with brightness
temperature or with emissiviy based on satellite observations.
With this background the purpose of this study is to extend the
previous results so as to investigate the relationship between
brightness temperature/emissivity and visible and infra-red
reflectance, in particular using satellite observations over the
Sea of Okhotsk. By setting the Sea of Okhotsk as the target area,
which is located in southerly latitudes approximately between
45 to 60 degrees, we are able to minimize possible influences of
a low zenith angle of the sun on optical measurements.

One of the remaining difficulties in the estimation of ice
thickness using satellite passive microwave radiometry is our
limited capability in validation. The method has been validated
against thickness measurements, which are very rare due to a
difficulty in measuring a thickness for thin ice. The existing
mesurements are also localized either by an upper-looking
sonar [e.g. Drucker et al., 2003; Tamura et al., 2007] or by in
situ [Naoki et al., 2008]. In comparison satellite data represent
an averaged view over a much larger area. Given a trade off
existing between optical and satellite passive microwave
observations in terms of resolution and all-weather capability, a
better knowledge of the relationship between reflectance and
brightness temperature/emissivity on thin sea-ice is expected to
provide valuable information for validating thin-ice algorithms.

2. DATA AND METHOD

For satellite data we make a use of reflectance and brightness
temperature from the same satellite “AQUA”. This is to make
geo-reference and synchronization as precise as possible.
Moderate-Resolution Image Spectroradiometer (MODIS) on
board AUQA provides radiometric measurements in 36 spectral
bands ranging in wavelength from 0.4 um to 14.4 pm. Of which
this study uses the Level 1B products of Band 1 (0.620—
0.670pm) and 2 (0.841 —0.876pm ), whose nominal resolution
was 250m.

Another sensor onboard AQUA is Advanced Microwave
Scanning Radiometer (AMSR-E), which measures microwave
emission of Earth’s surface at 7 frequencies (6.925, 10.65, 18.7,
23.8, 36.5 and 89GHz as center frequencies) and at vertical and
horizontal polarizations. It is a conically scanning system with a
swath width of about 1445 km with the incidence angel fixed at
about 55 deg. The instantaneous field of view of this sensor is
74 by 43 km at 6 GHz and decreasing with frequency to about 6
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by 4 km at 89 GHz. The frequencies that have been used for
sea-ice thickness estimation vary among investigators. As
pointed out in Naoki et al. [2008] there are both observational
and theoretical grounds that the sensitivity of brightness
temperature to thickness is higher for lower frequencies. There
is however a tradeoff between this sensitivity and spatial
resolution. Furthermore, the high frequency such as 89 GHz
suffers from a bias due to the presence of water vapor.
Considering such factors we choose 18GHz that provides a
ground resolution of about 27 by 16 km.

Both reflectance and brightness temperature measurements
from satellite correspond to “averaged view” over a large
footprint especially for AMSR-E. Since sea ice concentration
for such a large area is less than 100% it is necessary to make a
correction for open water within a grid. There are two
algorithms for the estimation of sea ice concentration, the
enhanced NASA Team 2 and bootstrap algorithms [Markus and
Cavalieri, 2000; Comiso, 2003]. The former uses gradient ratio
(GR) and polarization ratio (PR) based on the brightness
temperatures of 18GHz and 36GHz for both polarizations. In
comparison, the latter algorithm is based on the brightness
temperatures of both polarizations at 36GHz and vertical
polarization at18GHz. Hence, the combined use of the bootstrap
algorithm and horizontal polarization at 18GHz for estimating
thickness constitutes a complimentary set of frequencies and
polarization. This study also uses sea ice surface temperature
data calculated from brightness temperature at 6 GHz [Comiso
et al., 2003]. The AMSR-E brightness temperature, sea ice
concentration and sea ice surface temperature data were all
acquired from the download site at National Snow and Ice Data
Center (NSIDC).

Prior to the analysis MODIS data were corrected for the zenith
angle of the sun. Then MODIS data, surface temperature and
sea ice concentration were all projected onto the same polar
stereographic coordinates as the one used by the AMSR-E.
Next using the cloud mask 17 MODIS scenes in relatively
cloud-free conditions were identified spanning the period of
2003 to 2007 (see Fig 1b and Table 1). For each grid of those
scenes brightness temperature of sea-ice corrected for sea ice
concentration was calculated assuming 0.332 as the emissivity
of the sea water (Eppler, 1992) and the freezing temperature
271.35K.
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Figure 1. (a)Geographic location of Sea of Okhotsk (b) MODIS
Bandl1 reflectance image on JAN 17, 2003.
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3. RESULTS
3.1 Reflectance, brightness temperature and emissivity

Figure 1a shows the study region, the Sea of Okhotsk, in which
sea-ice has been extensively investigated especially in
conjunction with polynyas and the formation of North Pacific
mode water [see references in Nihashi et al., 2009]. Figure 1b
presents a sea-ice cover of the Okhotsk Sea on January 17, 2003
with the largest clear-sky area among those 17 MODIS scenes.
For this image we identified 7154913 pixels for MODIS and
corresponding 2851 pixels for AMSR-E. Figure 2a and 2b
present the relationship of brightness temperature and
reflectance for MODIS Band 1 and 2, respectively. There is a
positive relationship between the brightness temperature and
reflectance for both bands. For example, the averages of
reflectance were 0.24, 0.41 and 0.55 for the brightness
temperature ranges of 175-180 K, 210-215 K and 235-240 K.
Similarly for Band 2 the averages of reflectance were 0.18, 0.38
for the same brightness temperature intervals.

