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Abstract. In order to quantitatively investigate the role of leads and sea-ice in air-mass
modification, aircraft observations were conducted over the partially ice-covered Sea of
Okhotsk. We investigated two cold-air outbreak events with different sea-ice concentrations.

In both cases, the difference between the temperatures of surface air and the sea surface (DT)
dropped rapidly with the accumulated fetch-width of leads up to about 35�40 km, and then
decreased very slowly. The surface sensible heat flux originating from open water was about

300 W m�2 within a few kilometres from the coast and decreased with increasing accumulated
fetch-width. The sensible heat flux was about 100 W m�2 on average. These results indicate
that the downwind air-mass modification depends mainly on the total (accumulated) extent of
open water. The total buoyancy flux (w0T 0v) calculated by the joint frequency distribution

method correlated very well with ice concentration. Such a relationship was not clear in the
case of the moisture flux (w0q0). The ratio between rising thermals (wþTþv ) and cold downdrafts
(w�T�v ) differed significantly between upwind and downwind regions; that is, the buoyancy

flux was dominated by wþTþv in the developing stage of the boundary layer, while w�T�v also
became important after the development of the boundary layer.

Keywords: Accumulated fetch-width of leads, Leads, Sea-ice Sea of Okhotsk, Turbulent heat

flux.

1. Introduction

When a cold air mass breaks out from Siberia in winter, the air-mass mod-
ification occurs over a relatively warm sea surface (e.g., the Sea of Okhotsk
and the Sea of Japan). As shown in Figure 1, cloud streets sometimes form
over the ice-covered area of the Sea of Okhotsk, which implies that a con-
siderable amount of heat and moisture is supplied to the atmosphere from
leads and polynyas, even in the mainly ice-covered area.
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In the Arctic region, the extent of open water (i.e., leads and polynyas) is
one of the important factors for the surface heat budget, because the heat
exchange through a lead or polynya is two orders of magnitude greater than
that through the surrounding snow-covered pack ice (Smith et al., 1990). The
presence of even a small percentage of open water in the Arctic Ocean can
affect heat budgets in the Arctic region (Maykut, 1978; Ledley, 1988). Fur-
ther, the fraction of leads is believed to influence the surface energy balance
of sea-ice areas through the ice-albedo feedback process (Curry et al., 1995).

Figure 1. NOAA-14 advanced very high resolution radiometer (AVHRR) imageries of
Channel 2 on 0535 UTC 18 February 2000 (upper panel) and on 0442 UTC 14 February, 2000
(lower panel). The dotted line denotes the location of three level flights by the IL-18. An arrow

in the lower panel indicates the largest lead along the flight course.
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The extent of sea-ice in the seasonal-ice zone shows significant interannual
variability (e.g., Cavalieri and Parkinson, 1987). The Sea of Okhotsk is the
southernmost seasonal-ice zone in the Northern Hemisphere. Some numer-
ical studies pointed out that the sea-ice in the seasonal-ice region possibly
influences the atmospheric circulation through dynamic and thermodynamic
processes operating both locally and globally (e.g., Okubo and Mannoji,
1994; Honda et al., 1999). However, as they mentioned, sea-ice was treated
crudely and heat flux anomalies were exaggerated both in magnitude and
scale. It is highly desirable to estimate quantitatively the heat flux over the
ice-covered Sea of Okhotsk since this should lead to a better understanding
of the role of sea-ice on the local and global atmospheric circulation.

Recently, the surface heat budget and turbulent heat fluxes in the south-
western region of the Sea of Okhotsk have been estimated using meteoro-
logical data and in-situ ice thickness data observed from an icebreaker, and/
or radiosonde data (e.g., Toyota et al., 2000; Inoue et al., 2001; Iwamoto
et al., 2001; Ohshima et al., 2003). By treating the turbulent heat fluxes over
the open water and sea-ice separately, Inoue et al. (2003) pointed out that the
ice concentration is a more important parameter for the estimation of tur-
bulent heat flux than any other meteorological parameter under cold-air
outbreak situations. However, the ice concentration was treated coarsely and
the spatial variation of air–ice–sea interactions was not examined in their
study. Therefore, aircraft observations over the Sea of Okhotsk, similar to
those made over the Labrador Sea (Smith and Macpherson, 1996; Renfrew
and Moore, 1999), and the Greenland Sea (Brümmer et al., 1992) were
desirable to understand the mesoscale and microscale features of the air–ice–
sea interaction.

