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Abstract

From in-situ meteorological and ice observation in early February of 1996 and 1997, we estimate the
heat budget in the ice cover of the southern Okhotsk Sea. Ice concentration and ice thickness distri-
bution required for its calculation are obtained quantitatively from video analysis. One dimensional-
thermodynamical model is used to calculate heat flux. The total heat flux is obtained by summing up the
areally weighted heat flux on each ice thickness. As a result, the following characteristics are found in this
region. (1) Due to relatively thin ice thickness, turbulent heat flux (sensible + latent) is upward, showing
that the sea ice region gives turbulent heat to atmosphere. (2) Thin ice and open area contribute signif-
icantly to the total turbulent heat flux over the whole area. (3) Thermodynamical ice growth is limited
to below 1 cm per day on average. The first and third results are the characteristics of this area located
at a relatively low latitude, while the second one is generally observed for polar regions. The results also
suggest that surface melting occur at daytime mainly due to solar radiation. The salinity of sea ice samples
shows the values lower than that of the first-year ice in the polar regions and rather similar to that of the
multi-year ice, which is lowered by surface melting during summer; this may support this suggestion.

1. Introduction area can affect the convergent band off the western
Hokkaido coast in winter, and Okubo and Mannoji
(1994) showed that the sea ice area can affect the
wind pattern in Hokkaido. However, because of the
lack of in-situ observational data, it is still unknown
how the sea ice area affects the heat budget in the
Okhotsk Sea. Recently, Tachibana et al. (1996) have
reported the abrupt decrease of the sea ice cover
by about two thirds over the southern region of the
Okhotsk Sea after 1989. In order to discuss its effect
on the atmosphere, a quantitative estimation of the
heat budget on the basis of observation should be
required.

Besides, this region is also an important area to
ocean circulation. The dense water produced by ice
formation can affect the ocean structure. This re-
gion has recently been pointed out as a possible ori-
gin of North Pacific Intermediate Water (Watanabe
and Wakatsuchi 1998), and hence it is important to
estimate how much sea ice can be produced in this
area. This estimation of the growth amount of sea
ice also serves to understand ice growth processes in
Corresponding author: Takenobu Toyota, Institute of this region.

In winter, a strong northwesterly monsoon from
Siberia prevails over the southern Okhotsk Sea. This
region is located on one of the main cyclone tracks
in winter over East Asia (Chen et al. 1991), and
is subject to developing cyclones (Nakamura et al.
1986; Gyakum et al. 1989). Since strong horizontal
temperature gradient exists between cold continent
(T £ —20°C) and warm northern Pacific (T > 0°C),
it may be possible that heat exchange between the
atmosphere and the sea ice area over this region has
a significant effect on the cyclone activities there.
The possibility that the presence of sea ice in the
Okhotsk Sea influences the atmospheric circulation
through thermodynamical process has been pointed
out mainly from numerical studies. For example,
Honda et al. (1996) showed, using the general cir-
culation model, that sea ice area has an effect on
a global scale atmospheric circulation through the
propagation of wave activities. For a local scale,
Sasaki and Deguchi (1988) showed that the sea ice
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ary of 1996 and 1997, we carried out ice observations
in this region, using an ice breaker, SOYA. The ma-
jor purpose of this paper is to discuss the character-
istics of sea ice area in this region on the basis of
this in-situ observational data from the viewpoint
of heat exchange, which can affect the sea ice struc-
ture. For this purpose, we-calculate the heat budgets
from meteorological and ice observation data, esti-
mate turbulent heat flux from ocean to atmosphere
and ice growth rate, and examine the feature of sea
ice samples which were taken during the cruise. In
this calculation, the sea ice albedos, which were es-
timated from the observation during this cruise, are
used (Toyota et al. 1999). According to Maykut
(1978), heat budget in a relatively thin sea ice re-
gion largely depends on ice thickness. In the south-
ern Okhotsk Sea where a relatively thin ice is domi-
nant, therefore, ice distribution data is required. We
measured ice concentration and ice thickness distri-
bution with the video monitoring system during the
cruise. We focus on the general feature here.

In polar regions, lots of observations on heat bud-
get have been done so far, especially for a rela-
tively thick ice. On the other hand, in the marginal
ice zones where young ice dominates, there are few
observations for the heat budget, except for some
Antarctic regions. Although Andreas and Makshtas
(1985) carried out the detailed heat budget obser-
vation over the Antarctic Ocean, ice observations
were not included. Therefore, our observation seems
to be one of the first trials of ice observations in
connection with meteorological and hydrographical
observation in the marginal ice zones. Considering
the fact that the marginal ice zones interact greatly
with the atmospheric circulation (e.g., Walsh and
Johnson 1979; Overland and Pease 1982), it is im-
portant to investigate heat budget properties from
in-situ observation. Therefore, we believe that our
observational study in the southern Okhotsk Sea
also serves to understand the characteristics of sea
ice in the marginal ice zone.

