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ABSTRACT. Accurately measuring and monitoring the thickness distribution of thin ice is crucial for
accurate estimation of ocean-atmosphere heat fluxes and rates of ice production and salt flux in ice-
affected oceans. Here we present results from helicopter-borne brightness temperature (TB)
measurements in the Southern Ocean in October 2012 and in the Sea of Okhotsk in February 2009
carried out with a portable passive microwave (PMW) radiometer operating at a frequency of 36 GHz.
The goal of these measurements is to aid evaluation of a satellite thin-ice thickness algorithm which uses
data from the spaceborne Advanced Microwave Scanning Radiometer—Earth Observing System
AMSR-E) or the Advanced Microwave Scanning Radiometer-1l (AMSR-II). AMSR-E and AMSR-II TB
agree with the spatially collocated mean TB from the helicopter-borne measurements within the
radiometers’ precision. In the Sea of Okhotsk in February 2009, the AMSR-E 36 GHz TB values are
closer to the mean than the modal TB values measured by the helicopter-borne radiometer. In an
Antarctic coastal polynya in October 2012, the polarization ratio of 36 GHz vertical and horizontal TB
is estimated to be 0.137 on average. Our measurements of the TB at 36 GHz over an iceberg tongue

suggest a way to discriminate it from sea ice by its unique PMW signature.
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1. INTRODUCTION

Most Arctic and Antarctic coastal polynyas are latent-heat
polynyas, which are formed by the combination of
divergent sea-ice motion due to winds and/or oceanic
currents and latent heat released into the water during ice
formation (Morales Maqueda and others, 2004). Under
winter conditions, open water in coastal polynyas tends to
freeze rapidly. Thus, most of the polynya area is covered
with thin ice (i.e. frazil, grease, nilas, pancake ice, etc.) in
winter, with a tentative open-water area along the coastline
or landward edge of the polynya (Pease, 1987). The region
of newly formed thin ice may extend up to and in excess of
100 km from the coast in places (Smith and others, 1990).
During freeze-up, thin-ice areas may also exist in the
marginal ice zone (MIZ). Coastal polynyas, leads and MIZ
have large spatial and temporal variability. Moreover, in
winter, heat loss is one to two orders of magnitude larger
over thin-ice areas than over thicker ice regions (Maykut,
1978). Most of the heat loss to the atmosphere is balanced
by sea-ice production, so these thin-ice regions are
important as sites of high sea-ice production (Gordon and
Comiso, 1988). Therefore, gaining better information on the
spatio-temporal distribution of thin sea ice and its vari-
ability is a key to more accurate modeling of ocean-
atmosphere heat fluxes, rates of ice production and salt flux
(Cougnon and others, 2013).

The most effective, and indeed only practical, means of
observing thin sea-ice distribution on large scales is satellite
remote sensing. Passive microwave (PMW) techniques in
particular have the potential to estimate thin-ice thickness
over the entire polar oceans on a daily to twice-daily basis
regardless of darkness or cloud cover. Detection of thin-ice
areas from satellite PMW data and the subsequent estimation
of sea-ice production through the calculation of surface heat
fluxes have been proven to be effective techniques (Martin
and others, 2004; Tamura and others, 2008, 2011; Nihashi
and others, 2009; Drucker and others, 2011).

With these factors in mind, an algorithm was developed
to give large-scale information on thin-ice thickness using
satellite PMW data from the Special Sensor Microwave/
Imager (SSM/I: 1992—present) and Advanced Microwave
Scanning Radiometer-Earth Observing System (AMSR-E:
2002-11; Tamura and others, 2007; Nihashi and others,
2009; Tamura and Ohshima, 2011; lwamoto and others,
2013). This algorithm is based on the fact that although the
microwave penetration depth of bare (thin) sea ice is in the
order of 0.1 m at most (Ulaby and others, 1982), microwave
brightness temperatures (TBs) at the frequencies of these
sensors correlate with the surface salinity (brine volume
fraction; Vant and others, 1978), which is sensitive to thin-
ice thickness (Cox and Weeks, 1974; Kovacs, 1996; Toyota
and others, 2007, Hwang and others, 2008). From in situ
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observation, Toyota and others (2007) showed that the brine
volume fraction at the surface correlates well with ice
thickness (root-mean-square error of brine volume fraction:
1.39%), especially for thin ice with thickness <0.5 m.

