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Abstract

In order to estimate sea ice albedo around the marginal sea ice zone of the southwestern Okhotsk
Sea, we conducted the measurement of albedo aboard the ice breaker Soya in early February of 1996 and
1997. Using upward and downward looking pyranometers mounted at the bow of the ship, we obtained
albedo data. We also measured ice concentration and thickness quantitatively by a video analysis. The
observations show a good correlation between albedo and ice concentration. From a linear regression,
sea ice albedo (ice concentration = 100 %) is estimated to be 0.64 & 0.03 at the 95 % confidence level.
The developed snow grains on sea ice due to sea water and/or solar radiation may be responsible for
this somewhat lower value, compared with that over the snow-covered land fast ice in the polar region.
Deviations of the observed values from this regression have a statistically significant correlation with solar
zenith cosine at the 99 % level, and with ice thickness at the 95 % level. The linear regression formula
which predicts albedo is also derived as the variables of ice concentration and solar zenith cosine. Although
the regression coefficients are both statistically significant, the coefficient of ice concentration is much more
significant in this formula than that of solar zenith cosine. The deviation of the observed albedo from
this regression seems to be mainly caused by ice surface conditions rather than by ice thickness or cloud
amount. All these results suggest that snow cover on sea ice plays an important role in determining the
surface albedo.

We also did albedo observations of dark nilas with snow-free surface, they were estimated as 0.10 and
0.12 for ice thickness of 1 to 1.5 cm and 2 to 3 cm, respectively.

1. Introduction ice albedo is expected to be a significant parameter
since solar radiation is abundant even in mid winter,
and its estimation is required. It may be possible
to theoretically estimate sea ice albedo for specular
sea ice. However, since sea ice generally has varied
shapes and its surface conditions are highly com-
plicated, theoretical estimation of sea ice albedo is
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The potential importance of sea ice albedo to
climate system has been pointed out from model
studies (e.g., Shine and Henderson-Sellers (1985),
Ingram et al. (1989)). Especially for marginal and
seasonal ice zones in the southern Okhotsk Sea, sea

The values of sea ice albedo have been reported
from observation mainly in the polar regions (e.g.,
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Grenfell and Maykut (1977}, Grenfell and Perovich
(1984), Perovich (1994), Schlosser (1988), Allison et
al. (1993)). Around the Okhotsk Sea, albedo mea-
surements have been carried out on the Saroma La-
goon, located at the northeastern part of Hokkaido,
by Ishikawa and Kobayashi (1984).

However, most of these studies have focused on
land fast ice near the shore, mostly because of ob-
servational difficulty. Although Allison et al. (1993)
estimated sea ice albedo in the pack ice region of
the Antarctic Ocean, their values were based on
visually determined ice concentration with a priori
set of albedo values for various surface conditions.
Andreas and Makshtas (1985) have measured the
incident and reflected short wave radiation over the
pack ice region in the Antarctic for heat budget cal-
culation, with little attention being paid to the value
of sea ice albedo.

Thus there seems yet to be no direct measurement
of sea ice albedo for pack ice regions with varying ice
conditions. Given a large extent of areas with such
conditions (.e., marginal and seasonal ice zones), it
is important to estimate sea ice albedo from in-situ
observation.

During 3 to 5 February 1996 and 2 to 9 February
1997, we carried out ice and oceanographic observa-
tions aboard an ice breaker Soya in the southwestern
part of the Okhotsk Sea (Fig. 1) as one of the collab-
orative observations with the Marine Safety Agency.
In these cruises, we have taken direct measurements
of both surface albedo and ice conditions, in partic-
ular ice concentration and thickness.

Surface albedo data were continuously obtained
from two pyranometers mounted at the bow of the
ship. Each pyranometer was looking upward and
downward, thus recording incident and reflected ra-
diation. In order to check the effect of the ship
shadow, a ship turning experiment was also carried
out under a clear sky condition. We examined ice
conditions with a set of video cameras which were
looking at the front view from the mast of the ship,
and the downward view from the side of the ship; the
former and the latter gave a quantitative estimate
for ice concentration and thickness, respectively.

In addition to ice conditions, solar altitude will be
taken into account to estimate sea ice albedo. The
major purpose of this study is to quantitatively esti-
mate sea ice albedo, which will be useful to calculate
heat budgets in the marginal sea ice regions and to
show how much effect ice conditions and solar alti-
tude have on sea ice albedo. Our interest here is the
estimation of representative sea ice albedo over rela-
tively large areas (more than one kilometer), rather
than an exact measurement at a limited spot. Ac-
cording to Warren (1982), snow albedo is also af-
fected by snow grains and cloud cover. Since most of
the ice floes: over the observation area were covered
with snow, these effects seem significant. Although
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Fig. 1. Geographical map of the southwest-
ern Okhotsk Sea with the locations of
the samples used for analysis (black cir-
cles) and the ship tracks (thin line).