The above results strongly support that both reflectance and
brightness temperature are sensitive to a thickness for thin ice
with a close to linear relationship. What is remarkable is that
those two measurements reflect physically different processes.
They are attributed to optical property and dielectric property
associated with brine, respectively. However, those results are
likely biased by differences in surface temperatures. For
example, a single MODIS image represents a significant North-
South extension, which corresponds to a large air-temperature
gradient within the Okhotsk Sea (see figure 1 of Nihashi et al.,
2009). In order to correct for this bias we calculated emissivity
(brightness  temperature  divided by surface physical
temperature) for each AMSR-E grid (Figure 2c and 2d). Note
that there is a marked relationship between emissivity and
reflectance for both bands. Furthermore, the relationship is
close to be linear for this range of emissivity and reflectance.
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Figure2. Comparison AMSR-E and MODIS
(a) Brightness temperature of sea ice vs. reflectance (Bandl).
(b) Brightness temperature of sea ice vs. reflectance (Band2).

(c) Emissivity of sea ice vs. Reflectance (Bandl). (d)
Emissivity of sea ice vs. Reflectance (Band2).

3.2 Thickness estimate

I n all likelihood brightness temperature is a proxy for a
thickness for thin sea-ice. As was seen for a large area such as
the Okhotsk Sea with a significant surface temperature gradient,
emissivity which by definition includes a surface temperature
correction is likely a better parameter for ice thickness. For the
Okhotsk Sea our previous study found thresholds in emissivity
for different thickness categories, £<0.76 for an ice thickness
<0.1m and <0.84 for a thickness >0.2m. Figure 3a and 3b
present histograms of reflectance for the grids with reflectance
of 0.755 to 0.765 for Band 1 and 2, respectively. In comparison,
Figure 3c and 3d plot the same for the grids with reflectance of
0.835 to 0.845 for Band 1 and 2. Note that by utilizing all 17
MODIS scenes the number of samples was rather large, e.g.
n=4860 and n=19236 for two thresholds values. For Band 1
(visible) the averages in reflectance increase from 0.42 to 0.56
with the standard deviations of 0.08 and 0.10 respectively. It is
also noted that all distributions in Figure 3 are highly skewed
with long tails to lower values in emissivity. These distributions,
if they present real characteristics of the relationship between
emissivity and reflectance, can be used to provide error
estimates on a relationship between them by a means of Monte
Carlo simulation.

Even though we have corrected possible biases due to surface
temperature gradient there still remains another source of bias.
That is when emissivity is used for classifying ice thickness
surface temperature must be corrected for sea ice concentration.
Unfortunately surface temperature data which we used were not
corrected for sea ice concentration.

In order to see how those two sources of biases may contribute
to emissivity we select two small areas within a single MODIS
scene where the two areas are as close to be cloud-free and to
meet 100% sea ice concentration as possible. In addition the
two areas are different thickness categories defined by the
above thresholds in emissivity. For those two areas the average
of Band 1 reflectance for the area corresponding to the thinnest
category (€<0.75) is 0.39 with 0.03 of standard deviation. The
average increases to 0.56 while the standard deviation remains
at 0.02. These standard deviations are significantly lower
compared with the standard deviations of reflectance in Figure
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Figure3. Distribution of reflectance of threshold at emissivity
(a) Distribution of Bandl on threshold 0.76. (b) Distribution of
Band2on threshold 0.76. (¢) Distribution of Bandl on threshold
0.84.(d) Distribution of Band1 on threshold 0.84.
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3, e.g. at least by a factor of 4. The brightness temperature used
to estimate is strongly received salinity and the temperature
influence on the ice surface in thin sea ice. The reflectance
bandl and band2 changes because solar radiation is scattered
and reflecting by a sea ice surface and an internal bubble, brine,
etc. Both are mutually observing ice by an independent process.
It is thought that such both having shown a good agreement in
the comparative result estimated thickness from this method by
high accuracy.

4. SUMMARY

This study aimed to estimate the thickness of thin sea ice from
the brightness temperature observed with AMSR-E and
developed the technique.

It has been understood that the temperature of 18GHZ observed
in the satellite can presume thickness from the comparison with
the reflectance of visible and infrared rays. The brightness
temperature of 18GHz H-pol from AMSR-E can estimate
thickness that it compared with the reflectance MODIS band1
band2.The thickness of the sea ice estimated and used
emissivity from the brightness temperature of 18GHz H-pol and
the surface temperature. Both are observing the sea ice by a
different respectively process.

The estimated result and reflectance showed a good agreement
from the comparison result. This method estimate thickness
from the 18GHz H-pol brightness temperature. Therefore, the
brightness temperature of the sea ice can be estimated without
receiving the influence of the sea ice concentration by select the
sea ice concentration product. And, it is possible to apply to not
only SSM/I but also SMMR that has been observed since 1978,
and the possibility t that the change of the sea ice for over 30
years including thickness can be clarified is high
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