From comparisons between TBs obtained from a PMW
radiometer on board a ship and sea-ice data from in situ
measurements, Hwang and others (2007) showed a clear
negative correlation between the polarization ratio (R) of
36 GHz vertically and horizontally polarized channel TBs
(R3¢) and thin Arctic sea-ice thickness without a snow cover.
According to these studies, PMW sensors cannot directly
detect sea-ice thickness, but rather provide an indirect
means of estimating ice thickness from observed ice surface
conditions, by using the R and PR (other polarization ratio)
value. The PR is transformed from R through the following
equation: PR=(R-1)/(R+1) (Martin and others, 2004;
Nihashi and others, 2009). Based upon this relationship,
empirical thin-ice thickness algorithms have been devel-
oped for various sea-ice regions. In previous thin-ice
algorithms, some amount of standard deviations (STDs) are
shown in the scatter plots of ice thickness versus R and PR
value (e.g. for the Chukchi Sea (Martin and others, 2004,
2005; Ilwamoto and others, 2013), Arctic Ocean (Tamura
and Ohshima, 2011; lwamoto and others, 2014), Southern
Ocean (Tamura and others, 2007) and the Sea of Okhotsk
(Nihashi and others, 2009)). Furthermore, all of the
aforementioned thin-ice thickness algorithms use ice thick-
ness derived from satellite thermal infrared (TIR) data alone
for algorithm development and evaluation. All but one of
these studies limited their comparisons and validations to
satellite data. Only Hwang and others (2007) used in situ
shipborne observations to confirm the validity of empirical
approaches for thin-ice thickness retrieval first developed by
Martin and others (2004). The range of spatial scales of
observational methods (small footprint of shipborne TB
sensor compared to the 6.25-25km footprint of satellite
sensor) together with the variability of thin-ice types and
surface properties provide the real challenge to studies such
as that by Hwang and others (2007).

In this study, we present data from two airborne sea-ice
remote-sensing experiments to evaluate and improve the
past satellite thin-ice thickness algorithms applied to satellite
data, with the airborne data being at a grid resolution
intermediate between the shipborne data (~10m) and
satellite data (~10km). In February 2009, the Sea Ice
Research Activities by patrol vessel (P/V) Soya (SIRAS-09)
took place northeast of the Hokkaido Island coast in the Sea
of Okhotsk. In September to November 2012, the Sea Ice
Physics and Ecosystem eXperiment (SIPEX-2) was conducted
by the Australian Antarctic Program off the Wilkes Land
coast (63-66°S, 115-125°E), East Antarctica, on board RV
Aurora Australis. In the Sea of Okhotsk and the Southern
Ocean, we made helicopter-borne observations using a
portable PMW radiometer operating at a frequency of
36 GHz, similar to one of the satellite AMSR-E and
Advanced Microwave Scanning Radiometer-Il (AMSR-II)
sensor channels.

This study aims to contribute new knowledge leading to
improvement of the thin-ice thickness algorithm via data
comparison. The thin-ice regions that are the focus of this
study include coastal polynyas and the MIZ. The Hokkaido
Island coast in the Sea of Okhotsk is the comparison area for
the MIZ. Because the MIZ is characterized by heteroge-
neous sea ice, we need to pay attention to the difference in

footprint of high-resolution helicopter-borne versus low-
resolution satellite results. The Dalton Polynya off the
Wilkes Land coast in East Antarctica is the comparison area
for a coastal polynya. The iceberg tongue in the vicinity of
the polynya is also one of the targets for our analysis of
microwave characteristics.

2. DATA AND MEASUREMENTS
2.1. Sea of Okhotsk

The helicopter-borne portable PMW radiometer used here
was manufactured by Mitsubishi Electric Tokki Systems
Corporation, and is a similar sensor to the spaceborne
sensors AMSR-E/AMSR-II. This radiometer recorded TBs at
36 GHz and both horizontal and vertical polarization
(36GHz-H and -V TBs) every second, at a precision of 1K.
The dual-channel characteristic of the sensor allows for the
calculation of PR3 (Eqn (1)), which is sensitive to thin-ice
thickness. During the flight, sensor zenith angle was set to
~55°, which is equivalent to the satellite sensors. The
beamwidth of the portable microwave radiometer is ~10°.
The sensor’s scan area was free of contamination. The
footprint size of the radiometer depends on the the aircraft
altitude. For the Sea of Okhotsk experiment, aircraft altitude
varied from ~60m in the first half to ~500m during the
latter half of the flight, giving footprint diameters of ~35m
and ~300m, respectively.