LU L LL : Ice area. ((a): February 2,
1996 and (b): February 7, 1997)

we could not take the successive data of snow grains
and cloud cover, several snow samples on sea ice
were taken and cloud amount was observed visually
at hourly intervals during the cruise. We also will
discuss the effect of these factors on the basis of the
data.

This paper is organized as follows: In Section 2,
we will describe the ice conditions during the obser-
vation period and the method for measuring albedo
and ice conditions, and then discuss the measure-
ment error and compare the observation areas of ice
concentration and albedo. In Section 3, we will ex-
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Fig. 2. Sea ice extent at the observation time in the Okhotsk Sea. Broken line means the normal averaged
from 1971 to 1990. (a) February 5, 1996 (b) February 5, 1997 (adopted from Japan Meteorological

Agency, 1996 and 1997).

amine the ship shadow effect from the results of a
ship turning experiment. The results of analysis on
the relationship between ice albedo and ice condi-
tions will be presented in Section 4.

2. Measurement

2.1 Ice conditions

During the observation period in 1996, the
weather was relatively calm with mostly clear to
cloudy sky, and neither snowstorm nor big swells.
The air temperature ranged from —6 to —1°C, and
the wind was 4 to 10 m/s, changing from north-
western to northeastern direction. In 1997, the
weather was also relatively calm. The air tempera-
ture ranged from —10 to —2°C, and the wind speed
was 1 to 10 m/s. Neither snowstorms nor big swells
occurred during the observation period.

Ice charts at the observation period are shown in
Fig. 2 (published by Japan Meteorological Agency,
1996 and 1997). Since the data became available
in 1971, the sea ice extent in the Okhotsk Sea in
1996 was record-breakingly small until early Febru-
ary. The sea ice extent in the southern region of
the Okhotsk Sea was also below normal until late
January, while it spread nearly to the norm in early
February. In 1997, sea ice extended almost normally
from January to February in the southern region of
the Okhotsk Sea.

2.1.1 Ice concentration

During the cruise, ice concentration was moni-
tored by a forward-looking video camera mounted
at the front mast of the ship with an angle of about
10 degrees downward from level (see Fig. 3a). The
video image data were then recorded on 8-mm video
tapes on the video controller in the bridge room.

To process video images for ice concentration,
we used a one-dimensional method developed by
Muramoto et al. (1993). First, the continuous video
images were sampled at one second intervals through
an image processor to make digital data sets of in-
dividual scenes. Then, on a fixed row in each scene,
we estimated the ratio of sea ice to the row length by
dissecting this line into 256 segments and discrim-
inating ice from water according to brightness (see
Fig. 3b). In determining the location of the row on
a video image, the further away from the ship we
set it, the wider the range that can be contained for
analysis but, the worse the resolution becomes. Here
we selected the row so that the real width across
the scene became approximately 50 m in principle,
because the observed size of ice floes was mostly a
few to a few tens of meters and the resolution was
enough for discriminating ice from water. Finally,
by averaging these successive values over a certain
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Fig. 3. Video monitoring for ice concentration. (a) Schematic picture of observation. (b) Sample of a
video image. X denotes the distance from the bottom to the row used for analysis on a video image.
The analyzing line is ahead of pyranometers by 23.7 m.

interval, areally mean ice concentration could be ob-
tained along the ship track during the averaging pe-
riod. We found that thusly estimated ice concen-
tration were in good agreement with the daily op-
erational ice charts compiled by the Marine Safety
Agency.

In order to make the above analysis possible, the
following conditions should be satisfied:
(1) The video image is bright enough to discriminate
sea ice from water. (2) The ship is moving because
successively averaged data are meaningless while the
ship stops. (3) The outline of sea ice is clear enough
to discriminate it from water (¢.e., frazil or dark ice
is not appropriate). (4) The ridging of the sea ice
surface is not so big as to make considerable dark
shadows, (5) The direct solar radiation does not
make the image saturated.

Among these constraints, (2) was the strongest.
Our ship had to stop for hydrographical observation
occasionally, which resulted in the relatively limited
number of samples. As for (3), more or less dark ice
floes which do not have clear outlines were included
in many cases. Here we treated only the cases where
they were not predominant for more than half of the
sampling period, if any.