This paper is organized as follows. In the next
section, the meteorological and ice conditions are
described with their measurements. In Section 3, we
will explain the method of heat budget calculation.
The results will be shown in Section 4. We will
summarize and discuss them in Section 5.

2. Meteorological and ice observations

During the period of 3 to 5 February of 1996 and
2 to 9 February of 1997, we carried out in-situ obser-
vations aboard an ice breaker SOYA in the southern
region of the Okhotsk Sea (Fig. 1) as one of collabo-
rative observations with the Japan Coast Guard. In
these cruises, we did direct measurements of both
meteorological and ice conditions, in particular ice
concentration and thickness. In addition, we col-
lected sea ice samples to investigate their structure.
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Fig. 1. Geographical map of the southern
Okhotsk Sea with the ship tracks (thin
lines) and ice edges (thick broken line)
for (a) 1996 and (b) 1997. Black point A
denotes the ECMWF grid point which is
used for verification of heat budget calcu-
lation.

2.1 Ice conditions

During the observational period for 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 speed was 4 to 10 m/s, changing from
northwestern 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
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was 1 to 10 m/s. Neither snowstorm nor big swells
occurred during the observation period.

In 1996, the sea ice extent in the Okhotsk Sea
was record-breakingly small until early February.
The sea ice extent in the southern region of the
Okhotsk Sea was also below normal until late Jan-
uary, while it spread nearly to the normal in early
February. In 1997, sea ice extended almost normally
from January to February in the southern region of
the Okhotsk Sea.

2.2 Measurements of meteorological and ice data

Air temperature and relative humidity were mea-
sured with a thermo-/ hygro-meter with a ventilat-
ing motor fan. This instrument was mounted at
the ship mast of 15 m height above the sea level
so as to avoid the ship body effect. The data were
recorded on a logger at five minute’s interval. Up-
ward and downward short wave radiation was mea-
sured with two pyranometers at the ship bow. A
gimbaling mechanism was used to keep the measur-
ing surface horizontal. The details of short wave
radiation measurement are described in Toyota et
al. (1999). Anemometers installed at the top of the
ship mast, 22 m above the sea level, were used to get
wind data. The absolute wind data were obtained
by subtracting the ship speed and direction from the
measured values. This observation was conducted
by the ship’s crew of ‘SOYA’ at hourly intervals and
recorded on a log-book in the form of wind force. We
used the data for analysis. Cloud amount (in tenths)
and weather were observed visually and recorded at
hourly intervals during the cruise.

We obtained the data of ice concentration and ice
thickness with the video analysis. The details of
the analytical method are described in Toyota et al.
(1999). Since the ice thickness data are obtained
from relatively large area in the southern region of
the Okhotsk Sea (see their Fig. 5), we regarded the
measured ice thickness histogram as the representa-
tive areal ice thickness distribution. The fraction of
ice coverage in this region is determined by averag-
ing the ice concentration during the cruise. Rel-
atively thick ice, which was usually covered with
snow, can be estimated by this method. On the
other hand, thin ice area with no snow cover can-
not be analyzed by video analysis because it is dif-
ficult to distinguish ice from water on video images.
Therefore, the fraction of this area (nilas) is cal-
culated from the results of the visual observation
which was conducted at hourly intervals during the
cruise. We recorded the areal fraction of each ice
type around our ship according to the classification

of WMO (1970).
3. Method of calculation

A thermodynamic ice model is used to estimate
heat budgets and ice production. The model we
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Fig. 2. Areal fraction of ice thickness for (a)
1996 and (b) 1997, used for heat budget
calculation. We treat H; =0 and 5 c¢m as
open water and nilas, respectively.

used is similar to those of Maykut (1978 and 1982),
which are used to investigate the effects of ice thick-
ness variations on heat exchange over the central
Arctic. Although he assumed ice thickness distribu-
tion calculated by Thorndike et al. (1975), we use
our observational data of it.