PR3s = (TB3sv — TB36n)/(TB3sv + TB3eH) (1)

AMSR-E satellite microwave data were provided by the US
National Snow and Ice Data Center (NSIDC). We used
36GHz-H and -V TBs from the level 1B gridded swath data.
The grid resolution of the AMSR-E 36 GHz data is ~12.5 km.
The accuracy of the geolocation for AMSR-E data is
~2-3 km. For surface temperature mapping, we used Aqua
Moderate Resolution Imaging Spectroradiometer (MODIS)
level 1B TIR (channel-31 and -32) data. The grid resolution
of the MODIS data is ~1km. Ice surface temperature was
calculated from MODIS TIR data by the method of Key and
others (1997). Updated MODIS coefficients (https://stratus.
ssec.wisc.edu/products/surftemp/surftemp.html) were used
here. It should be noted that this is an empirical application
and the MODIS coefficients are not tested. We assured by
visual inspection of the MODIS data used that the areas
considered in our analysis are free of clouds and ice fog.
European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-Interim) data (Dee and others,
2011) were used to provide air temperatures at 2m, dew-
point temperatures at 2m, wind speed and direction at
10m, and surface mean sea-level pressures. The spatial and
temporal resolutions of the ERA-Interim data are 1.5° x 1.5°
and 6 hours, respectively. After spatially interpolating the
ERA-Interim atmospheric data onto the MODIS grid, they
were used together with MODIS information to estimate ice
thickness using heat flux equations. The time difference
between the ERA-Interim data and the MODIS data is
~1 hour. We note that ERA-Interim data treat thin-ice areas
as low sea-ice concentration area, and ERA-Interim air
temperatures at 2 m might have a cold bias over thin-ice
regions compared to the actual conditions when the thin-ice
area is smaller than the ERA-Interim resolution.

The present study estimates sea-ice thickness from MODIS
data (hereafter referred to as the MODIS ice thickness) based
on the same method as that of lIwamoto and others (2013). A
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Fig. 1. Comparison of the MODIS and AMSR-E imagery for the
southern Sea of Okhotsk on 11 February 2009. Maps of (a) the
MODIS TIR image and (b) the AMSR-E PRs34. The black line shows

the flight track. The black circle indicates the ship’s position.

similar method, using the Advanced Very High Resolution
Radiometer (AVHRR), was presented by Yu and Rothrock
(1996), Drucker and others (2003), Tamura and others (2006)
and Nihashi and others (2009). From the comparison with in
situ observations of ice thickness, these studies suggested that
the estimation is applicable to sea ice with thicknesses of
<0.5m. Drucker and others (2003) state that there is an
uncertainty of 50% in the AVHRR-derived ice thickness. We
chose only night-time scenes for estimation of MODIS ice
thickness, to neglect the shortwave radiation balance com-
ponent in the heat flux calculation.

A downward-looking video camera was installed on the
ship’s railing to monitor ice turned onto its side by the ship,
thereby enabling visual estimation of ice thickness (Toyota
and others, 1999) with an estimated error of <10% (Toyota
and others, 2004). The helicopter-borne observations in the
Sea of Okhotsk were conducted along the planned cruise
track, to enable their direct comparison with the shipborne
video camera-derived thicknesses. The vessel traversed
the helicopter track and passed within ~5 hours after the
helicopter operation. During the vessel’s passing of the

helicopter track, the average wind speed and direction
observed from the ship were 4.4ms™' and north-north-
westward, respectively. Due to the lack of detailed ice-drift
information, a potential displacement of the sea ice by
1-2 km during the experiment in the Sea of Okhotsk is not
taken into account.

Figure 1 shows the MODIS TIR image and the spatial
distribution of AMSR-E PR3 for 11 February 2009, including
the helicopter flight track as a black line. Helicopter PMW
radiometer measurements were acquired on the morning
(local time) of 11 February 2009. The aircraft departed the
vessel in the thin-ice region on a due westerly course toward
a combined area of first-year and thin ice. The return leg
followed the same track on a due easterly course but at
higher altitude. The aircraft speed was kept nearly constant
at 120-130kmh™' during the flight, so the PMW radiometer
recorded every ~35m on average.