When the above constraints were satisfied, mea-
surement errors seemed to be small. All the same,
some errors may be contained because this method
includes subjective judgment in determining the
threshold of ice and water. In order to reduce the
errors due to subjectivity, we repeated this measure-
ment three times and used their averaged values for
analysis. '
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Fig. 4. Video monitoring for ice thickness
analysis. (a) Schematic picture of obser-
vation (cited from Shimoda et al., 1997).
(b) Photograph of ice floes which were
turned into side-up positions.

2.1.2 Ice thickness

Ice thickness was also monitored by a downward-
looking video camera mounted at the side deck of
the ship. Some ice floes which were broken at the
bow were found to turn into side-up positions (Fig.
4a). For such ice floes, we measured their thick-
nesses manually on each video image (Fig. 4b). The
method is the same as that described in Shimoda et
al. (1997). As is shown in Fig. 4b, we refer to ice
thickness as the sum of snow depth and the thick-
ness of underlying ice.

T. Toyota, J. Ukita and K.I. Ohshima et al. 121

In total, 153 and 4119 samples were obtained in
1996 and 1997, respectively. As a whole, sea ice was
much thicker in 1997 than in 1996. Ice thicknesses
were mostly below 30 cm and their averaged value
was 18.5 cm in 1996, while it ranged from 10 cm to
150 cm and the averaged value amounted to 54.9 cm
in 1997. One example of a time series of measured
ice thicknesses is shown with a 10-minute averaged
line in Fig. 5a. We can see from this figure that
ice thickness varies on a small time scale, however,
the averaged values represent the distribution of ice
thicknesses as a whole. We mapped ice thickness
distribution along the ship track using the averaged
values (see Fig. 5b). The geographical features of ice
thickness in the southern region of the Okhotsk Sea
is markedly represented in this figure. Thicker ice is
noticeable in the eastern part where ice floes flowed
southward piling up each other from the coastal re-
gion off Sakhalin, while thinner ice is found in the
western part where in-situ frozen ice is dominant.

Since there were a lot of ice floes which were thick
enough for us to discriminate snow depth on video
images in 1997, we also measured snow depth by
difference of brightness. Although its accuracy was
not high compared with that of ice thickness, the
snow depth ranged from 5 to 15 ¢cm. We did not
notice marked geographical features of snow depth,
as those seen with ice thickness.

2.2 Albedo
2.2.1 instruments

The pyranometers we used were S-185 type which
was designed for measurement on ships by the
Ishikawa Sangyou KK. They measure short wave ra-
diation of the wavelength region 300-2800 nm from
omni directions within a hemisphere with accuracy
of £2 %, using thermopile. Their surfaces were kept
horizontal by a gimbaling mechanism (see Fig. 6a).
The response time is six seconds. They were cali-
brated by comparison with a standard instrument
of Japan Meteorological Agency for the solar alti-
tude higher than 10 degrees. Since accuracy is not
guaranteed for the solar altitude less than 10 de-
grees, we used only data which were taken at the
solar altitude greater than 10 degrees.

Installing these two pyranometers at the top and
bottom of the gimbaling cylinder, we mounted these
instruments at the tip of the bow with a ladder of
3 m length to avoid the shadow effect by the ship
structures (see Figs. 6b,6c).

We did measurements during the period from
February 3 to 5 in 1996 and from February 2 to
9 in 1997. The radiation data were accumulated
successively during time intervals of 10 minutes in
1996, and one minute in 1997, and the averaged val-
ues were recorded on data loggers for every time in-
terval. After obtaining incident and reflected short
wave radiation, we calculated the averaged albedo
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Fig. 5. Results of ice thickness analysis. (a) One example of time series of ice thickness data with a red

10-minute mean line. (b) Geographical distribution of ice thickness averaged for 10 minutes.

by taking their ratio.

