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Determination of Sea Ice Concentration from
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Abstract: Sea ice concentrations are determined from the visible and near
infrared albedo of the AVHRR imagery. One method uses only one channel
data to interpolate the ice concentration between 0 and 100% corresponding
to the open water and the snow cover, respectively. This method yieds an un-
certainty owing to the variation of albedo by the surface condition change. An-
other method uses two-channel data to derive not only the ice concentration
but also the ice surface condition and can eliminate uncertainties involved in the
first method. The ice surface condition is expressed by “snow coverage”. Air
photographs are compared with the satellite data. They are helpful to discuss
the surface condition of sea ice. Time variations of the concentration and sur-
face condition of summer sea ice are discussed.

1. Introduction

The monitoring of sea ice is of great importance for studies of the global climate.
Not only the ice edge is the key parameter for the climate but also the amount of open
water within the pack ice and the snow cover on the sea ice strongly influence the heat
balance (WELLER, 1980; LEDLY, 1985).

Among many methods for sea ice observations, the satellite remote sensing has
beome popular in recent years. Time sequence data of visible and infrared imagery
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of meteorological satellite were used to obtain sea ice variations (WENDLER, 1973;
DEy, 1980, 1981) and the higher resolution imagery of LANDSAT was used to derive
the sea ice concentration (CoMiso and ZwaALLy, 1982). However, not many works
using visible or infrered imagery are concerned with the quantitative study of ice
concentration. Recently, microwave data have been proved fruitful to sense not
only the concentration but also the state of sea ice (first year ice, multi year ice, . . .).
In the present paper, sea ice surface condition and concentration near Liitzow-
Holm Bay, Antarctica, are inferred from the NOAA AVHRR (advanced very high
resolution radiometer) visible and near-i.r. imagery. The ground surface resolution
of AVHRR is lower than that of LANDSAT MSS (mutli spectral scanner) or TM
(thematic mapper), and AVHRR data are not very powerful to sense the ice properties
and to be used in the cloudy atmosphere as the microwave data (Comiso, 1983; YAMA-
NoucHI and Seo, 1984). However, AVHRR data have an advantage of frequent
acquisition, more than once a day, and have a much higher resolution (order of 1 km)
than the microwave data of Nimbus satellites. Not only the concentration but the
surface type — snow coverage — are determined at once from the data of visible (chan-
nel 1) and near-i.r. (channel 2) imagery of AVHRR. The possibility to obtain sea ice
surface condition from the ratio of radiance in two wavelength region, visible and
near-i.r., has been reported by GRENFELL and PEroviCcH (1984); however, no works
were done using the actual satellite data to infer the sea ice condition quantitatively.

2. Methodology

An advanced very high resolution radiometer (AVHRR) of NOAA-7 polar-
orbiting satellite scans the surface with +55° width (cross track scan) from about
850 km height and provides five-channel imagery with the ground resolution about
1.1 km at the nadir. Channels 1 (0.58-0.68 um) and channel 2 (0.725-1.1 gm) mea-
sure reflected solar radiation normalized by the solar constant and channels 3 (3.55-
3.93 um), 4 (10.3-11.3 um) and 5 (11.5-12.5 um) measure emitted terrestrial radiation
including some part of reflected solar radiation which reaches the satellite. In this
paper, we use the word “‘albedo” to indicate the reflectance of channels | and 2 mea-
sured at the altitude of the satellite.

Owing to the high contrast of albedo between the open water and sea ice, the ice
concentration can be derived from albedo measurements. Since the resolution of
AVHRR pixel is about 1 km, not all the ice floes or open water are resolved. It is
assumed that a pixel with albedo near the water peak in the histogram corresponds to
0% ice cover and that near the ice peak corresponds to 100% ice cover. Albedo
values between these two extremes are assigned to intermediate ice-concentration by
linear interpolation.

The above method is applicable only to the case when the single value of the
albedo corresponds to 100% sea ice. Actually, the surface condition of sea ice is
variable and the albedo of 100% ice cannot be uniquely determined.