2.2. Southern Ocean

We used the same helicopter-borne portable PMW radi-
ometer in the Southern Ocean experiment. The altitude of
the aircraft had a range of 250-400 m, so the footprint size
varied between 150 and 240 m. We used the AMSR-II level
1B gridded swath data provided by the Japan Aerospace
Exploration Agency (JAXA). The grid resolution of the
AMSR-Il 36 GHz data is ~10km. For the estimation of ice
surface temperature, we used Aqua MODIS level 1B TIR
data obtained from NASA. However, MODIS ice thickness
could not be estimated because no night-time and cloud-
free MODIS scenes were available.

A vertical-downward-looking TIR pyrometer (Heitronics
KT-19.85) was also installed in the aircraft to measure sea-
ice surface temperature. The pyrometer’s footprint at the
level of the sea ice varied between 10 and 16m, as a
function of aircraft altitude. These data were acquired every
2's, at a precision of 0.5 K, and are used here for comparison
with the helicopter-borne radiometer results.

Figure 2 shows the MODIS TIR image and the spatial
distribution of AMSR-II PR;3¢ on 23 October 2012, including
the helicopter flight track as a black line. The thin-ice region
west of the Dalton Iceberg Tongue (DIT) is the Dalton
Polynya (Fig. 2a, dark area). The airborne survey was
conducted in the afternoon (local time). The aircraft
departed the vessel in a region of first-year sea ice, entered
into a ‘mowing-the-lawn’ pattern over the polynya between
the DIT (fast ice interspersed with grounded small icebergs;
Fraser and others, 2010, fig. 6) and the first-year sea-ice
region before turning northwest towards the vessel over the
first-year ice region. The aircraft speed was kept nearly
constant at 140-150kmh™" during the flight, so the PMW
radiometer recorded every ~40m, on average.

3. COMPARISON BETWEEN SATELLITE AND
HELICOPTER-BORNE RESULTS

3.1. Sea of Okhotsk

Near-coincident helicopter-borne 36GHz-H and -V TBs
(within £2 hours of the satellite overpass) are compared
along the flight track for 11 February 2009 (Fig. 3). AMSR-E
data are co-located with the helicopter-borne data as
follows. For each helicopter-borne measurement the dis-
tance between the radiometer footprint center and the
center of the AMSR-E gridcells nearby is computed. Radi-
ometer measurements are co-located to the AMSR-E gridcell
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Fig. 2. Comparison of the MODIS and AMSR-II imagery for the
Dalton Iceberg Tongue region, East Antarctica, on 23 October
2012. Maps of (a) the MODIS TIR image and (b) the AMSR-II PR3
The black line shows the flight track. The black circles indicate the
ship’s position at the starting and ending points of the flight.

center with the minimum distance and averaged. Radi-
ometer measurements for which this distance indicated that
the radiometer footprint overlaps two adjacent AMSR-E
gridcells were discarded. Between 100 and 400 radiometer
measurements are averaged, depending on the orientation
of the flight track within the AMSR-E gridcell and on the
footprint size: 35m and 300m on the outbound and
inbound leg, respectively. Points 1-17 at the abscissa
(Fig. 3) correspond to the AMSR-E gridcell along the track.
At the turning point of the helicopter survey (Fig. 3, point 10
and dashed line), the helicopter changed altitude from
~60m to ~500m. For the first part (points 1-9; Fig. 3) and
the latter part (points 11-17) of the survey, the helicopter-
borne sensor footprint was ~35m and ~300m, respect-
ively. At the turning point (point 10), data at both resolutions
are included. In the low-TB region comprising combined
open ocean and sea ice (as identified in the aerial photos),
the AMSR-E results are consistent with the average values of
the helicopter-borne radiometer data, despite showing a

5 10 15
Point

Fig. 3. Comparison of 36GHz-H (a) and -V (b) TBs from AMSR-E
(black circles and thick line) with those from the helicopter-borne
sensor (open circles and thin line with error bars showing +1 STD
in each AMSR-E gridcell) along the flight track in the Sea of
Okhotsk (see Fig. 1). The dotted line denotes the turning point of
the helicopter flight.