2.2.2 Errors

We will discuss three kinds of errors associated
with the albedo measurement. The first one is the
effect of a systematic bias introduced by the shield-
ing of the ship on upward short wave radiation (see
Fig. 7). To estimate it, we calculated the upward
radiant flux (#(5)) incident from the shielded solid
angle (S) on the sphere centered on a pyranometer,

i

F(S) = //;Isin 6 cos 9dpdl

bo  pte(6)
/ / I cos Bsin 0dpdl
Jo=0J—p(8)

[
= I/ 2¢(0) cos Osin 040
0

~ 4.10 % 10721,

assuming that radiance (I) is isotropic in direction.
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Fig. 6. Observation of short wave radiation. (a) Photograph of a pyranometer installed on gimbal. (b)
Photograph of radiation measurement at the ship bow. (¢) Schematic side view of arrangement.

where I, 0, and ¢ is radiance, incident angle, and
azimuth measured from the ladder, respectively.
Hence, the contribution of the shielded portion
(S) to the total upward radiation (nI) is equal to
4.10%1072I /71 = 1.31 %1072, This implies that the
effect of the ship’s shielding effect is at most 1.3 %
and is almost negligible. Therefore, this effect is
disregarded.

The second one is the leveling error of the instru-
ments. As for this effect, we did not take any data.
However, since the ocean surface was quite calm in
the ice extent during the observation period, the

gimbaling mechanism seemed to function well in re-
sponse to the slight vibration. For reference, during
another cruise of the same ship over ice regions of the
southern Okhotsk Sea in 1997, the rolling and pitch-
ing angles were both below 0.5 degree, according to
Shimoda (1998, personal communication). There-
fore, we regarded the leveling error as negligible.
The last error is the effect of ship shadow reflected
on the ice surface. We examined it by a ship turn-
ing experiment. Through this experiment, we inves-
tigated the dependence of albedo on the solar az-
imuth relative to the ship head. After all, it was
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Fig. 7. Schematic pictures used for calculating the shielding effect of the ship’s geometry. Slanted lines
in top view denote the shielded area. A’, B’ and C’ are the points projected to the sphere centered

on a pyranometer from A, B and C, respectively.

shown that this effect should be taken into account
when the sun was behind the ship. The detailed
result will be shown in the next section.

2.8 Comparison of observation areas

Although the instantaneous observation area of
ice concentration is different from albedo, these ar-
eas overlap as the ship moves. To discuss the rela-
tionship between ice concentration and albedo, the
overlapped area should occupy a large fraction of
each observation area. For this purpose, we have to
take the average for an adequate period as follows:
Since the sampling rate of radiation was 10 minutes
in 1996, the minimum averaging period is required
to be 10 minutes. Considering that the ship speed
was about 5 m/s in the ice region, 10 minutes cor-
responds approximately to 3 km in distance. If we
take averages over 3 km, the discrepancy of obser-
vation locations (= 23.7 m) (see Fig. 3a) is almost
negligible.

Next, we examine the width of each observation

area. If we here define Rad. Ratio as the ratio of
the upward radiant flux (F'(¢)) contributed from the
circle area just below the pyranometer to the total
upward radiant flux (F(r)), it can be expressed as
follows:

Rad. Ratio = iﬁ) =sin? 0

F(r)
In Fig. 8, Rad. Ratio is shown as a function of D.
Here, isotropic radiance is assumed. From this fig-
ure, it is shown that the ratio is 0.92 for D = 50 m,
which corresponds to the real width of the row used
for ice concentration analysis.

Consequently, it is considered that the observa-
tion areas of radiation and ice concentration coin-
cide by 92 %. Given that the ice extent with similar
ice conditions usually spread on the scale much more
than 50 m, it is unlikely that ice concentration and
albedo in the residual area (8 %) were significantly
different and substantially alter the result. There-
fore, we regarded the 10 minute period as sufficient
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Fig. 8. Contribution of the radiation emitted from the circle area just below a pyranometer to total
upward short wave radiation. (a) Geometric side view. (b) Geometrically calculated contribution as

a function of the diameter (D m).

for comparison of these data. In addition, this hori-
zontal scale of approximately 3 km matches that of
our study as well. Thus 10 minutes was adopted for
the averaging period.

After examining all the scenes of video images, we
came up with 91 ten-minute periods (14 for 1996 and
77 for 1997) in total where both data were available
for analysis.

3. Turning Experiment

Prior to an analysis of measured data, we should
mention the effect of the ship shadow on the mea-
sured albedo. For this examination, we carried out a
ship turning experiment around 44.9°N 143.3°E for
eighteen minutes from 12h57m to 13h15m on Febru-
ary 9, 1997. This experiment was aimed at examin-
ing the dependence of albedo on the solar azimuth
relative to the ship head by turning the ship around
in a diameter of about 1 km (Fig. 9a) circle. If the
shadow effect was substantial, with the increase of
the ship shadow area, the decrease of the measured

upward radiation would be detected. The down-
ward irradiance seemed to be little affected by the
shadow of the ship’s structures because the instru-
ment was mounted far enough from them. There-
fore, if we consider only the effect of the ship shadow,
the albedo measured is expected to change like a si-
nusoidal curve in response to the change of the rela-
tive solar azimuth, where the maximum (minimum)
occurs when the sun is located ahead of (behind)
the ship.

