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Abstract

Rawinsonde observation was performed in late January through early February in 1998 around the
southwestern part of the Sea of Okhotsk to estimate the turbulent fluxes of sensible and latent heat over
the ice-covered ocean during the winter monsoon. Upstream cold and stable air mass originated from the
Eurasian continent was significantly modified through heat and moisture supply from warm sea surface with
offshore cold-air outbreaks, which consequently formed mixed layer characterized by neutral stability over
downstream areas. Associated with reduction of the top of the mixed layer height through the observational
period, estimated heat fluxes also decreased gradually from 210 W m~2 to 30 W m~2. These decrease
tendencies of the mixed layer height and estimated heat fluxes may reflect the increase of the insulating
effect of the sea-ice cover on heat and moisture exchanges between the atmosphere and ocean.
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Eurasian continent associated with the combina-
tion of the Aleutian low and Siberian high acts to
increase the sea-ice cover through a cold northerly
advection and an offshore wind stress. It is well
known that the interannual variability of the atmo-
spheric circulation over the Far East causes large
fluctuations in the Okhotsk sea-ice cover (e.g., Cav-
alieri and Parkinson 1987; Parkinson 1990; Fang
and Wallace 1994). Conversely, the sea-ice cover
may be capable of influencing the atmospheric field.
Sea ice significantly reduces a heat exchange be-
tween the atmosphere and ocean, and it conse-
quently cools the air mass above. Significant
atmosphere-ocean energy exchanges are expected
over the open ocean off the ice-edge when cold
air outbreaks occur. Several previous studies sug-
gested that anomalous Okhotsk sea-ice cover may
influence air temperatures and/or snowfall pro-
cesses over and around Hokkaido (e.g., Nagata and
Tkawa 1988; Sasaki and Deguti, 1988; Honda
et al. 1994; Okubo and Mannoji 1994), although
these studies are limited to local influence of the
sea ice on the atmosphere. Recently, Honda et al.
(1996; 1999), using an atmospheric general circula-
tion model, showed that the Okhotsk sea-ice cover
anomalies bring about significant large-scale atmo-
spheric responses not only around the Sea of
Okhotsk but also downstream towards North Amer-
ica. This remote response is caused by anomalous
turbulent heat flux off the ice-edge over and around
the Sea of Okhotsk associated with sea-ice extent
anomalies. They also showed that similar atmo-
spheric patterns are obtained in composite anoma-
lies of observational atmospheric fields associated
with observed sea-ice cover anomalies. This result
suggests that the seasonal and interannual variabil-
ity of sea-ice distribution influences large-scale at-
mospheric fields through the variability of the dis-
tribution of the heat flux at the lower boundary.
Several observational studies have estimated the
turbulent heat fluxes of sensible and latent heat
over the open ocean off the ice-edge in offshore wind
conditions in other marginal ice zone (MIZ), for
example, in the Bering Sea (e.g., Hein and Brown
1988) and the Greenland Sea (e.g., Kellner et al.
1987; Briitmmer 1996). However, few heat flux mea-
surements have existed in wintertime ice-covered
conditions in the Sea of Okhotsk which is also a
typical MIZ. Furthermore, atmospheric modifica-
tions with these fluxes over the Sea of Ckhotsk have
not been investigated at all during winter.

The purpose of this study is to estimate the tur-
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bulent heat fluxes in the Sea of Okhotsk covered

with sea ice, and to investigate processes of the
boundary-layer modification over there, when the
cold air outbreaks from the Eurasian continent oc-
cur. For this purpose, the first systematic atmo-
spheric observation using rawinsondes in the south-
western part of the Sea of Okhotsk was performed
from late January to early February in 1998, when
sea ice reached and covered the Okhotsk coast of
Hokkaido, Japan. In this short contribution, we
focus on the heat flux estimation over the Sea of
Okhotsk using the obtained rawinsonde data as a
preliminary result.