larger standard deviation (29.4 and 15.1 K for 36GHz-H and
-V TBs) caused by the large difference of microwave TBs
between open ocean and sea ice. In the high-TB region
where first-year ice dominated, the AMSR-E results mostly
correspond well to the average values of the helicopter-
borne radiometer, with a smaller standard deviation (9.95
and 4.09K for 36GHz-H and -V TBs). In the transition zone
between the high- and low-TB areas, the helicopter- and
spaceborne data are not consistent in some cases. It should
be kept in mind that the helicopter observation does not
entirely cover the AMSR-E footprint (covering as a single line
whose width is the same size as the helicopter-borne sensor
footprint), particularly during the outbound leg, resulting in
differences between helicopter-borne and AMSR-E TBs
under non-uniform sea-ice conditions.

Probability histograms of 36GHz-H and -V TBs derived
from the helicopter-borne sensor for the 17 AMSR-E
gridcells in Figure 3 have been derived (Tables 1 and 2).
In the low-TB region comprising a mix of open ocean and
sea ice (points 1-6, 15-17; Fig. 3), the AMSR-E TBs are
closer to the mean than the mode values of the helicopter-
borne TBs. In the high-TB region comprising combined
first-year ice and thin ice (points 7-14), the scatter
deviations of their histograms are relatively small compared
to those in the low-TB region. In this region, the AMSR-E
TBs are consistent with the mean values of the helicopter-
borne TBs. On the other hand, in the transition zone
between high and low TBs (points 7 and 13), the difference
between AMSR-E and helicopter-borne TBs is quite large,
although little scatter deviation is shown in their histo-
grams. The STDs (error bars) are larger in the small-footprint
region (points 1-9) than in the large-footprint region (points
11-17) (Fig. 3). This is consistent with the change in
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Table 1. Histograms in percentage of 36GHz-H TBs derived from the helicopter-borne sensor for 17 AMSR-E gridcells in Figure 3. Mean

helicopter-borne TBs in each gridcell (TBy,) and the AMSR-E TBs (TB,) are also shown

Point  80-100K 100-120K 120-140K 140-160K 160-180K 180-200K 200-220K 220-240K 240-260K 260-280K  TBp TBa
% %o %o % % % %o %o % K K
1 - - 11 14 28 24 23 - - 177.0 1721
2 - - 46 14 22 12 5 - 152.6 157.1
3 - - 65 6 13 7 3 6 - 146.0 139.1
4 - - 37 10 17 17 7 10 1 165.6 155.4
5 - - 23 18 19 23 10 7 - 169.5 169.9
6 - - 8 5 6 18 14 25 25 208.3 193.6
7 - - - - - 1 2 10 87 2443 2259
8 - - - - - - - 20 80 2443 2395
9 - - - - - - 4 46 49 238.1 237.4
10 - - - - - 13 48 38 214.8 234.1
11 - - - - - 3 2 49 46 237.5 2374
12 - - - - - - - 4 96 245.7 2395
13 - - - - 1 7 2 6 84 241.2 2259
14 - - - - - 7 35 44 14 223.0 193.6
15 - 5 16 34 32 13 - - 177.5 169.9
16 - - 31 25 14 13 15 3 163.6 155.4
17 - 1 38 23 12 14 11 - - 156.4 139.1

footprint size because STDs of larger footprint data usually
have smaller values.

Figure 4 shows the comparison of helicopter-borne
36GHz-H TBs and PR3, with MODIS ice thickness and ice
thickness information from a shipborne video camera, along
the flight track in Figure 1. Because the MODIS ice thickness
algorithm is applicable only to sea ice with thicknesses
<0.5m (Yu and Rothrock, 1996), MODIS-derived ice
thicknesses above 0.5 m are not shown here. The helicopter
data were acquired within £9 hours of the satellite MODIS
overpass. The time lag between the shipborne observation
and corresponding satellite MODIS data was ~9-14 hours.
Points 1-53 in Figure 4 correspond to the MODIS gridcells
along the track. The helicopter data within each gridcell
were averaged without any weighting. The number of
helicopter data points in each of these MODIS gridcells

Table 2. Same as Table 1 but for 36 GHz-V TBs

varied from about 10 to 30. It is noted that the ship track is
not exactly the same track of the helicopter. The helicopter-
borne PR;¢ values have no correlation with MODIS ice
thicknesses for the areas shown by the arrows in Figure 4.
The aerial photos (Fig. 5) corresponding to the regions
indicated by these arrows show the coincident ice condi-
tions (a combination of thin ice and open water). These are
MIZ regions where sea-ice drift speed is usually higher than
in the close pack ice. A substantial change in sea-ice
condition in a MODIS gridcell over the 9 hour interval could
account for the observed discrepancies.