3.1 Ice thickness distribution

We allocated the areal fraction of ice thickness at
10 cm intervals (H;=15, 25, 35, 45, ... cm) among
total ice concentration (66.2 % in 1996, 70.5 % in
1997) which was calculated from video analysis. The
areal fraction of the thinnest ice (H; = 5 cm) was
obtained from visual observation of nilas and the
remnant was allocated to open water (H; = 0 cm).
The resultant ice thickness distribution is shown in
Fig. 2. The distributions are significantly different
between 1996 and 1997. Remarkably thin ice is pre-
dominant in 1996, while sea ice is remarkably thick
in 1997. Therefore, the results of these two years
may give a comparison between significantly differ-
ent ice thickness conditions for the similar weather.

8.2 Meteorological data

In order to grasp the general features of the heat
budgets in this region, we use the averaged data
during the observation period. For this purpose, we
prepare the hourly meteorological data by taking av-
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(a) Air Temperature
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Table 1. Daily mean meteorological condi-

tions.

Elements 1996 1997

Air temp. (C) -5.0 -54
Relative Humidity (%) 74.8 74.9
Solar radiation (Wm~2) || 104.5 [ 108.4
Wind speed (ms™?!) 6.6 4.3
Cloud amount (1/10) 7.0 6.6
Air Pressure (hPa) 1013.0 | 1012.9
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Fig. 3. Averaged diurnal cycle of meteoro-
logical data; (a) air temperature, (b) rel-
ative humidity, (c) solar radiation and (d)
wind speed. Wind speed data are drawn
only for 1997 because wind data could be
taken only at daytime in 1996.

erages at each hour during the period. The hourly
data of air temperature, relative humidity, and solar
radiation are shown in Figs. 3a—c. These data are
considered to be representative of the diurnal cycle
during this period. Daily mean data are given by
averaging these data for one day. Those of individ-
ual years are listed in Table 1. This table and Fig. 3
shows that meteorological conditions are similar in

both years. Since ice conditions are significantly dif-
ferent between the two years, the difference of the
resultant heat flux can be considered to be mainly
due to the effect of ice thickness distribution on heat
budgets.

3.8 Assumption
Heat budgets are calculated on the following as-
sumptions:

(1) Vertical heat transport is predominant.

(2) Sensible heat flux (FSH), latent heat flux
(FLH), net solar radiation (FSW), net long
radiation (FLW), and conductive heat flux in
ice (FCI) are balanced at the thin AH layer
of sea ice surface. Since mostly sea ice is cov-
ered with snow, we here take AH to be 2 cm,
considering the fact that the optical extinction
coefficients of visible wavelengths range from 60
to 90 m~! for snow grain sizes of 1 mm (Mellor
1977).

(3) Areal ice thickness distribution is represented
by the frequency of observed ice thickness
(Fig. 2).

(4) Sea ice is covered with snow, except for nilas,
and snow depth is given by one fifth of ice thick-
ness.

Here, we examine to justify these assumptions be-
low.

Assumption (1) is approximately satisfied because
the ice floe size mostly ranged from a few to one
hundred meters in our observation area, and was
much greater than ice thickness.

The full balance equation of heat flux at the sur-
face is described as follows:

s
pzAHCiE_

= FSH + FLH + FSW + FLW + FCI, (1)

where p;, AH, C;, and Ts is ice density, thick-
ness of surface layer, specific heat, and surface tem-
perature, respectively. According to Ono (1967),
C; is 1.57 calg™'K~! (= 6.57 Jg7'K™!) for ice
temperature = —4°C and ice salinity = 4 psu. The
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change of the weekly mean air temperature (the ob-
servation period is about one week) is below 5°C
(that is, below 1 deg./day). Since the change of
surface temperature is similar to that of air temper-
ature, the left term is estimated as below 1.4 W/m?
if AH is taken to be 2 cm. Therefore, we consider
the left term of Eq. (1) is negligible and assump-
tion (2) approximately holds true. If the surface
is covered with snow, since the density and specific
heat is smaller than those of ice, assumption (2) also
holds good.

When the ship selected a thinner ice route, the
frequency of the observed ice thickness would be bi-
ased to thinner ice and assumption (3) would not
be satisfied. But most of the sea ice was below the
ability of the ship’s ice breaking (about 1 m) and
she did not seem to take a thinner route. Therefore,
we consider that assumption (3) is approximately
satisfied.

Since most of the ice floes but nilas were observed
to be covered with snow, assumption (4) is also sat-
isfied. The ratio of snow depth and ice thickness was
determined by the result of video analysis (Fig. 4).
They are well correlated and the ratio (broken line)
is about 1/5. (Although uncertainty remains regard-
ing snow thickness, we made sure that our results are
insensitive to snow thickness.)