Albedos of channels 1 (0.58-0.68 um) and 2 (0.725-1.1 um) of AVHRR are used
to derive the concentration of sea ice and the condition of ice surface. The ratio of
each surface type within one target area, X: open water, y: bare ice, z: snow-covered
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ice, can be expressed from the albedo in channels 1, @, and 2, a,, as

X+y+z=
a'1x+ﬁly+rlz:al (l)
X1 ﬁ?)’+r2z:az s

where a;, 8; and 7, are the typical albedos for the open water, bare ice and snow-
covered ice, and suffixes indicate the channel numter, respectively, if the atmospheric
effect is negligible.

The spectral albedo depends on the surface condition. The albedo of bare ice
is lower than the albedo of dry and clean snow in the total shortwave region and
especially lower in the near-i.r. region (channel 2) (WARREN, 1982; GRENFELL and
PeErOVICH, 1984). So, we can assume as

a’l<ﬁ1<7'l ’

0'2<52<?'2 > (2)
T B

72 Py

The ratio of the albedo in the visible to that in the rear-i.r. has an information of the
surface condition. We descrite the surface condition simply as ““the snow coverage
of the sea ice surface”.

Values of «;, 8; and 7, (i=1, 2) are determined from pixels of AVHRR imagery,
which are assumed to be composed of 100% water, barc ice or snow. p-+z indicates
the normal “‘sea ice concentration”.

The data of AVHRR were derived from the HRPT tape obtained at Syowa Sta-
tion and research ship SHIRASE. Since 1980, the HRPT data are received at Syowa
Station by the Japanese Antatctic Research Expedition. Also, these data are re-
ceived on SHIRASE during her voyage near the Antarctic coast. The AVHRR data
were extracted from the HRPT data after they were converted into a computer com-
patible tape at the National Institute of Polar Research. Calibrations and corrections
of map projection are made as reported elsewhere. Since the calibrated values a,’
of channels | and 2, are the radiance of the reflected solar radiation (/,) normalized by
the solar constant (/,), the “‘albedos” defined in the present paper are obtained as
follows.

ai’: 57'
[
a.— I,,. = ai’
* I,cosf cos@

(i=1,2), &)

where @ is the solar zenith angle at each target area. There is also other viewing
angle and zenith angle dependence of albedo owing to the atmospheric effect or surface
properties; however, they are neglected in the present analysis, since the research area
is limitted to about 500 500 km (about 10 degrees in longitude and 3 degrees in
latitude).
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3. Sea Ice Concentration

Figure | shows the channel 2 image of AVHRR on January 29, 1984, near Syowa
Station and Liitzow-Holm Bay including the research area (within the square).
Though quantitatively difficult, we can assume the ice condition from this figure.
Liitzow-Holm Bay is filled with fast ice, some leads are seen within fast ice. The
northern part is covered wiih pack ice, including some large areas of open water.

(68.1° 8, 20.2° E) Ml ( 65.6° S, 38.4° E)

iser -~ Larsen

ow ~ Holm Bay

(71.7°8, 35.7°E)

Fig. |. NOAA-7 AVHRR imagery of channel 2 (0.725-1.1 ym) around Liitzow-
Holm Bay. Map projection is polar stereo and corner points are 68.1°S,
29.2°E (upper-left), 65.5°S, 38.4°E (upper-right), 71.7°S, 35.7°E
(bottom-left) and 68.7°S, 45.6°E (bottom-right), and vertical line is
parallel to the 0° meridian. The square in the photograph shows a
research area referred to in the following figures, and the dotted line
shows a flight line explained in section 4.