3.2. Southern Ocean

A comparison of 36GHz-H and -V TBs derived from satellite
AMSR-II with those from the helicopter-borne radiometer
along the flight track (shown in Fig. 2) is presented in

Point  180-190K 190-200K 200-210K 210-220K 220-230K 230-240K 240-250K 250-260K 260-270K 270-280K  TBm TBa

% %o % % % % %o %o %o % K K
1 - - 5 16 29 19 32 - - - 230.7 228.4
2 - 9 35 10 10 20 16 - 219.3 2228
3 - 22 41 5 7 11 11 4 - 213.4 2134
4 - 9 27 8 12 16 17 11 223.8 220.8
5 - 5 19 14 14 18 22 8 - 226.7 227.3
6 - 8 4 5 18 25 42 - 242.0 2371
7 - - - - - 1 4 86 9 256.6 248.8
8 - - - - - - 2 92 6 256.5 2549
9 - - - - - - 7 93 - 254.6  253.7
10 - - - - - 1 38 61 - 250.7 2529
11 - - - - - 5 95 - 254.7 253.7
12 - - - - - - - 99 1 257.0 2549
13 - - - - 3 5 3 82 6 255.4 248.8
14 - - - - - 23 26 51 247.5 237.1
15 - - 4 15 34 32 16 - - 228.9 2273
16 - 1 22 33 13 10 18 1 - 2219 220.8
17 - 11 20 34 10 20 5 - - 2183 2134
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Fig. 4. Comparison of helicopter-borne 36GHz-H TBs (white
circles) and PR3¢ (black circles with dashed line) with MODIS ice
thickness (cross symbols) and ice thickness information from a
shipborne video camera (white triangles), along the flight track in
the Sea of Okhotsk (see Fig. 1). The dotted line denotes the turning
point of the helicopter flight. The two arrows show the area where
we took photos from the helicopter (see Fig. 5).

Figure 6. To focus on the polynya and iceberg tongue, only
data from the Dalton Polynya and its surrounding area
(marked by the red circle in Fig. 2b) are shown. In this case,
the helicopter data were acquired within £1 hour of the
satellite AMSR-II overpass. The helicopter data within each
AMSR-II gridcell along the track were averaged and plotted
in a similar way to the Sea of Okhotsk data (Fig. 6). Circles
show averaged helicopter-borne radiometer data for each
corresponding AMSR-II gridcell with 1STD error bars.
Around the DIT, the iceberg tongue and thin ice usually
coexist in one AMSR-II gridcell. AMSR-II gridcells con-
sidered here (Fig. 6) include areas beyond the DIT itself. Due
to the much coarser grid resolution of the AMSR-II
compared to that of the helicopter-borne radiometer, the
satellite sensor cannot adequately resolve this boundary.
Thus, there is a large difference between AMSR-II and
helicopter-borne TBs, with AMSR-II values sometimes being
outside the standard deviation of helicopter-borne values. In
the DIT region, the differences between AMSR-Il and
helicopter-borne radiometer TBs are +31K and +12K in
36GHz-H and -V, respectively. In the DIT region, AMSR I
gridcells partly cover the DIT and also partly cover the open
water adjacent to the DIT, so AMSR-Il TBs could be
influenced by the open water. On the other hand, in other
areas outside the DIT regions, the differences between
AMSR-II and helicopter-borne radiometer TBs are -0.21K

FY OW&TI DIT OW&TI FY OW&TI DIT OW&TI FY

FY OW&TI DIT OW&TI FY OW&TI DIT OW&TI FY

Fig. 6. Comparison of 36GHz-H (a) and -V (b) TBs from AMSR-II
(black circles and line) with those from the helicopter-borne sensor
(white circles with error bars showing £1SD in each AMSR-II
gridcell) along the flight track around the DIT in the Southern
Ocean (see Fig. 2). The results are shown only for the polynya and
its surrounding area circled in red in Figure 2. Judging from visual
inspection of the photos from the helicopter, the areas of first-year
ice (FY), open water and thin ice (OW&TI), and iceberg tongue
(DIT) are indicated at the bottom.

and +0.68K in 36GHz-H and -V, respectively. This bias is
considered to be good agreement because this is smaller
than the precision of the helicopter-borne radiometer (1 K).