2. Observation

Cold-air outbreaks are intermittent southward or
southeastward cold advections from eastern Siberia,
the coldest region in the Northern Hemisphere,
caused by a zonal pressure gradient after the pas-
sage of the extra-tropical cyclones to eastward of
Japan. In order to investigate the air mass modi-
fication along the directions of the cold-air advec-
tion, we developed three rawinsonde stations (two
land-based and one shipboard) along mean wind
directions for the climatic mean winter monsoon
around the southwestern part of the Sea of Okhotsk
(Fig. 1) in the winter of 1998. One land-based sta-
tion is Yuzhno-Sakhalinsk (hereafter YS; 46.9°N
and 142.7°E), a Russian meteorological observa-
tory, which is located upstream of the winter mon-
soon in the observational area. The northwestern
part of the Sea of Okhotsk, including the northern-
most part of the Sea of Japan, is almost perfectly
covered with sea ice during winter. An air mass
observed at YS with a northerly wind component
is, therefore, expected to retain its characteristics
which originated from eastern Siberia, because the
ice cover insulates heat fluxes from the ocean. An-
other land-based station is temporally developed
at Shari, the Okhotsk coast of Hokkaido (hereafter
SH; 43.9°N and 144.6°E). SH is at the lowest lati-
tude of the Sea of Okhotsk (Fig. 1), and is located
downstream of the winter monsoon passing over
YS. In normal years, the southern edge of the sea-
ice cover reaches the Okhotsk coast of Hokkaido
around the end of January, and the sea ice exten-
sively covers almost all the coastal area by mid-
February. So, we can observe the reduction of heat
and moisture fluxes from the sea surface due to the
increase of sea-ice coverage by comparing the ver-
tical profile of an air mass observed over SH with
that of YS through this period. For this reason,
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Fig.1. Location map of (a) the Sea of
Okhotsk and of (b) the observational
area. Solid lines in (a) indicate mean sea
level pressure (hPa) in January for 1967—
1997. Mean sea-ice edge for the end of
January (1979-1998), which is indicated
by 40% ice concentration, is shown by
dashed lines. Solid circles and crosses
in (b) represent land-based stations and
ship-based station on the ice breaker Soya
(SO), respectively.

we perfdrmed rawinsonde soundings from 26 Jan-

uary to 11 February 1998 at the two land-based
stations. Soundings were made four times a day
(00 UTC, 06 UTC, 12 UTC, and 18 UTC) through
the observational period. Since twice observations
daily (00 UTC and 12 UTC) are operationally per-
formed at YS, we requested the Russian Weather
Service to perform two soundings daily additional
at YS (06 UTC and 18 UTC). Moreover, four more
observations a day (03 UTC, 09 UTC, 15 UTC,
and 21 UTC) were added at SH when the cold-air
outbreaks occurred (from 18 UTC 3 to 00 UTC 7
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February, from 18 UTC 8 to 06 UTC 9 February,
and from 12 UTC 10 to 06 UTC 11 February), to
obtain higher time resolution for vertical profiles of
the air mass, during the outbreaks.

" The ice breaker Soya, which belongs to the Japan
Maritime Safety Agency (currently, Japan Coast
Guard), patrols the Sea of Okhotsk off Hokkaido
during the arrival period of sea ice every year. We
developed the shipboard station on the Soya (here-
after SO) during her cruise, and performed four or
eight times rawinsonde observations a day from 4
to 11 February. The area of her cruise was mostly
within the southwestern part of the Sea of Okhotsk,
which almost corresponds to the midstream area of
the climatic-mean cold northerly between YS and
SH (Fig.1). Therefore, the obtained data at SO
may intrinsically reflect the actually modified air
mass over the ice-covered ocean between YS and

SH.
3. Synoptic situation

Figure 2 shows the time series of vertical profiles
of the air temperature and horizontal wind vector
which were obtained by the rawinsonde observa-
tion at YS and SH (Figs. 2a and 2b, respectively),
and the temperature difference between YS and
SH (Fig.2c). On the basis of weather charts (not
shown), extra-tropical cyclones periodically passed
near Hokkaido during our observation. Cold-air
outbreaks after the passage of the cyclones, which
are identified as northerly winds and colder air tem-
peratures in the lower troposphere, occurred four
times: from 26 to 29 January, from 31 January
to 1 February, from 4 to 6 February, and from 10
February to the end of the observation (Figs.2a
and 2b, horizontal lines at the top of each panels).
Nearly simultaneous variations of the temperature
through the layer at YS and SH may reflect the
behavior of these cyclones.