45.6° E)

3.1. Sea ice concentration from single-channel data

Sea ice concentrations are obtained from the albedo of one channel. Histograms
are made for pixels contained in the research area of 352 464 pixels for channels |
and 2, respectively (Fig. 2). From the histogram of the albedo of channel 1, as shown
in Fig. 2a, it is assumed that 5% of albedo (lower peak) corresponds to the open
water (0% ice concentration) and 78% of albedo (high peak) to 1009% ice concentra-
tion. Similar assumption can be made for the histogram of channel 2 (Fig. 2b). Ice
concentrations are obtained from the albedo linearly interpolated between these two
extremes. The actual calculations are made for the average area composed of 8 %8
pixels (=~ 10x 10 km, hereafter called “frame”).

Figure 3 shows the results from channel | for the research area which contains
44 < 58 frames. The ice concentration is indicated by the size of dotted area in each
frame, and the size of white area indicates the percentage of open water. Large
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Fig. 2. Histogram of albedo for (a) channel | and (b) channel 2 within the

Fig. 3.
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Sea ice concentration map of the research area.

Corner points are

67.8°S, 30.3°E (upper-left), 66.1°S. 36.7°E (upper-right), 71.2°S,

36.6°E (bottom-left) and 69.2°S, 43.4°FE (bottom-right).
is composed of 8 X8 array (=10x 10 km).
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Dotted area in each frame

indicates sea ice concentration and the cross indicates cloud frame.
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polynia is seen in the left upper-middle part of the figure and regions of low ice con-
centration are distributed in the upper-middle part. Regions of low ice concentra-
tion are also distributed in the east side of Liitzow-Holm Bay. Most frames for
the fast ice in the Bay, some frames on the continental slope and frames around the
Shirase Glacier also resulted to contain some open water areas. Cloud areas are
indicated by crosses obtained by the method using two-channel data (Suzuxi et al.,
1985). It is difficult to originate the threshold to distinguish the cloud from snow or
ice using one-channel data.

The indication of open water for the frames on the continental slope or around
the Shirase Glacier is suspicious. Local standard deviations for 2x 2 array (standard
deviations of each pixel from the mean of 2 x 2) are shown in Fig. 4. The point of
low standard deviation corresponds to the area of homogeneous surface and the
point of high standard deviation corresponds to the area of variable surface within
22 array as in the pack ice composed of mixture of small ice floe and open water.
It is clear from this figure that the open water is around 5% albedo. However, points
with low standard deviation are distributed between about 55 to 809% albedo, which
seem to correspond to the 1009 snow or ice cover. From this figure, it is assumed
that the continental snow cover and the snow-covered sea ice correspond to the part
of higher albedo and the bare sea ice corresponds to the part of lower albedo within
plots of low standard deviation. The albedo of the sea ice surface is variable ac-
cording to the coverage of snow, properties of snow cover (particle size, wet or dry, . . .)
and ice (blue or white, . ..) (ISHIKAWA et al., 1982). In this sense, the albedo of 78
may be too high for the average of 100% ice concentration, and a much lower albedo
should be chosen. At any rate, the albedo of 100% ice varies greatly owing to the
surface condition, and large uncertainties remain in determining the ice concentration
from the single-channel albedo.

3.2. Sea ice concentration from two-channel data

Sea ice concentrations are obtained from the albedo of channels 1 and 2 using
eq. (1). Albedos of the open water «; and snow 7y, for two channels are determined
from the histogram (Fig. 2) as shown in Section (3.1). The albedos of the bare ice

20 ’
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o o
1

n

40 60
ALBEDO (%)

Fig. 4. Local standard deviation against mean albedo of 2 X 2 array.
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B; are determined from pixels in the bare ice region near the Yamato Mountains (left
bottom of Fig. 1). «, B, and y, (i=1, 2) are shown in Table 1. The albedo for the
100% snow or 100% bare ice does not necessarily correspond to the albedo of the real
snow-covered or bare sea ice surface, and the sea ice concentration y-+z or the frac-
tional coverage of snow z/(y+z) does not necessarily indicate the absolute value.
Moreover, the surface condition of sea ice varies complicatedly and cannot be deter-
mined only by the single parameter *‘the snow coverage”. Variation of albedo occurs
by the aging of the snow cover, exposing of ice, melting and freezing of the surface

Table 1. Typical albedos of channels 1 and 2 for the open water, bare
ice and snow cover (January 29, 1984).