The comparison of helicopter-borne PR3 with helicopter-
borne pyrometer- and MODIS-derived surface temperature
data along the flight track is shown in Figure 7. The
helicopter data were acquired within £1 hour of the satellite
MODIS overpass. In Figure 7, the helicopter data within each
MODIS gridcell were averaged in a similar way to the Sea of
Okhotsk case. Average values of helicopter-borne radi-
ometer and TIR data (thick line and circles, respectively) are
shown for each corresponding MODIS gridcell, with STD
error bars for the TIR data. Starting the mowing-the-lawn

Fig. 5. Photos from helicopter during (a) beginning and (b) ending parts of the flight (Fig. 4, arrows) in the southern Sea of Okhotsk on

11 February 2009 (Fig. 1). (Photographer: Takeshi Tamura.)



442 Tamura and others: Radiometer observations in Southern Ocean and Sea of Okhotsk

2711

2681

265

r0.24
F0.18

o
F0.12 &

0.06

Fig. 7. Comparison of the helicopter-borne PR3 (thick line) with the helicopter-borne thermal IR pyrometer (white circles with error bars
showing 1 SD in each MODIS gridcell) and MODIS-derived surface temperature (thin line) along the same track as in Figure 6 around the
DIT. The areas of first-year ice (FY), thin ice (TI), open water (OW) and iceberg tongue (DIT) are indicated at the bottom. The dashed line

denotes the freezing point (271.29 K).

pattern in the northwest corner, the helicopter observed (in
order): first-year ice, thin ice, open water, DIT, open water,
thin ice, first-year ice, thin ice, open water, DIT, open water,
thin ice and first-year ice. The mean values and their
deviations from the helicopter-borne PR values and surface
temperature values for these areas are consistent with those
shown in past studies (e.g. Scambos and others, 2006;
Hwang and others, 2008). Conversely, the MODIS results
differ from the helicopter-borne TIR results in the thin-ice and
open-water areas. Judging from visual inspection of coin-
cident airborne photography from the helicopter, the open-
water area mainly comprised a mix of thin ice and open
water close to the DIT. The helicopter-borne IR data show
surface temperatures in open water that are a little higher
than those in thin-ice regions; however, the difference is
<0.5K. MODIS TIR indicates an opposite pattern, with
higher surface temperatures over thin ice compared to open
water. The reason for this difference is not clear. It might be
caused by atmospheric contamination (e.g. ice fogs in
polynyas), but the helicopter-borne aerial imagery gave no
indication of ice fog for the region concerned. The difference
between pyrometer and MODIS in the open-water, thin sea-
ice, first-year-ice and DIT regions is +0.14K, -0.90K,
+0.12K and +0.23 K, respectively (see next paragraph for
this categorization). Ultimately, this difference is within the
variation of a past MODIS validation experiment (Scambos
and others, 2006) in the thin-ice region.

Based on coincident helicopter aerial photography, the
flight data are categorized into four regions: open water, thin

Table 3. Mean values of surface temperature and PRs¢ with their
standard deviations, for the helicopter-borne survey over the Dalton
Polynya (see Fig. 7). Sample numbers of the surface temperature and
PR3 (in parentheses) are also shown. Based on coincident
helicopter-borne photography, the flight data are categorized into
four regions: open water, thin sea ice, first-year ice and DIT

Open water  Thin sea ice  First-year ice  DIT

Surface  270.624+0.31 270.37+0.27 268.15+0.64 267.19+0.36
temp. (K)
PR3
Sample

numbers

0.235+0.019 0.137£0.017 0.033+0.011 0.058£0.015
165 (330) 759 (1518) 594 (1188) 132 (264)

sea ice, first-year ice and DIT. Table 3 provides the mean
values of helicopter-borne surface temperatures and PR3
with their standard deviations, for the three different regions.
The surface temperature data in the open-water category are
nearly equal to those in the thin-ice category (see Fig. 7).
However, the difference between the respective PR3 values
is large, suggesting that the above categorization by visual
inspection is correct. Furthermore, these values agree with
previous results from in situ observation and theoretical
modeling studies (Hwang and others, 2008). The PR3 value
is considered to be ~0.137 for the thin-ice region in this
season. This value also agrees with the previous thin-ice-
thickness algorithm using AMSR-E data in the Sea of
Okhotsk (Nihashi and others, 2009), showing a PR3 value
of 0.12-0.154 for 0.0-0.1 m thin ice.