On 14 and 18 February, 2000, we carried out aircraft observations over the
south-western part of the Sea of Okhotsk. The objective of this study is to
reveal the air-mass modification processes over the Sea of Okhotsk, paying
attention to the fraction of leads and polynyas.

2. Aircraft Observations

During a cold-air outbreak we conducted aircraft observations on 14 and 18
February, 2000, using a Russian research aircraft ILYUSHIN-18 (Figure 1).
Figure 2 shows the surface weather map at 0000 UTC on 14 and 18 Feb-
ruary, 2000. In both cases, the centre of the deepening low was located to the
east of the Kamchatka Peninsula. The low pressure in this area and the high
pressure over the Siberian continent led to a cold north-westerly wind over
Sakhalin Island and the Sea of Okhotsk. The low temperature area, colder
than �12 �C, over the western part of the Sea of Okhotsk coincides with the
area covered by sea-ice, which reduces the heat flux from the ocean to the
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atmosphere. As shown in Figure 1, the longitudinal mode of cloud streets
developed in the open water downwind, which is evidence of air-mass
modification over the sea.

Three measuring level flights (200, 350 and 900 m above the sea surface)
parallel to the wind direction at 850 hPa were made on each day. The hor-
izontal length of each level flight was about 300 and 350 km on 14 and 18
February, respectively (dotted line in Figure 1). At the start and end points of
the level flights, vertical soundings of the air and dew-point temperatures and
wind components were made. The aircraft was equipped with instruments to
measure wind speed, wind direction, air temperature, relative humidity, dew
point temperature, absolute humidity, and pressure with a 1-Hz-sampling
frequency. The aircraft was also equipped with gust probes to measure tur-
bulence quantities, which will be described in Section 5. A visible camera and
an infrared camera were installed to continuously record characteristics of
the underlying surface conditions (floe size, sea/ice surface temperature, type
and amount of cloud, and so on).

3. Sea-ice Conditions

Whether the sea surface is covered with ice or not is very important infor-
mation for understanding the heat exchange between the sea surface and the
atmosphere. In this section, we present the characteristics of ice concentra-
tion and surface temperature obtained by visible and infrared cameras.

(a) (b)

Figure 2. Sea level pressure (hPa) and wind vector (m s�1) on 14 and 18 February, 2000, at
0000 UTC from the ECMWF analyses. The shaded areas indicate air temperatures lower than
�12 �C. Observational area on each day is depicted by a closed circle.
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3.1. SEA-ICE CONCENTRATION

Sea-ice was monitored by a downward-looking visible video camera mounted
on the bottom of the aircraft. Images were taken every 130 s. We captured
the images every second and gathered digital data with 720 � 480 pixels. The
frame area corresponds to 120 m � 80 m when the flight level was 200 m
above the sea level. The total frame numbers amounted to 2800 and 3700 on
14 and 18 February, respectively. Figure 3 shows examples of a time series of
sea-ice images with different ice concentrations on 14 February. We can
clearly observe different sea-ice conditions near the coast of Sakhalin (Figure
3a), a marginal ice zone (Figure 3b), and open ocean (Figure 3c).

Since sea-ice is a strong insulator, it is necessary to calculate the ice con-
centration precisely. The procedure to calculate the ice concentration is as
follows: (1) quantify the brightness of images into 256 grey levels, (2) decide
the threshold level between open water and sea-ice, and (3) calculate the
number of pixels that exceed the threshold level. Since the threshold level was
not constant because of the sun glint, clouds, and the shadows formed by sea-
ice and clouds, we determined the threshold level manually from the image,
and calculated the ice concentration for each image.