Channel 1 Channel 2
Open water 5% 4%
(a;)
Bare ice 48 27
(3:)
Snow cover 78 66
)

open water

[z EV

snow covered ice bare ice

Fig. 5. Sea ice concentration and surface condition map of the research area
(January 29, 1984). Dotted area, stripped area and white area in each
frame indicate concentration of snow covered ice, bare ice and open
water, respectively. So the ordinate of each frame shows the total sea ice
concentration and the abscissa (boundary of dotted and stripped areas)
shows the surface coundition (fractional coverage of snow). The solid
line shows a flight route.
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snow or ice, and alternation from white ice to blue ice (ISHIKAWA et al., 1982; GRENFEL
and PErOVICH, 1984). However, in the present work, the ice surface condition is ap-
proximately represented by the single parameter ‘‘the snow coverage” just as a simple
indicator of surface condition. High z/(y-}-z) means snow-covered surface and low
z/(y+z) means exposed ice.

Figure 5 shows the results for the research area on the same day as in Fig. 3.
In this figure, x, y and z are indicated together in each small frame. The open water
and the area of low ice concentration can be easily seen. For most of frames in the
sea ice region, the ice surface is not covered with 100% snow. Low snow-covered ice
is distributed in the southeastern part of Liitzow-Holm Bay. In the northwestern part,
sea ice is much more covered with snow. Compared with the results by the one-
channel data (Fig. 3). the amount of the open water is lower for most frames in this
result. The lowering of albedo owing to the change of surface condition was inter-
preted as the lowering of sea ice concentration in Fig. 3. The result of Fig. 5 is more
realistic.

4. Comparison with Photographs Taken by Aircraft

Photographs taken from the helicopter by the 35 mm automatic camera are com-
pared with the satellite data. The flight was made at an altitude of about 200 m
aiming an aerial population census of marine animals off Liitzow-Holm Bay (NAITO
et al., 1986). A part of the flight route on 28 January 1984 is shown by the dotted
line in Fig. 1. The target area of each photograph is approximately 125> 160 m,
with the viewing angle of 30° to the right side of the flight line.

Examples of photographs are shown in Fig. 6. (a) is one for the fast ice. Strong
striations; whose direction depends on the privailing wind, are seen within the whole
field of view. Surface erosion and melting occurred and some part is covered with
snow and some part is exposed. Most of the photographs taken within the fast ice
area are the same as this example, and the ice surface condition is between 100% snow
cover and bare ice. (b) is a rare example under the flight route in the area of fast ice
covered with white snow. Most of the roughness of the surface is smoothed out by
snow, leaving only a small number of snow dunes. However, the snow surface itself
is different (low albedo) from the continental snow cover used for the 100% extreme
in the previous section. (c) is an example where ice floes are crashed into small pieces
in the size of about 10 m or less. More than 40% of the field of view is covered with
white ice floes and about 30% is covered with sherbet ice. Some region is a newly
formed thin ice because sun glitter is seen. (d) includes ice floes covered with white
snow and also many small transparent ice floes. Open water is about 50%. The
coverage of snow on ice is about 70%, which is larger than the satellite results ; however,
the white snow may not be the same as the continental snow cover. Since the photo-
graph covers a wide range of the sensitivity from dark open water to bright snow
cover, the white part is liable to be saturated and it is difficult by the automated camera
and films to distinguish minor ice surface variations. Also, since there is no absolute
brightness code for these photographs, it is difficult to discuss the absolute condition
of the surface.
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(c)

(d)

Fig. 6. Air photographs of several types of sea ice along the route shown in
Fig. I on January 28, 1984. (a) No. 60, (b) No. 109, (¢) No. 401 and