The wind direction observed at YS was almost
northerly in the lower layer irrespective of the tem-
perature variation (Fig.2a), which suggests that
the air mass originated from the eastern Siberia
was dominant in the lower layer at YS. Further-
more, the surface inversions which is indicated as
lower air temperature near surface than that above
frequently developed at YS (Fig. 2a, or more clearly
identified in Fig. 2¢), which indicates that the lower-
layer air mass is not substantially influenced by
heat release from the ocean. On the other hand,
the northerly and southerly wind component cor-
responded to the decrease and increase of the tem-
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Fig.2. Vertical-time cross sections of ob-

served air temperature (C; contours) and
horizontal wind vector (arrows) at (a)
Yuzhno-Sakhalinsk (YS) and (b) Shari
(SH) and (c) temperature difference be-
tween YS and SH. Contour interval is 5
C for (a) and (b), and 3 C for (c). Hori-
zontal lines at the top of each panel indi-
cate the periods of cold-air outbreaks, and
vertical lines at the top of the panels (a)
and (b) indicate the six cases indicated in
Fig. 4a.

perature in the lower layer at SH (Fig. 2b). More-
over, the lower-layer temperature at SH was sys-
tematically higher than that at YS throughout the
observational period (Fig.2c). Mean temperature
differences between SH and YS during the whole
period is 1.3 °C at 700 hPa level and 5.2 °C at 1000
hPa level, which indicates that the air mass stabil-
ity of SH was generally weak compared with that
of YS. These facts imply that the cold air mass
originated from eastern Siberia at YS reached SH
with modification from the ocean, at least in the
four cold phases.

Figure 3 shows the distribution of sea-ice con-
centration on (a) 26 January, (b) 31 January, (c) 7
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Fig.3. Sea-ice concentration (%) around
the southwestern part of the Sea of
Okhotsk derived from Defense Meteoro-
logical Satellite Program’s (DMSP) Spe-
cial Sensor Microwave/Imagers (SSM/I):
(a) 26 January, (b) 31 January, (c) 7
February, (d) 11 February.

February, and (d) 11 February. The sea-ice data,
DMSP-F13 Daily Sea Ice Concentrations 1998, was
obtained from the EQSDIS NSIDC Distributed Ac-
tive Archive Center (NSIDC DAAC), University of
Colorado at Boulder (published by National Snow
and Ice Data Center 1989). During our observa-
tion, the sea-ice coverage between Sakhalin and
Hokkaido increased considerably by advection as-
sociated with the continual northerly wind near
the surface (Fig.2a). At the beginning, the mean
sea-ice concentration in the area enclosed by thin
lines in Fig.3' was 45-50% and open water area
extended to the east of Soya Strait (Figs.3a and
3b). By the end of our observation, the area was
mostly covered with sea ice, and the mean ice con-
centration increased up to 71% and exceeded 80%
at maximum between Sakhalin and the Okhotsk
coast of Hokkaido (Fig. 3d).
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4. Heat flux estimation

4.1  Mized layer development

Associated with cold-air outbreaks, cold and sta-
ble air mass originated from the eastern Siberia un-
dergoes significant modification by heat and mois-
ture supply from the warm sea surface. Heating
from the bottom destabilizes the atmospheric
boundary layer, and consequently forms mixed
layer through convective processes. However, the
sea ice reduces the development of the mixed layer
by insulating the heat exchange between the sea
surface and the atmosphere.

The mixed layer is easily identified as neutral sta-
bility in the vertical profile of equivalent potential
temperature. We first chose the cases satisfying
both conditions that the mixed layer was identi-
fied at SH and the wind was blowing from YS (or
SO) to SH at the lower level. The latter was con-
firmed in a backward trajectory analysis from SH,
using wind data at 925 hPa of the Europian Centre
for Medium-Range Weather Forecasts (ECMWF)
analyses. Since we used a 0.5°x0.5° grid data set to
calculate each of the air-mass trajectories, we per-
mitted the case that the trajectory passes within -
the ranges of 50 km from YS (or SO) and SH
(Fig.4). In this manner, we obtained nine cases. It
is indicated in Fig. 4 that air mass advection takes
about 9 or 12 hours from YS to SH, and about 3
hours from SO to SH. Then, considering the time
lag for the advection between two stations in each
case, we picked the pair of soundings at both sites
and compared their vertical profiles of equivalent
potential temperature. As our observation at YS
and SO was performed every 3 or 6 hours, there
does not necessarily exist the corresponding sound-
ing at YS (or SO) with the estimated time lag,
so we chose the closest one. Figure 5 shows thus-
selected profiles of the equivalent potential temper-
ature at YS (or SO) and SH. Clear modifications
can be identified from YS (or SO) to SH (Fig.5),
i.e., stable stratification at YS (or SO), clear mixed
layer at SH, and similar profiles of free atmosphere
above the mixed layer at SH and YS (or SO). Here-
after, these nine cases are named as case 1, 2, ---,

1 Sea-ice area which does not exist in the real con-
dition often appears on grids adjacent to the mid-
latitude coast in this ice dataset, which may be re-
lated to substantial problems both of the field of
view of the sensor and used algorithm. So we ex-
cluded the ice concentration values near the coast
when we calculated the area-averaged values in this
area.
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Fig.4. Backward trajectories from SH
based on wind data at 925 hPa of
the European Centre for Medium-Range
Weather Forecasts (ECMWF) 0.5° x0.5°
grid analyses. The interval between two
closed circles is 6 hours. Times that the
air masses are located at SH are shown
in both panels. (a): from SH to YS. (b):
from SH to SO.

and case 9, respectively.