Conditions during the experiment were: weather
was clear, and a definite shadow appeared as shown
in Fig. 9b, solar altitude was 28 deg. at 13:00 p.m.,
and air temperature was about —6°C, relative hu-
midity was 61 %, wind was 1 to 3 m/s from south-
east, and ocean surface was quite calm. The ice
concentration was highly variable, ranging from 40
to 90 %, which caused the variation of reflected ra-
diation and accordingly albedo (see Figs. 10a,10b).

In order to derive the ship’s shadow effect, we
have to correct the effect of low albedo over open
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Fig. 9. Ship turning experiment conducted on February 9, 1997. (a) Ship track. The ship locations are
plotted every 10 seconds. (b) Photograph of the ice conditions at the experiment.

water area. For this purpose, we examined the cor-
relation between ice concentration and albedo, using
all the 91 samples selected for analysis. As a re-
sult, it was found that albedo was highly correlated
with ice concentration at more than 99 % confidence
level. Therefore, we calculated the regression line
to predict albedo from ice concentration and used
the deviation data from this regression line instead
of albedo itself to examine the shadow effect. The
result is shown in Fig. 10c. In this figure, a four-

dimensional fitted curve is also drawn to see the gen-
eral trend more clearly. It is found from this figure
that deviations became relatively lower, particularly
for the relative solar azimuth beyond 4120 degrees,
when the sun was located nearly behind the ship.
For example, the deviation is lower by 0.1 to 0.2 for
the relative solar azimuth of 150 to 180 degrees than
for that of —90 to 90 degrees.

This result indicates that the ship shadow could
affect the albedo significantly when the sun was lo-
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Fig. 10. Results of a ship turning experiment. (a) The time series of incident and reflected solar radiation
during the experiment. (b) Plots of every minute surface albedo during the experiment (from 12h57m
to 13h15m). (b) Plots of every minute deviation of albedo from the linear regression. Shaded area
shows the range where the deviation is lowered than in other area. In (b) and (c), A four-dimensional
fitted curve is also drawn to see the general trends.

cated nearly behind the ship under clear sky con-
ditions. Although the decrease of albedo by ship
shadow was 0.1 to 0.2 unit in the case of this exper-
iment, this value would vary depending on the sky
conditions. We consider that it would be difficult
to estimate it exactly. Therefore, the data which
were taken for the relative solar azimuth of greater
than 120 degrees or less than —120 degrees, t.e., in
the case when the sun was located behind the ship,
were all excluded from this analysis. After all, the
number of samples used for analysis was reduced to

59 in total (6 for 1996, 53 for 1997). Their locations
were plotted in Fig. 1. They all existed within the
pack ice region.

Besides the above result, it should be noticed in
Fig. 10a that somewhat increased incident radia-
tion was detected, especially during the period of
13h00m to 13h06m. Because it changed smoothly
and occurred only when the sun was located nearly
ahead of the ship, this increase was attributed to
the reflected light from the ship’s structures rather
than the leveling error of pyranometers. This effect
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Fig. 11. Correlation between ice concen-
tration and albedo with a regression
line. White and black circles denote the
data of 1996 and 1997, respectively. Two
broken lines denote +RM.S(= 0.062).

caused the measured albedo to become apparently
lower, resulting in somewhat lower deviation when
the sun was located nearly ahead of the ship (about
at 13h03m). This result implies that the measured
albedo may be affected by the ship structure for the
case when the sun is located nearly ahead of the ship
under clear sky conditions. However, since such a
case was not included in the above 59 samples, we
did not take this effect into account.

4. Results

Figure 11 shows albedo as a function of ice concen-
tration with a regression solid line. As is expected,
the surface albedo for a mixed surface condition with
both ice and water is linearly related to ice concen-

tration at more than 99 % confidence level. The
regression line is
c
A=0.11 D27 % ——
0.116 + 0.527 % 100
RMS = 0.062 (1)

where ¢ and A are ice concentration (%) and albedo,
respectively, and RMS means root mean square
which shows the difference between the observation
and the prediction by the regression. Since the sam-
ples are concentrated between 60 % and 100 % ice
concentration, sea ice albedo (100 % ice cover) can
be estimated with significant accuracy. The regres-
sion line allows us to estimate the sea ice albedo as
0.64 £0.03 at the 95 % confidence level.