(d) No. 420.
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Ice concentrations are estimated from these photographs sampled each for about
1 km and compared with concentrations derived from the satellite data in Fig. 7.
Overall trend of the first 100 photographs (No. 200 to 300) is roughly accompanied by
the satellite results; however, in the other part, variations of both the results are out
of phase. The disagreement is reasonable considering the time gap of about a day
between two observations. Even the sea ice is moving according to the surface wind
and ocean current, which is estimated as 15 km/day in average (westerley) off Liitzow-
Holm Bay (ONoO et al., 1986). Another estimate of ice concentration is made from
the satellite along the alternative route which starts from the same point and ends at
the point 15 km west of the original end point. Then a little improvement of cor-
relation is seen for the latter result. The target area of the air photograph in the order
of 100 m is too small to compare with the 1 km resolution of the AVHRR imagery
and to represent the area average. Also the positioning of the AVHRR data is dif-
ficult even though the affine transformation is conducted and uncertainties of a few
km remain.

An atmospheric effect still remains as a future subject. The possibility is men-
tioned elsewhere that the ice concentration derived by the satellite is liable to be higher
than the actual concentration or the satellite albedo is liable to be higher than the
albedo assumed from the linear relation of the albedo and the concentration (ONoO,
1982). This might be due to the scattering in the atmosphere. The radiation originat-
ing from the atmosphere over the dark water is also affected by the radiation reflected
from the near by bright ice surface. So, this non-linear relation could result in dis-
agreement between the satellite data and the aircraft data of ice concentration. We
first intended to find this relation; however, it was found to be difficult from this
ground truth measurements.

100

(%)

80

60

40

20

CONCENTRATION

800 300 400 470
PHOTO NO.

Fig. 7. Comparison of the ice concentration derived from AVHRR data with
two channels (circle) and air photograph (cross) along the flight route.
Photo number 200 is the start point at the edge of the fast ice and 470 is
the end point), and the distance is 93 km. Another estimate of ice con-
centration from AVHRR along the alternative route which starts from the
same point and ends at the point 15 km west of the original end point
(triangle).
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In order to compare quantitatively, ground truth measurements should be made
over a much wider area. The flight should be made at a higher altitude or the flight
route should be chosen so as to obtain strip type data of the width of more than 10 km,
not the narrow line data. And also measurements should be made simultaneously
(with a least time difference) with the satellite pass.

5. Variation of Sea Ice Condition and Concentrations

In order to see the time variation of the sea ice condition and concentrations in
summertime, data of other two days with clear sky are analyzed. Results for 14 and
30 December are shown in Figs. 8 and 9, respectively. In Fig. 8, only a small number
of frames contain a large part of the open water (called “Otone Lead”), which occurs
between the fast ice and the pack ice, and around the east coast of Liitzow-Holm Bay.
Most part of the fast ice in Liitzow-Holm Bay is covered with snow, while the pack ice
is not covered with 1009 snow. The surface of the pack ice is varied owing to melting
or some metamorphosis. Though the percentage is low, many frames in the pack ice
region also contain some open water.

Figure 9 shows only a small increase of the number of frames which contain a large
part of open water; however, variation of the surface condition for the fast ice region
is noticeable. “Snow coverage” on the fast ice decreases to about 60 to 70%. Though
the season is a little earlier, the variation is also assumed from the variation of ice sur-
face albedo on the fast ice near Syowa Station reported by ISHIKAWA et al. (1982).

Sea ice concentration and surface con- Fig. 9. Same as Fig. 5 but for December 30,
dition distribution map of the research 1983.

area on December 14, 1983. Other

explanation is as Figs. 3 and 5.
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In Fig. 5, these trends are also enhanced. ‘‘Snow coverage” decreases to 30 to
60% except for the fast ice near the west coast of Liitzow-Holm Bay. Large region of
the open water appears not only in the middle left part near the Riiser-Larsen Peninsula
(widening of polynia) but also in the middle right part. Ice concentrations decrease
for many frames in the pack ice region.