Figure 4a shows the change of ice concentration with distance from the
eastern coast of Sakhalin. Within 60 km from the coast, the ice concentration
was almost 100%. As shown in Figure 3a, white young ice is predominant in
this region and the ice surface seems to be fairly flat. The floe size was
estimated to be more than 500 m. On the other hand, the mean ice concen-
tration and mean floe size were reduced to approximately 70% and 50 m
(Figure 3b) in the area between 60 and 170 km from the coast. There were
some leads of a few kilometres in horizontal scale in this area. The largest
lead (10 km) was located at about 130 km offshore from the eastern coast of
Sakhalin, which can be clearly recognized from the satellite imagery and is

Figure 3. Time series of sea-ice images taken over 3 s at the lowest flight (200 m height) which
were taken by the IL-18 in the region of (a) high ice concentration, (b) moderate ice con-

centration, and (c) low ice concentration, respectively.
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indicated by an arrow in Figure 1 (lower panel). The ice cover decreased
rapidly in the downwind region. In most images of the downwind region,
there was no new ice or nilas, but there were many ripples and some low-level
clouds (Figure 3c).

There were also many narrow open water areas on 18 February (Figure
5a). However, the concentration of ice is as a whole higher than that on 14
February and each open water area was distributed very sparsely. The low ice
concentration in the most upwind region corresponds to the coastal polynya
(upper panel in Figure 1). Although the aircraft was not able to reach the end
of the marginal ice zone, i.e., open ocean on 18 February, Inoue et al. (2004)
showed that the ice floe size became small from 10 to 2 m within the zone.

3.2. SEA-ICE SURFACE TEMPERATURE

We also made surface radiation temperature measurements every 10 s (i.e., the
horizontal resolution is approximately 1 km) by using an infrared camera. To
reduce the error due to cloud contamination and absorption by water vapour
as much as possible, we used the data measured at the lowest flight level.

Figure 4b shows the horizontal distribution of the surface temperature on
14 February. Within 60 km from the coast, the temperature was almost
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Figure 4. Horizontal distributions of (a) the ice concentration (%) derived from visible images
of sea-ice, and (b) sea/sea-ice surface temperatures (�C) derived from an infrared camera on 14
February.
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constant (� �13 �C) with some spikes of higher temperature. This suggests
that the upwind region near the Sakhalin coast was generally covered with
sea-ice. In contrast, in the middle part of the flight the temperature changed
from �13 to �3 �C. The largest lead, of 10 km width (about 130 km offshore
from the coast), can also be recognized as a high surface temperature area.
The fluctuation of the temperature almost corresponds to that of the ice
concentration (Figure 4a).

On 18 February (Figure 5b), the surface temperature also corresponded
well with the ice concentration. In particular, there is a significant correlation
between a high surface temperature and low ice concentration (i.e., leads). In
the upwind region (within 50 km from the coast) the minimum surface
temperature decreased from �4 to �9 �C. This result suggests that the ice
thickness increases with increasing distance from the coastal polynya (upper
panel in Figure 1).

4. Air-mass Modification

During vertical soundings of the atmosphere, high response measurements of
the air temperature and absolute humidity were made continuously. Figure 6
shows the vertical profiles of air temperature and absolute humidity over the
upwind and downwind regions on both days (the data below 400 m on 14
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Figure 5. As for Figure 4, but on 18 February.
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February were missing due to mechanical troubles). The depth of the
boundary layer increased from 450 to 1150 m on 14 February, and from 400
to 1000 m on 18 February. On 14 February, the moisture in the downwind
region was well mixed below an inversion layer and decreased sharply above
it. Such a mixing was not evident on 18 February, but the moisture showed a
sharp decrease above the inversion layer. The increase of downwind air
temperature and absolute humidity at the 400 m level by 2�3 K and
0.2�0.3 g m�3 indicates a supply of a large amount of sensible heat and
moisture from the relatively warm sea surface below.

Figure 7 shows vertical cross-sections of air temperature constructed from
the observations at three flight levels (200, 350 and 900 m), and relative
humidity and ice concentration obtained by the lowest flight in both cases.
The air temperature increased downwind at all levels, except for the 900-m
level on 18 February. A rapid increase of air temperature occurred 90 km
from the coast on 14 February. On the other hand, the air-mass modification
gradually proceeded from the coast on 18 February. Differences between the
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Figure 6. Vertical profiles of air temperature T and absolute humidity q on 14 and 18 Feb-

ruary, 2000, respectively. Grey and black lines denote upwind and downwind vertical
soundings, respectively. Each arrow denotes the level of an inversion layer.
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two cases also existed in the distribution of relative humidity. The open water
areas were concentrated around 90 and 130 km from the coast on 14 Feb-
ruary, while they were sparsely distributed on 18 February.