The sea ice albedo calculated here is somewhat
higher than the value of 0.61, which was similarly
estimated from a regression line of ice concentration
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versus albedo in a region of the Antarctic by Allison
et al. (1993). Besides, the variation of our data from
the regression line is much smaller compared with
that of their data. These differences are mainly at-
tributed to the existence of various ice types, in par-
ticular dark nilas in their data. The fact that we
excluded the dark nilas from our analysis, because
it was difficult to distinguish such ice from water,
is likely the reason for somewhat higher albedo and
smaller variations from the regression.

Although surface albedo and ice concentration
were highly correlated as a whole in Fig. 11, the
deviations from the regression line are also notice-
able especially at high concentration. We next will
consider other factors to examine the cause of these
deviations.

Most of the ice floes except nilas were found to be
covered with snow during the cruise, so that snow
seemed to have significant effects on the surface
albedo. According to Warren (1982), snow albedo is
determined mainly by snow grain sizes, solar zenith
angle, and cloud cover. Among these factors, it is
solar zenith angle that we can obtain quantitatively
with accuracy. Therefore, we focus here on the ef-
fect of the solar zenith angle among these factors.
Although snow grain sizes and cloud cover were not
measured successively, we took several snow sam-
ples and conducted the visual observation of cloud
amount in tenths at hourly intervals. On the basis
of these data, the effect of cloud amount and snow
grain sizes will be discussed later.

In addition to these factors, it is known that sea
ice albedo varies corresponding to ice thickness (e.g.,
Weller, 1972). Therefore, we examined the correla-
tion between the deviations and the 10-minute av-
eraged total thicknesses measured by the method
described in Section 2.1. When ice concentration
were low, the accuracy of the ice thickness measure-
ment decreased because it became easier for thick
ice floes to flow around the ship rather than to be
broken and turn into the side-up positions. For this
reason, we dealt with ice thickness data only when
the ice concentration was greater than 70 %. Al-
though snow depth may also affect albedo, we did
not deal with this parameter directly because of an
accuracy problem. (Actually, we examined the ef-
fect of measured snow depth on the deviations of
albedo for 1997 data, but significant effect could not
be found.)

The individual correlation with the deviations
from the regression line (1) is shown in Figs. 12a
and 12b. The trends for solar zenith cosine and ice
thickness, which are drawn in these figures, are both
significant at the 95 % level. Therefore, we exam-
ined their effects on albedo by including them in the
regression variables.

Since the correlation with solar zenith cosine is
more significant (significant at the 99 % level) in
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Fig. 12. Deviation of the observed albedo
from the regression line in Fig. 11 as a
function of (a) solar zenith cosine and
(b) ice thickness. In both figures, re-
gression lines are also drawn to see the
trends.

Fig. 12 than that with ice thickness, we first derived
a linear regression adding the term of solar zenith
cosine. The linear regression is represented as

A= 0.256 + 0.543 % —— — 0.364 * cos p

100
RMS = 0.056 (2)

where p is solar zenith angle. The value of RM .S was
somewhat reduced compared with that (=0.062) of
the regression (1). The correlation between obser-
vation and calculation from this regression is shown
in Fig. 13a. It is shown that the variation from the
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Fig. 13. Albedo calculated from ice con-
centration and solar zenith cosine using
regression (2). (a) Correlation between
observation and calculation. White and
black circles are same as Fig. 11. Two
broken lines denote £RM S(= 0.056).
(b) Contour map as a function of solar
zenith and ice concentration.

line is somewhat reduced compared with that in Fig.
11. The regression coeflicients of ice concentration
and solar zenith cosine are both statistically signif-
icant at the 95 % level. Figure 13b is the contour
map which represents the regression (2). We see
from this figure that the increase of the solar al-
titude by 20 degrees causes the decrease of albedo
for the same ice concentration by approximately 0.1.
This result is consistent with the observation of snow
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albedo shown in Fig. 12 of Warren (1982). There-
fore, regression (2) may possibly be close to the re-
ality. However, the regression coefficient of ice con-
centration in the regression (2) is much more sta-
tistically significant than that of solar zenith cosine,
and hence the dependence of albedo on solar zenith
is much weaker than that of ice concentration.