3.4 Thermodynamic ice growth model

When the surface temperature (T’s) is below the
freezing point in Kelvin, the heat balance equation
at the surface can be expressed as:

FSH(Ts)+ FLH(Ts) +
FSW + FLW (Ts) + FCI(Ts) = 0. 2)

Here a flux toward the surface is taken to be posi-
tive, and one away from the surface is negative. The
sensible heat flux and the latent heat flux is calcu-
lated using the bulk method. F.SH is obtained from
pcpCsu(Ty — Ts), where T, is the observed air tem-
perature in Kelvin, p is the air density (1.3 kg/m®),
cp is the specific heat of the air (1004 J/kg/K), C;
is the transfer coefficient for sensible heat (discussed
later), and wu is the observed wind speed. FLH is
obtained from 0.622pL,Ccu(resq —ess)/p, where L,
is the latent heat of sublimation (2.84 % 10® J/kg;
Yen 1981), C. is the transfer coefficient for latent
heat, r is the observed relative humidity, p is the
surface pressure, and e, is the saturation vapor pres-
sure. The dependence of e, on air temperature is ex-
pressed as a fourth-order polynomial developed by
Maykut (1978). Since the ice thickness is relatively
thin in this region, we assume that the temperature
gradient in the ice is linear, so that the conductive
heat flux (FCI) can be written as v(Ts —Ts), where
T'g is the temperature at the ice bottom and is taken
to be the freezing temperature (271.35 K) and «
is the thermal conductance of the ice-snow slab (=
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Fig. 4. Correlation between snow depth and
ice thickness.

kiks/(ksH; + kiH)), where k and H is the ther-
mal conductivity and thickness, respectively, and
the suffix ; and ; denote ice and snow, respectively.

The absorbed short wave radiation (FSW) is de-
scribed as F, x (1 — a) * (1 — i), where F, is the
solar radiation reaching to the ground, o is sur-
face albedo, and i, is the transmittance. As for
albedo, 0.07, 0.12, and 064, which were estimated
from in-situ observation (Toyota et al. 1999), are
used for open water, nilas (H; = 5 cm), and thicker
ice (H; > 15 cm), respectively. Since the extinc-
tion coefficient of snow is more than 60 m~! (Mellor
1977), we set i, = 0 except for nilas (i, = 0.18;
Grenfell and Maykut 1977).

The incident long wave radiation (FLW)) is ob-
tained from FLW; = 0.7855%(14+0.2232C%7%)x0 T2,
where C' is cloud amount (0 < C < 1). This formula
was derived from observation under the small vapor
pressure (less than 2 hPa) in the polar region by
Maykut and Church (1973). In our case, this for-
mula seems to hold true because the averaged vapor
pressure was about 2 hPa during the cruise. The
emitted long wave radiation (FLW,) is described as
FLW; = € x 0T4. Emissivity ¢ is taken to be 0.97
for open water and nilas (H; = 5 cm) and 0.99 for
thicker ice.

After substituting the observed values, the Eq. (2)
is resolved for Ts using the iterative Newton-
Raphson method. Then the individual fluxes are
calculated by substituting the obtained Tg. If Ty is
greater than the melting point (273.15 K), we set
273.15 K as Ts and assume that the residual term
(= FSH+FLH+FSW +FLW + FCI) is used for
melting ice. For open water, T is taken to be freez-
ing temperature (271.35 K) and the residual term
(FQ=FSH+FLH+FSW +FLW +FCI) is cal-
culated. If this term is negative, ice will be newly
produced.

On the other hand, the heat balance equation at
the ice bottom is expressed as:
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dH;
-
where p; is the ice density (900 kg/m®), L 7 is the
latent heat of fusion (discussed later), and F,, is the
ocean heat flux. If we set F, to be zero, the growth
rate of ice thickness can be calculated as FCI/p;Ly
from the Eq. (3). For open water, the ice growth
rate is calculated as —FQ/p;Ls. The heat fluxes
and ice growth rate of total area are obtained by
summing up the area-weighted values of individual
ice thicknesses.

piLy=* = FCI-F,, 3)

3.5 Physical parameters

Prior to analysis, we discuss three essential phys-
ical parameters which are used in the model. The
first one is the heat transfer coefficient. This pa-
rameter is taken to be 1.37 * 10~3 for both sen-
sible heat flux and latent heat flux after Andreas
and Makshtas (1985) because their observation con-
ditions were quite similar to ours. Both are ship-
based observations and the measurement heights of
wind speed and air temperature are almost the same
(21m[u] and 11m(T,)] in their case, and 22m[u] and
15m[T,] in our case), and the usefulness of the coeffi-
cient value was checked through the detailed profile
measurements by them. On the other hand, some-
what smaller values are expected for open water and
nilas because roughness is much less than thicker
ice. Here we used the value of 1.0 * 10~ which was
obtained from the measurements off the Hokkaido
coast by Aota et al. (1989).