As stated above, there were differences in air temperature, relative
humidity and ice concentration between the two cases. However there was a
common characteristic between them, involving the relationship between the
air–sea temperature difference (DT) and the integrated extent of leads (Lo),
i.e., the accumulated open water path. As mentioned before, the ice con-
centration rate (IC) was estimated every second and the aircraft speed was
about 100 m s�1. The accumulated open water path (Lo) is a function of the
distance from the coast (xR) and was calculated by integrating ð1� ICÞ over
the interval ½0; xR� assuming that the horizontal scale of each point is 100 m
in Figures 4a and 5a. DT was calculated assuming that the sea surface tem-
perature was at the freezing point (�1.8 �C).

Figure 8 shows the change of DT with Lo on 14 and 18 February. There is
an initial steep 2 K decrease of DT within 35 km, which corresponds to the
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Figure 7. Vertical cross-sections of air temperature on (a) 14 February, and (b) 18 February.

Each cross-section is drawn by interpolating the temperature on three level flights, shown by
dotted lines. The lower two panels in both cases show the horizontal distribution of relative
humidity at the lowest measuring level and the ice concentration.
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area within 90 km from the coast on 14 February (Area I). Beyond the Area
I, DT decreases very slowly with Lo (Area II). This suggests that active mixing
occurred within the boundary layer in Area II. On 18 February, DT de-
creased with Lo up to 40 km in the same manner as on 14 February, but the
region where DT decreased very slowly with Lo was almost unavailable due
to the higher ice concentration. These results imply that numerous small
leads also contribute to the air-mass modification and, therefore, high reso-
lution measurement of sea-ice is indispensable for a quantitative estimation
of heat flux from the sea surface.

5. Turbulent Heat Flux

Turbulent heat exchange between the sea surface and the overlying air is
important, not only for the development of a boundary layer, but also for the
cooling of the sea surface and resultant ice formation. In this section, we
investigate the relationship between the heat flux and the accumulated fetch-
width of open water (Lo) by using observations of the turbulent heat fluxes.
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Figure 8. Temperature difference between sea-surface temperature (�1.8 �C) and air tem-
perature (200 m level) as a function of accumulated open water path on (a) 14 February, and
(b) 18 February. Upper abscissa represents the along-wind distance as shown in Figure 7.
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5.1. MEASUREMENT OF TURBULENT HEAT FLUXES

All measurements of the turbulence using the aircraft should be made on a
horizontal flight path with a constant velocity and without any change of
heading or roll. The gust probe on the aircraft provided the high-frequency
turbulence, temperature and humidity fluctuations. The airborne pneum-
anemometer was used to measure true air speed, air temperature, and fluc-
tuations along the horizontal flight direction component of wind speed based
on a well-known gas dynamic equation (Dmitriev and Strunin, 1985). Dy-
namic pressure was measured by a device connected to a pitot pressure probe.
Static pressure was measured by a pressure device connected to the static
pressure holes of the aircraft. The aircraft clinometer was used to measure the
fluctuations of the vertical component of the wind speed. Its operation was
based on measurements of the fluctuation of attack angle, the pitch angle
obtained by gyros, and the integration of the vertical aircraft acceleration
(Strunin, 1997). The attack angle was measured with a spherical pressure
device based on a relationship between the pressure difference in the holes on
the sphere located in the airflow and the angle of the airflow distortion
(Pahomov, 1962). Air humidity was measured by using ultraviolet and
condensation hygrometers (Mezrin, 1997). The accuracy of these measure-
ments is summarized by Strunin (1997).

When deviations of roll angle were more than 5� or changes of the aircraft
velocity were more than 20 km h�1, the data were omitted from the analysis.
All turbulent fluctuations were measured over the frequency range from 0.06
to 8 Hz. This frequency range corresponded to the scale range from 12.5 to
1.7 km under the typical aircraft speed (100 m s�1). All raw turbulence
parameters (static pressure, dynamic pressure, differential pressure, air tem-
perature, air humidity, and acceleration of the aircraft and pitch angle) were
recorded with a frequency of 20 Hz. In the calculation of turbulent compo-
nents, the mean value, and linear and parabolic trends were removed from
the series of wind speed, air temperature and air humidity.