Next, we will examine the effect of ice thickness
which contributed weakly but statistically signifi-
cantly related to albedo in Fig. 12b. We again de-
rived the linear regression from the variables of ice
concentration, solar zenith, and ice thickness. The
regression line is represented as

i4::(1066-+(1625ﬂ<i§6A7(1241:kcos;1

+0.109 * —H—Z

100
RM S = 0.050
(¢ >70 %, N = 37) (3)

where Hi is ice thickness (cm). Although the value
of RMS is slightly reduced again compared with
that (= 0.056) of the regression (2), statistical anal-
ysis shows that the regression coefficient of ice thick-
ness is not significant at the 95 % level. That is, the
regression (3) which includes ice thickness as an ad-
ditional variable, is not statistically significant, and
other factor should be considered to explain the de-
viation of the observed values from the prediction
by the regression (2). To know what caused the ob-
served albedo to considerably deviate from the re-
gression, we examined cloud amount data and the
surface conditions.

Since cloud amount data were taken only at
hourly intervals, we took out the samples in which
cloud amount was observed at the same time, and
plotted the deviation of the observed values from the
regression (2) as a function of cloud amount. The re-
sult is shown in Fig. 14. The solar altitude (unit: de-
gree) of each sample is also plotted. The deviation is
varied even for similar solar altitude and significant
dependence on cloud amount can hardly be found
in this figure. Besides, for the samples which devi-
ated from the regression by more than RM S of Fig.
13a, the cloud amount data which are estimated by
interpolating from the hourly data are varied from
1 to 10. This suggests that cloud amount is not a
main factor which causes the deviation.

In order to examine the effect of the surface con-
ditions, we checked the monitored video images for
the cases where the observed values deviated consid-
erably from the regression (2). In Fig. 13a, there are
six points where the observed values are greater than
the predicted values by more than RM S. The inves-
tigation with the video images revealed that many
relatively large ice floes (their diameters are greater
than a few hundreds of meters) are found during the
observation period in the five cases among six. Al-
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though ice floes of a few tens of meters in diameter
are dominant in the remaining one case, the aver-
aged ice concentration is 95 % and highly close pack
ice conditions are dominant. On the other hand,
there are 10 points where the observed values are
less than the predicted values by more than RMS.
In these cases, ice floe sizes are below a few tens of
meters and thin ice with a relatively small amount
of snow seems to be dominant. We consider that
these features are responsible for lowering albedo.
From these results, it is suggested that ice surface
conditions have a more significant effect on albedo
than cloud amount. In each case, surface rough-
nesses were occasionally found though their degrees
and frequencies were varied. Such roughnesses may
possibly weaken the effect of cloud cover, because
they play the same role in increasing the scattered
light as does cloud cover.

Albedo of Dark Nilas

In the case of snow-free sea ice, we obtained
albedo data for dark nilas off the Shiretoko Penin-
sula at 10:30 a.m. (26° Solar altitude) on February
5, 1996 and at 44.9°N 143.3°E at 01:30 p.m. (again
26° Solar altitude) on February 9, 1997 while the
ship was stopped for hydrographical observations.
In both cases, surrounding areas were entirely cov-
ered with nilas. The ice thicknesses, which were
measured by taking samples with a net from the
ship, were 1 to 1.5 cm for the former one and 2 to
3 cm for the latter one; the observed values of albedo
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were 0.10 and 0.12, respectively. In the light of ap-
proximately the same solar altitudes, a slight differ-
ence may be attributed to the difference of the ice
thicknesses. These albedo values were in good agree-
ment with the earlier works. (e.g., Weller (1972),
Allison et al. (1993)).

5. Conclusions and Discussion

Sea ice albedo is an important parameter espe-
cially in the pack ice regions at low latitudes for heat
budget calculation. Since it is almost impossible to
theoretically estimate it for real sea ice of varied con-
ditions, we conducted the in-situ measurements of
surface albedo and ice conditions in the southwest-
ern region of the Okhotsk Sea. From the analysis
focusing on the horizontal scale of a few kilometers,
it was found that the surface albedo was highly cor-
related with the ice concentration (RM S = 0.062).
From the regression (1), sea ice albedo (100 % ice
concentration) is estimated as 0.64%0.03 at the 95 %
confidence level. The deviation from the regression
line had statistically significant correlation with the
solar zenith cosine at the 99 % level, and with ice
thickness at the 95 % level. If we include the solar
zenith cosine as an additional variable in the regres-
sion, the RM S was reduced to 0.056. Although this
regression (2) is also statistically significant, the re-
gression coeflicient of ice concentration is much more
significant than that of the solar zenith cosine. If
we again added ice thickness to the variables of the
regression, the RM.S was reduced to 0.050. How-
ever, the regression coefficient of ice thickness was
not statistically significant. The data which devi-
ated considerably from regression (2) seem to be
caused by surface conditions rather than ice thick-
ness or cloud cover. From an examination of video
images, it was found that albedo of less snow covered
ice floes is lowered, whereas for remarkably large ice
floes albedo is heightened.