Variations of the sea ice condition and concentration are also clear in the scatter
diagram (Fig. 10) and are shown quantitatively in the two-dimensional histogram in
Table 2. On 14 December (Fig. 10a), most of the data points meet around 100%
ice concentration and 60 to 100% of snow coverage. On the contrary, on 29 January
(Fig. 10c), the points are distributed in a wide range of the concentration and surface
condition. However, the distribution of points is restricted to some part and some
relation exists between the concentration and the surface condition that there are not
so many frames with the high ice concentration and the low snow coverage or that a
few frames exist with the low ice concentration and the high snow coverage. From
the histogram of Table 2, we can calculate the area of some particular ice concentra-
tion and surface condition quantitatively.

6. Concluding Remarks

A new method is proposed to obtain the sea ice concentration using the visible
and near infrared albedo of the AVHRR imagery. The method takes into account
the variation of albedo of the ice surface (without concentration change), and can
derive another indicator of the ice surface condition, which we call *“fractional coverage
of snow”. So, this method can eliminate uncertainties of the ice concentration de-
pending on the variation of only the ice surface condition.

Air photography gives an information of the ice surface condition; however, it
does not work efficiently for the quantitative comparison of the ice concentration
derived from the satellite data. It is not easy to make a precise ground truth ob-
servation. In order to make a quantitative discussion, it is recommended to make a
flight at a much higher altitude to get a wider target area and to fly at the same time
as the satellite observation.
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Fig. 10. Scatter plot of surfuce condition (snow coverage) versus ice concen-
tration. Each point on the plot represents a small frame of 8 X 8 array
(=10x10 km) within the research area. (a) December 14, (b)
December 30, 1983 and (c) January 29, 1984.
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Table 2. Two dimensional histogram of frames of 8 X8 array of fractional snow
coverage (surface condition) versus ice concentration.
(a) December 14, 1983
Ice concentration Snow coverage (%)
(%) 0-10 -20 -30 -40 - - - - -90 -100
90-100 0 0 0 0 2 33 358 565 584 676
90 0 0 0 0 1 13 64 113 43 11
80 0 0 0 0 0 3 12 17 6 2
70 0 0 0 0 0 0 6 11 2 0
60 0 0 0 0 0 0 5 2 0 0
50 0 0 0 0 0 0 0 3 1 0
40 0 0 0 0 0 0 3 1 0 0
30 0 0 0 0 0 1 0 | 1 0
20 0 0 0 0 0 2 0 2 1 1
0- 10 1 3 0 2 0 0 0 0 0 0
(b) December 30, 1983
Ice concentration Snow coverage (%)
(%) 0-10 -20 -30 -40 -50 -60 -70 -80 -90 -100
90-100 0 0 0 0 4 56 306 224 172 619
90 0 0 0 0 0 2 25 153 348 255
80 0 0 0 0 0 0 3 23 68 97
70 0 0 0 0 0 0 0 7 8 17
60 0 0 0 0 0 0 0 0 l 3
50 0 0 0 0 0 1 2 0 0 4
40 0 0 0 0 1 1 2 0 0 0
30 0 0 0 0 2 0 0 0 0 |
20 0 1 2 1 0 0 1 0 0 2
0- 10 11 1 1 0 0 1 0 0 0 0
(c) January 29, 1984
Ice concentration Snow coverage (%)
(%) 0-t0 -20 -30 -40 - - ~ -80 -90 ~100
90-100 0 7 13 41 113 200 133 78 79 587
90 0 0 0 5 22 58 35 16 7 3
80 0 0 0 2 15 77 43 1S 15 11
70 0 0 0 1 41 66 25 13 12 26
60 0 0 0 4 64 52 9 14 10 23
50 0 0 1 3 49 34 16 7 6 8
40 0 0 1 11 30 18 13 1 0 1
30 0 | 2 10 12 7 0 1 1 2
20 4 3 15 6 1 2 1 1 0 2
0- 10 77 4 1 0 1 0 0 1 0 0
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The time variation of the ice concentration and surface condition in summertime
is revealed. A noticeable change in ice concentration is seen in the pack ice region
and also a great change in the surface condition is found even in the fast ice region.
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