The second one is latent heat of fusion. In general,
latent heat of fusion of sea ice can be expressed as
follows:

Ly =4.19%10%«

43115 % S;
T;-273.15
J/kg (Yen 1981),

where ice temperature T; is set to be the freezing
temperature (271.35 K). Ice salinity S; is deter-
mined from ice sample data. We collected 14 and
35 ice samples during the cruises in 1996 and 1997,
respectively. After the cruises, we investigated their
ice structures through thin section analysis and mea-
sured ice salinity and density. It is known that
ice salinity decreases with the increase of ice thick-
ness due to desalinization. Bulk ice salinity of our
samples is plotted as a function of ice thickness in
Fig. 5. This figure shows that S; decreases with
ice thickness for H; < 15 cm, while S; is almost
constant for H; > 15 cm. From the estimated re-
gression line, S; is taken to be 9.1 psu for open wa-
ter (H; = 0 cm) and 7.0 psu for H; = 5 cm. For
thicker ice (H; > 15 cm), the averaged constant
value (3.5 psu) is given in this calculation.

Finally, thermal conductivity is taken to be
0.3 Wm™*K~! for snow layer and 2.0 Wm™K~!

[79.68— 0.505(T; —273.15)—0.0273S; +
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Fig. 5. Bulk salinity of sampled ice as a func-
tion of ice thickness. Solid line shows the
ice salinity of the first-year ice in the po-
lar regions, and broken line shows that of
muti-year ice; both data were compiled
by Coz and Weeks (1974).

for ice. In general, the thermal conductivity of snow
can be represented as k; = 2.22362 * p}-885 (Yen
1981). When p;, is about 0.35 g/cm?, k, is esti-
mated as 0.3. The thermal conductivity of sea ice
is expressed as k; = ko(T;) + -T—aojli%‘ﬁ Untersteiner
1961), where ko is thermal conductivity of pure ice,
and §; is ice salinity. This formula gives an almost
constant value of 2.0 Wm™'K~! under the condi-

tions of this ice area.
4. Results

4.1 Daily mean

Here we used the daily mean meteorological data
obtained from averaged hourly data. The result is
shown in Fig. 6. In this case, the surface temper-
ature of sea ice is minus for all ice thickness and
thus FQ, a residual term (= FSH+FLH +FCI+
FSW + FLW) appears only for open water as men-
tioned previously. If FQ < 0, ice forms by the
thickness of (—FQ/(p:Lys)) at open ocean surface.
It is remarkable in these figures that the contribu-
tion of solar radiation is prominent in both years
compared with that of the other fluxes. This re-
sult is in contrast with that over thin ice area in
the polar region (Maykut 1978), where the sensi-
ble heat flux dominates the heat exchange with the
atmosphere, and seems to be one of the features
of sea ice at a low latitude. The estimated turbu-
lent heat flux, 28.7 + 1.4 W/m? (FSH: 6.2 W/m?,
FLH: 22.4 W/m?) in 1996 and 16.2 + 1.5 W/m’
(FSH = 2.5 W/m®, FLH = 13.7 W/m?) in 1997,
is nearly the same as that estimated in the Antarctic
pack ice region at the beginning of the melting sea-
son (0 ~ 60 W/m?; Andreas and Makshtas 1985).
But the result is a little different from theirs in that
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Fig. 6. Daily mean area-averaged heat bud-
gets over the entire sea ice area. FSH:
sensible heat flux. FLH: latent heat flux.
FCI: conductive heat flux in ice. FSW:
solar radiation. FLW: long wave radia-
tion. FQ: residual.

the latent heat flux is greater than the sensible heat
flux. This difference is mainly attributed to rela-
tively high air temperature. Here, the error values
are determined by the 95 % confidence interval of
albedo (£0.03), because solar incidence is expected
to be a leading factor of the heat budget in this re-
gion. The contribution of conductive heat flux is
also small, so that the ice growth rate is limited to
0.49 £0.01 cm/day in 1996 and 0.25 £ 0.01 cm/day
in 1997. About half of the ice growth is produced
within thin ice layers of 5 and 15 cm. Since ice
conditions have a remarkable contrast between two
years as mentioned earlier, these values seem to give
nearly maximum and minimum under similar mete-
orological conditions. Thus, the averaged ice growth
rate is limited and thermodynamic growth is small
in this region.