Based on the profiles in Fig.5, the top of the
mixed layer of SH in each case was decided based on
the squared buoyancy frequency, and we adopted
1.5 x 1074 (sec™?) as its threshold. It is indicated
as the horizontal thin line in each panel of Fig.5,
and in Table 1. The thickness of the mixed layer of
SH has a decreasing tendency with time during the
observation. This tendency seems to correspond
to increase of the ice concentration by about 30%
during the observation (Fig.3 and Table 1).

4.2 Surface heat fluz

The development of the mixed layer is influenced
by various conditions, e.g., initial stability at the
upstream station, sea-surface condition, existence
of cloud, radiative effect, and so on. The mixed
layer develops mainly by the heat and moisture
supply from the sea surface between YS and SH.

The heat and moisture supply should reflect the
moist static energy h of the air mass, which is de-
fined as h = ¢,T + L.q + gz. When the air mass
at YS moves to SH, the air-mass modification oc-
curs in the layer between the lower boundary, po.w,
and the top of the mixed layer at SH, p;op, and the
total increment of the moist static energy, AH, is
represented as follows:

Ptop 1
AH = —/ — (hsg — hys) dp, (1)
p

low

where subscripts denote the stations. The total en-
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Fig.5. Vertical profiles of equivalent potential temperature at YS (thick solid line), SO (thin solid line),
and SH (dashed line). Horizontal thin lines denote the top of the mixed layer.

ergy increment is mainly due to the sensible and la-
tent heat fluxes and the radiation effect. So, we ex-
tract the turbulent fluxes of the sensible and latent
heat (F') by removing the effect of heating/cooling
by the radiation process, that is,

AH

27 R
F A rads (2)

where At is the time lag for the air mass advect-
ing between the stations and F,,q is the net ra-
diative flux in the mixed layer. To estimate the
Frq4, a one-dimensional radiative model, Streamer

(Key 1999), was used. The Streamer is a radiative
transfer model, containing the effects of cloud, re-
alistic incoming solar radiation at the specific loca-
tion and time, and albedos associated with various
surface conditions. We supposed that the cloud
appears when the relative humidity exceeds 85%.
The difference of the calculated net radiation at
Diow and py,p is regarded as Fiqq.

.We chose the same cases as in the previous sub-
section (Fig.5). In each case, At is calculated by
dividing the distance between the stations by the
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Table 1. Average sea ice concentration in
the area enclosed by thin lines in Fig. 3,
top of the mixed layer (p:op), calculated
net radiative flux (Frqq), and estimated
turbulent heat flux of sensible and latent
heat (F) in each case.

Case 1 2 3 4 5 6 7 8 9

Time at SH  26Jan 29Jan 29Jan 01Feb 06Feb 10Feb 10Feb 11Feb 11Fcb
(UTC) 18 00 06 00 21 18 21 00 03

Started at YS YS YS ¥YS YS SO SO YS SO
Sea-ice Cover (%) 45 48 46 49 62 65 65 65 T7I*

Pip (WPa) 780 870 870 840 850 965 920 945 955
Fra (Wm™2) 30 20 20 -20 -20 20 20 -10 0
F(Vm™) 210 110 100 140 120 100 100 60 30

*  Sea-ice concentration between SO and SH on Feb. 11 was nearly 100 % by the observa-
tion based on the sea-ice monitoring radar network on the Okhotsk coast operated
by the Institute of Low Temperature Science, Hokkaido University.

average wind speed at YS (or SO) and SH in the
mixed layer defined based on the profile at SH.
Moreover, we take 1000 hPa as pj,, in all cases,
because the effect of local influence of the surface
layer must be removed.

Table 1 shows the obtained turbulent heat fluxes.
They gradually get smaller with time during our
observational period, corresponding to the descend-
ing tendency of the mixed layer height of SH. This
tendency may reflect the insulating effect of the
heat transfer associated with the upward trend of
the sea ice concentrations. The effect of the ra-
diation process becomes gradually weaker, and its
relative role on the mixed layer development be-
comes also small.