In addition, we could also obtain the albedos of
dark nilas with snow-free surface when the ship
stopped. They were estimated to be 0.10 and 0.12
for ice thickness of 1-1.5 ¢m and 2-3 cm, respec-
tively.

Among these results, we discuss two noticeable
points. The first point is that the estimated sea ice
albedo was somewhat lower than that of the pre-
vious studies on land fast ice covered with almost
the same snow depth before melting. According
to Grenfell and Perovich (1984), 0.79 is estimated
for snow covered (snow depth is 8 cm) first-year ice
near the shore of Alaska before melting starts. How-
ever, for the interior pack ice region, nearly the same
albedo as ours is reported in the Antarctic Ocean by
Andreas and Makshtas (1985). They observed sur-
face albedo of 0.5 to 0.6 for the sea ice area with
about 90 % ice concentration. Although they did
not measure sea ice albedo (100 % ice concentra-
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tion), this result indicates that it is 0.6 to 0.7 and is
in good agreement with our estimation. Therefore,
it is suggested that somewhat lower albedo may be
one of the characteristics of the sea ice in the pack
ice regions.

Regarding the discrepancy of albedo between pack
ice and land fast ice, we at first speculated that:
it is caused by difference of snow features, espe-
cially grain size between land fast ice and pack ice.
For land fast ice, snow undergoes a relatively less
amount of morphological processes, thus retaining
fine-grained structure. On the other hand, in ar-
eas with a significant variability in ice conditions, in
particular ice concentration such as a marginal ice
zone, the fabric structure of a snow layer is more
easily modified by sea spray and/or flooding, thus
resulting in the growth of snow grains. According
to Warren (1982), the snow albedo highly depends
on its grain size. This may be why somewhat lower
albedo was estimated in our case. This speculation
is not inconsistent with the fact that considerably
higher albedo than that predicted by the regression
was observed where remarkably large ice floes were
predominant. It is likely that the growth of snow
grains on remarkably large ice floes is relatively lim-
ited because they are less influenced by sea water
compared with those on small ice floes.

To confirm our speculation, we arbitrarily took 11
snow samples on small sea ice floes with a cylinder
from the ship during the cruise in 1997. Grain sizes
were estimated on a sampling sheet with a scale in
millimeters. Salinity was measured for melted sam-
ples after the cruise. They were almost all from 0.5
to 1.0 mm in size and classified to depth hoar or
granular snow. This implies that they had already
grown up enough from new snow, and supports our
speculation.

Salinity data were somewhat varied from less than
one permil, to more than ten permil. The samples
of relatively high salinity seem to have been affected
mainly by sea water through sea spray and/or flood-
ing in the snow grain growing process. In contrast,
it is considered that ones with much less salinity
(< 1 psu) were affected by factors other than sea
water. Considering that abundant solar radiation,
and relatively high temperature even in mid win-
ter are the characteristics of sea ice at relatively low
latitude, these factors can help the growth of snow
grains. Thus, it may be said that relatively low sea
ice albedo is one of the features of sea ice in the
southern part of the Okhotsk Sea.

The second point is that ice thickness had a weak
but statistically significant effect on sea ice albedo
in Fig. 12b. When we consider the fact that the
optical extinction coeflicients of visible wavelengths
range 60 to 90 m~! for snow grain sizes of 1 mm
(density is 0.41 to 0.45 Mg/m?) (Mellor, 1977) and
that snow depth was 5 to 15 cm in this study, it is
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unlikely that ice thickness has a direct effect on sea
ice albedo. From our measurement, strong positive
correlation could be seen between 10-minute aver-
aged ice thicknesses and snow depths. Therefore, it
is natural to consider that the apparent dependence
of albedo on ice thickness is caused mainly by snow
depth on ice floes rather than by the ice thickness
below the snow. The reason why the significant ef-
fect of measured snow depth on albedo could not be
found is probably due to an accuracy problem.
From all the above discussion, it is suggested that
snow on sea ice floes plays an important role in de-
termining the albedo in the marginal pack ice re-
gions. For better understanding, further investiga-
tion on albedo and especially the characteristics of
snow on ice floes will be desired in the future.
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