Next, it is noted that the turbulent flux of the to-
tal area is upward, as shown in Fig. 6, whereas it is
downward in the polar region because thick ice area
is dominant (Maykut 1982). This implies that the
sea ice area in this region works as a heating source
for the atmosphere rather than a cooling source. To
further examine this feature, the turbulent fluxes
for each ice thickness are presented in Fig. 7. It
is shown that the turbulent flux decreases signif-

0 15 35 55 75 95 115 135
Ice Thickness (cm)

Fig. 7. Daily mean turbulent heat flux as
a function of ice thickness. Positive FSH
means that the surface temperature of sea
ice is greater than that of air tempera-
ture.

icantly with ice thickness especially below 50 cm
thickness. This decrease is attributed mostly to the
change of the sensible heat flux. With the increase of
ice thickness, the surface temperature becomes less
influenced by the underlying relatively high ocean
temperature. Thus the surface temperature gets
closer to the air temperature and the upward sen-
sible heat flux decreases. Finally, the sensible heat
flux becomes downward, like the polar region, for
more than 25 cm ice thickness. In this region, how-
ever, since relatively thin ice area is dominant, the
total turbulent flux becomes upward (see Fig. 8).
It is noticeable in this figure that more than half
of the total upward turbulent heat flux is owed to
open water and nilas area in both years. Thus open
water and thin ice area characterizes the heat bud-
gets in this region. Figure 7 also shows that with-
out sea ice the turbulent heat flux would increase to
57.6 W/m2 in 1996 and 40.6 W/m2 in 1997 (refer to
open area). These values are twice the area-averaged
values. This implies that the turbulent heat flux is
reduced by half due to partly covered sea ice.

4.2 ECMWF data
So far we have discussed the heat budgets dur-
ing our limited observation period. Here, we ex-
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Fig. 8. Area-weighted daily mean turbulent
heat flux (FSH+FLH) as a function of ice
thickness for (a) 1996 and (b) 1997.

amine whether the above results hold good for the
other cold periods, using an ECMWF twice daily
grid data near Hokkaido coast (45.0°N, 142.5°E, re-
fer to Fig. 1). We assume that the ice conditions
(concentration and thickness) are the same as those
during the observation period. Since ice thickness
data were taken at an early stage of sea ice sea-
son, the results of turbulent flux and ice growth
rate may give the upper limits of real fields. The
method of calculation is same as the above except
that heat transfer coefficient is taken to be slightly
larger values of 1.40 x 10~3 (Persson et al. 1997),
taking into account that the surface wind height is
10 m in ECMWF data. The daily averaged air tem-
perature, wind speed, and dew point temperature
are used. The cloud amount is assumed to be 0.7
here on the basis of our observation. As for daily so-
lar radiation (Q;), the following formula developed
for the ocean adjacent to Japan by Kim (1992) is
applied here.

Io = Ay + Ay cos¢ + By sin ¢ + Az cos2¢ + By sin 2¢
Qs0 = 1p(0.865 — 0.5C%)(1 — as),

where ¢ is equal to (t-21)*2% (t: Julian Day), C is
cloud amount, and « is albedo at the ocean surface
(0.07). In actual calculation, Q, [= 1.325 * Qg0 —

7.2697] is used as incident solar radiation from the
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Fig. 9. Daily mean turbulent heat flux esti-
mated from ECMWF data. Grid point:
45.0°N 142.5°E. Shaded areas mean the
observation periods for each year.

regression between the above formula and the 30-
year averaged monthly mean data at the meteoro-
logical observatories of Hokkaido coast (Wakkanai,
Kitami-esashi, Abashiri, Nemuro). The discrepancy
between observation and the above formula may be
due to a high albedo surface of snow cover.

The result of the daily turbulent heat flux is shown
in Fig. 9. The averaged values for our observa-
tion period are estimated as —25.1 VV/m2 in 1996
and —18.2 W/m? in 1997. These values are nearly
the same as those estimated from our observational
data. Figure 9 indicates that the turbulent heat flux
is upward for almost all the period. The values of
flux are eliminated by two thirds to a half compared
with those without sea ice (not shown) and hence it
is shown that the results obtained from our obser-
vational data almost hold for other periods.

The result of ice growth rate is shown in Fig. 10.
The mean ice growth rates for our observation pe-
riod are estimated as 0.13 cm/day in 1996 and
—0.09 cm/day in 1997. Although somewhat under-
estimated compared with those obtained from our
observation, it is shown in Fig. 10 that ice growth
is as small in February and March of both years
as that during the observation period. In January,
the ice growth rate occasionally becomes somewhat
larger due to lower air temperature. However, this
region was not covered with sea ice yet at this time.
Although relatively large fluxes are found in early
March 1997 in Fig. 9 because of low cold out break
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Fig. 10. Ice growth amount per day esti-
mated from ECMWF data. Grid point:
45.0°N 142.5°E (See Fig. 1).