The estimated heat flux for each of cases 2-4 is.

rather smaller than that of case 1. The increase of
the ice concentration from case 1 to cases 2-4 is
only 1-4%, whereas the reduction of the heat flux
is nearly 100 W m~2. In contrast, in spite of more
than 15% increase of the sea-ice cover from cases
2—4 to cases 5-7, few decrease of the heat flux is ob-
served during this period. Also in case 8, reduction
of the heat flux is confirmed although the increase
of the ice concentration is not identified between
cases 5-7 and 8. In each of cases 2-4 and 8, the
YS’s profile was considerably stable compared with
case 1 or 5 (Fig.5). Because of the suppression of
the convection due to the stable stability, the effi-
ciency of the heat transfer between the ocean and
atmosphere may be reduced. Further investigation
is needed for the suppression of the mixed layer de-
velopment associated with the stability of the air
mass, and for characteristics of air-mass modifica-
tion processes with shapes of vertical profiles.
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In case 9, the significant reduction of the heat
flux from about 100 W m~2 to 30 W m~2 was ob-
served. In this case, the heat flux was estimated be-
tween SO and SH. As shown in Fig. 4b, the position
of the Soya was near the coast of Hokkaido, and
the sea-ice concentration between SO and SH was
nearly 100%, which was confirmed by the observa-
tion using the sea-ice monitoring radar network on
the Okhotsk coast operated by the Institute of Low
Temperature Science, Hokkaido University. There-
fore, the obtained value of the heat flux may reflect

the heat released from the ice surface through in-
side the sea ice to the atmosphere.

It is difficult to decide the top of the mixed layer
in case 4, as the profiles of the equivalent poten-
tial temperature in the free atmosphere over the
mixed layer between YS and SH did not coincide
(Fig.5d). As mentioned previously, the YS’s pro-
file was considerably stable compared with other
cases. In SH, a weak stable layer was identified be-
tween 910 hPa and 810 hPa above the mixed layer,
and air temperature of the upper part of the weak
stability layer of SH was colder than that of the
corresponding height of YS. This temperature in-
version between YS and SH may be caused by a
mixing process between the mixed layer and free
atmosphere above associated with an entrainment
process, which is triggered by overshooting a buoy-
ant thermal from the surface into the free atmo-
sphere associated with free convection within the
mixed layer (Stull 1988). The entrainment tends to
occur when a stronger stable layer is heated from
the lower boundary (Briimmer 1996). In this case,
the top of the mixed layer is expected to exist be-
tween 910 hPa and 810 hPa, while we decided that
the top of the mixed layer is 840 hPa. The heat
flux is within in the range of 120-140 W m~2 if
we choose any level between 910 hPa and 810 hPa
as the top of the mixed layer. However, further
study is needed for the estimation of the top of the
mixed layer when the air-mass modification by the
entrainment process occurs.

5. Conclusions and future works

Rawinsonde observation was performed in the
southwestern part of the Sea of Okhotsk during
winter in 1998 to investigate the atmospheric
boundary-layer modification and to estimate the
turbulent heat fluxes over the ice-covered ocean.
Associated with cold air outbreaks, cold and sta-
ble air mass at the upstream station (YS or SO)
was modified through heat flux release from warm
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ocean surface. As a result, the mixed layer char-
acterized by neutral stability was observed at the
downstream station (SH), and the height gradu-
ally decreased through our observational period.
Correspondingly, significant reduction of the tur-
bulent fluxes of sensible and latent heat was also
confirmed. Both decreases may reflect the increase
of the insulative effect of the sea ice on heat trans-
fer between the atmosphere and ocean. Estimated
values of the total turbulent fluxes of the sensi-
ble and latent heat by the rawinsonde observa-
tion were ranged from 210 W m™2 for partly ice-
covered ocean to 30 W m~2 for nearly perfect ice-
covered condition, which are similar to those of
other marginal ice zones (the Bering Sea, the Green-
land Sea, and so on).

This observation had been continued to the fol-
lowing winters of 1999 and 2000, and performed for
a longer period in both years than that of 1998. It
is expected that we can promote a better under-
standing about the atmospheric modification pro-
cesses and estimate more accurate values of the tur-
bulent heat fluxes over the Sea of Okhotsk in the
ice-covered condition through our analysis, which
is in progress using these data.
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