Figure 8a shows the scatter plot of helicopter-borne
36GHz-H and -V TBs. The signals for the sea-ice region and
for the DIT form distinctive clusters, suggesting that it is
possible to use 36 GHz data to detect regions of iceberg
tongue. This is supported by data of the DIT region from the
satellite AMSR-II sensor (red crosses in Fig. 8a). We only
choose the case where AMSR-II data gridcells are com-
pletely inside the DIT. For the difference between the wide
range of triangles and the narrow range of red crosses, we
speculate that this could relate to location difference inside
the DIT and footprint difference. Figure 8b shows the same
scatter plot as Figure 8a, but for 36GHz-H TBs and PRje.
The solid regression line is for open water, thin ice and first-
year ice (black circles). These sea-ice data correlate well,
while the DIT data (triangles) follow a different regression
(not shown). Therefore, this characteristic can be used for
the detection of iceberg tongue conditions. The 36 GHz TBs
from AMSR-E and AMSR-Il may support the detection of
confluence regions of icebergs, so-called iceberg tongues,
judging from the extent of the distance from the regression
line of Figure 8b. Although additional analysis will be
required, confirmation of the above characteristics could be
a basis for improving satellite PMW algorithms.

4. CONCLUDING REMARKS

This study presents the results from two airborne surveys to
aid evaluation of satellite PMW estimates of thin sea-ice
distribution in coastal polynyas and the MIZ of both
hemispheres. We used a helicopter-borne portable PMW
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radiometer operating at a frequency of 36 GHz (similar to
one channel of the spaceborne AMSR-E and AMSR-II) in the
sea-ice region (including thin-ice area) of the Sea of Okhotsk
and the Southern Ocean. Our operation is the first
helicopter-borne PMW observation in this region. The aim
of these helicopter-borne observations is to connect large-
scale satellite and highly detailed in situ observations (e.g.
shipborne observation), whose footprints are significantly
different. Except for the coastal zone where sea-ice
conditions cannot be resolved by the satellite sensors (e.g.
around the DIT), AMSR-E and AMSR-II TBs are close to the
mean values of the helicopter-borne radiometer’s TBs. In the
marginal ice zone and first-year sea-ice region of the Sea of
Okhotsk with non-uniform ice thickness, the AMSR-E TBs
are closer to the mean values of the helicopter-borne TBs,
compared to the mode of the helicopter-borne TBs. In the
Sea of Okhotsk experiment, the helicopter-borne PR3q
values tend to increase as MODIS ice thickness decreases.

In the Southern Ocean experiment, airborne data were
collected over first-year ice, thin ice, open water and iceberg
tongue. The mean values and their deviations from the
helicopter-borne PR3¢ and surface temperature values,
subject to the sea-ice conditions, are consistent with those
found in past studies. Based on visual inspection of
helicopter aerial photography, the flight data were categor-
ized into four regions: open water, thin sea-ice, first-year sea
ice and DIT. The PR for thin ice of the Dalton Polynya with
quite uniform surface temperature, and hence presumably
ice thickness, is estimated to be 0.137 in October. This value
agrees with previous in situ observations and theoretical
modeling (Hwang and others, 2008), and again agrees with
the AMSR-E thin-ice thickness algorithm for the Sea of
Okhotsk of Nihashi and others (2009). Over the DIT, the
helicopter-borne 36 GHz TBs are substantially different from
those of the other surface types encountered, suggesting that
a combination of vertically and horizontally polarized
36 GHz TBs can be used to distinguish ice typical of an
Antarctic iceberg tongue from other surface types.

Airborne measurements are well suited to bridging the
gap between highly detailed but very localized in situ
observations and large-scale satellite data. The results
presented here make a useful contribution to validating thin
sea-ice thickness algorithms applied to spaceborne data. For
improvement of the measurement strategy with the heli-
copter, morning flight and the time-synchronized operation
with satellite observation are both important. Further
experiments are required to extend the airborne capability,
possibly from fixed-wing aircraft.
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