(air temperature ~ —10°C), ice growth is small
due to increased solar radiation. Thus, it is con-
firmed that the result estimated from our observa-
tional data approximately holds good for the entire
ice covering periods in this region.

4.8 Diurnal cycle

The brief characteristics of heat budget in this re-
gion was grasped above from the daily-averaged me-
teorological data. Here we further examine its diur-
nal cycle from averaged hourly meteorological data
in 1997 (see Fig. 3). The method of calculation is
the same as that for the case of Daily mean. Again,
we assume that the left term of Eq. (1) (8Ts/0t) is
negligible.

First, we pay attention to thin nilas which initially
forms over open water because the formation of new
ice is particularly important for heat exchange with
atmosphere and ocean structure. In calculation, sur-
face albedo (@) is given as the following function of

ice thickness (H;): a = —2x107%H? +4x10™4H2 +

0.0205H; + 0.0685, which is derived from the ob-
servational data of Allison et al. (1993). Melting is
supposed to occur when calculated surface temper-
ature exceeds melting point (0°C). In that case, the
melting amount is calculated as FQ/(p; * Ly). Ice
growth is predicted as a time evolution problem of
1 hour time step using the hourly data (Fig. 3).
Meteorological conditions were similar in 1996
and 1997 observation periods, and the 1997 data
are used here. The result is shown in Fig. 11a. This
figure shows that sea ice begins to form at the sun-
set, grows up to about 2 cm until early morning,
and then melts away rapidly due to solar radiation.
This maximum thickness is in agreement with the
observed value during our cruise, and the diurnal
cycle of estimated heat budget (not shown) is in
good agreement with the detailed observational re-
sult over Lake Saroma by Ishikawa and Kobayashi
(1984). Both results show that freezing occurs at
night time when net radiation, sensible and latent
heat fluxes are all outgoing sense. Thus it is indi-
cated that solar radiation is a leading factor for ice
growth in this region. This fact is also clearly shown

0.5 /
0.0 © :
16:00 22:00 4:00 10:00 16:00 22:00
Time (hour)

(W/m*m)

FSH FLH FClI FSW FLW

Fig. 11. Results of heat budget for open wa-
ter, calculated from diurnal variation of
meteorological data; (a) ice thickness and
(b) daily averaged heat budget.

by the heat budget components in Fig. 11b, where
the incident solar radiation is particularly promi-
nent. This result shows that sea ice can hardly de-
velop from open water on average.

Next we examine heat budget over the entire area.
The method of calculation is the same as that used
for daily mean calculation except that hourly data
(Fig. 3) is used. We did not take the ice thickness
change into account here because the treatment of
the surface melting process is not easy, and the pur-
pose here is to examine the effect of the meteoro-
logical diurnal cycle on heat budget. Here the heat
budget is calculated with the same ice conditions.
When the surface temperature (Ts) is calculated as
more than the melting point (273.15 K), 273.15 K
is substituted to Ts and the residual heat flux FQ
(=FSH+ FLH + FCI+ FSW + FLW) is calcu-
lated. F'Q is used to melt ice or snow.

The result is presented in Figs. 12a—c. It is shown
from Fig. 12a that the emitted long wave radiation
is balanced by the sensible heat flux and conduc-
tive heat flux at night, resulting in ice growth rate
of 1.2 cm/day. It is noticeable that the turbulent
heat flux is downward at night. On the other hand,
Fig. 12b shows that the solar radiation is predom-
inant and causes the surface melting at daytime.
When averaged during one day, the effect of solar
radiation remains prominent (see Fig. 12¢), so that
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Fig. 12. Diurnal change of heat budget over
the entire sea ice area, calculated from
1997 averaged hourly data. (a) at night-
time (0 hour) (b) at daytime (noon)"
and (c) daily mean.

ice growth rate becomes small (0.4 cm/day) and sea
ice area functions as the heating source on average.
The daily averaged profile (Fig. 12c) is almost same
as Fig. 6b.

5. Summary and discussion

In order to examine the thermodynamical charac-

teristics of sea ice area in the southern region of the
“Okhotsk Sea, we estimated the heat budget and the

ice growth rate using the one-dimensional thermo-
dynamical model on the basis of our ice and mete-
orological observation. The results are summarized
as follows: (1) that the averaged ice growth rate is
limited to below 1 cm/day, (2) that sea ice area re-
duces the turbulent heat flux over open water about
by half, (3) that more than half of the total turbu-
lent heat flux comes from open water and nilas area,
and (4) that surface melting can occur at daytime
due to solar radiation. It is shown through the anal-
ysis of ECMWF grid data that these results almost
hold good through winter.

We examine errors which may be included in this
method of estimation. Here, the 95 % confidence in-
terval of sea ice albedo (£0.03) is used as the estima-
tion error because solar radiation flux is the leading

Vol. 78, No. 5

factor in this region. Besides this factor, the errors
caused by the estimation of snow cover depth and
incoming long wave radiation are also considered.
As for snow depth, we examined the cases in which
snow depth (Hj) is 1/4 and 1/6 of ice thickness (H;).
The result is that the averaged ice growth rates for
H, = H;%1/6 are 0.51 and 0.27 cm/day in 1996 and
1997, respectively, and those for H; = H; x 1/4 are
0.45 and 0.23 in 1996 and 1997, respectively. The
difference of the results seems small. Regarding in-
coming long wave radiation, we used the formula
derived by Maykut and Church (1973), in which
the difference between observation and prediction
was estimated as 9 %. In our calculation, 9 % de-
crease of incoming long wave radiation causes about
0.3 cm/day increase of ice growth, but does not al-
ter the result significantly. Thus the sensitivity to
these factors is small and our result essentially holds
good.

In the first result, the actual ice growth rate would
be further lower if ocean heat flux was included in
this calculation. Ishikawa and Kobayashi (1984) es-
timated the ocean heat flux in Lake Saroma (salin-
ity is 31 psu) in early February as 10 to 30 W/m>.
Wettlaufer (1991) estimated the ice-ocean heat flux
in the Fram Strait in a fall season as 0 to 37 W /m?.
If these values are applied to our area, ocean heat
flux is balanced by the estimated conductive heat
flux and ice growth becomes substantially negligi-
ble.

The second result suggests that the northwesterly
cold air is gradually transformed over this sea ice
area through turbulent heat flux exchange. This is
a different feature from that of the polar regions
where thick ice (> 1 m) is predominant. From the
analysis of heat flux over individual ice thickness, it
was shown that thinner ice thickness is responsible
for this result. This result is in contradiction to that
of Okubo and Mannoji (1994). They showed using
the JMA operational model that the sensible heat
flux is downward over sea ice extent. We consider
that this discrepancy is attributed to the treatment
of sea ice area in their model, in which ice concen-
tration is assumed to be 1.0.

On the other hand, the third result is similar to
that of the polar regions in that thin ice area has an
important role in exchanging heat between ocean
and atmosphere. However, the estimated value
(40 ~ 60 W/m?) is much smaller than that over
lead in winter in the polar regions (e.g. 120 W/m2
(Allison et al. 1982), 130 W/m? (Ruffieux et al.
1995), 189 W/m? (Weller 1980), 115 W/m? (sensi-
ble heat flux; Walter et al. 1995). This much smaller
value is considered to be due to relatively higher air
temperature than in the polar regions. Thus the
heat exchange over thin ice area seems not so dras-
tic as in the polar regions.
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The fourth result may be one of the character-
istics of sea-ice region at a relatively low latitude.
Some evidences of this result could be found in ice
samples. Figure 5 shows that although ice salinity
certainly has a negative correlation with ice thick-
ness, yet the values are smaller by about 3 psu than
those of the first-year ice in the polar regions and
rather closer to those of the multi-year ice (refer to
Cox and Weeks 1974). Generally, the desaliniza-
tion from first-year ice to multi-year ice is believed
to occur mainly due to the percolation of the sur-
face meltwater into sea ice in summer (Weeks and
Ackley 1986). In our case, the heat budget calcu-
lation shows that surface melting possibly occurs at
daytime. It is likely that this surface melted wa-
ter at daytime lowered ice salinity as in the case of
multi-year ice. This is also suggested by ice salin-
ity structure. Many samples showed the trend that
salinity increases with depth, which is similar to that
of multi-year ice. Furthermore, it is suggested from
Fig. 11 that less saline water can be produced at the
sea surface due to the iteration of ice formation and
melting. Actually, in some nilas samples we could
find the ice crystal structure that may suggest this
phenomenon. They had almost vertical c-axes in all
the layer (about 1 cm thickness). This structure is
similar to that of pure ice and supports our calcula-
tion.

Since in-situ observation by one vessel has limita-
tions, we focused on discussing the temporally and
spatially averaged characteristics of heat budget. It
is desirable that these results will be examined by
more detailed observation in the future.
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