5.2. METHOD OF ANALYSIS – JOINT FREQUENCY DISTRIBUTION

TECHNIQUE

Since the buoyancy flux from the sea surface provides the primary energy
source for the turbulent kinetic energy (e.g., Chou et al., 1986), quantitative
estimation of its value in the lower boundary layer is important. The tech-
nique of joint frequency distribution has been used to study the buoyancy flux
over warm oceans, for example, in the Air-Mass Transformation Experiment
(AMTEX) by Mahrt and Paumier (1984) and the Genesis of Atlantic Lows
Experiment (GALE) by Chou and Zimmerman (1989). Figure 9 shows the
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scatter plots of w0 and T 0 at the lowest flight level on 14 February. Here, the
distribution of w0 and T 0 is partitioned into four quadrants: warm updrafts
(wþT þ), cold updrafts (wþT �), warm down drafts (w�T þ), and cold
downdrafts (w�T �). As Chou and Zimmerman (1989) pointed out, the main
physical processes contributing to these quadrants can be summarized as in
Table I. The total buoyancy flux can be written as
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Figure 9. Scatter plots of T 0 and w0 at the lowest flight level on 14 February. The number of
sampling is 53,625.

TABLE I
Interpretation of physical processes of four quadrants in the joint frequency distribution.

Quadrant Symbol Process

Warm updraft wþTþv Thermal

Cold updraft wþT�v Penetrative convection

Warm downdraft w�Tþv Compensating motion

Cold downdraft w�T�v Diabatic effect
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w0T0v ¼
X4

j¼1

1

N

XNj

i¼1
ðw0T0vÞi ¼

X4

j¼1
ðw0T0vÞj; ð1Þ

whereN is the total number of observations of the time series,Nj the number of
observations in the jth quadrant, and ðw0Tv

0Þj the contribution to w0Tv
0. Each

quadrant can be approximated by using the following equation (Stull, 1988),

w0T0v ’ w0T0ð1þ 0:61qÞ þ 0:61Tw0q0: ð2Þ
This method was applied to the observations at the lowest flight level in both
cases. The heat flux was calculated from 100-s segments of the time series
(i.e., N ¼ 2000), which correspond to a 10-km length of the flight path
(100 m s�1 � 100 s). The horizontal change of each component was obtained
every 5 m (20 Hz) by shifting this 100-s segment.

Since we focus on the lead-induced sensible heat flux, the positive com-
ponents (wþTþv and w�T�v ) are investigated in detail. A major advantage of
the conditional sampling by separating wþTþv and w�T�v is that the major
physical processes of heat transport can be understood by examining the
ratio between wþTþv and w�T�v . Further, the lead-induced sensible heat flux
can also be estimated by using the ice concentration and wþTþv .

5.3. HORIZONTAL CHANGE OF TURBULENT HEAT FLUXES

Figure 10a shows the horizontal distribution of w0T 0v, w
þTþv and w�T�v on 14

February. The contribution of w�Tþv and wþT�v (not shown) are large in the
area between 10 and 50 km from the coast and the total heat flux shows
negative value (i.e., downward) there. However, the total heat flux becomes
large (more than 50 W m�2) in the lower ice concentration areas (between 80
and 110 km and between 130 and 150 km off the coast). In the downwind
region over open water, about 100 W m�2 of the sensible heat flux was
transported to the upper layer. As regards 18 February, on the other hand
(Figure 10c), the values of w0T 0v and wþTþv are smaller than those for 14
February due to the higher ice concentration (more than 40%).

Since the rising thermals are advected downwind by the ambient hori-
zontal wind U, peaks of wþTþv appeared slightly on the downwind side of the
low ice concentration areas. The correlation coefficient between wþTþv and ice
concentration is �0.92 with a lag-distance DD = 3.6 km on 14 February,
and �0:59 with DD = 7.6 km on 18 February, respectively. The mean
ascending speed of thermals (w) from the surface to the 200 m level can then
be estimated roughly by w ¼ UDH=DD, where DH is the flight level (200m)
and U is the horizontal wind speed (U ¼ 8:9 and 10.9 m s�1 on 14 and 18
February, respectively). The estimated w on 14 February (0.49 m s�1) is
larger than that estimated for 18 February (0.29 m s�1).
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Contributions of wþTþv and w�T�v to w0T 0v are different between the up-
wind and downwind regions over the lower ice concentration area. Up to
about 150 km from the coast on 14 February and 250 km from the coast on
18 February, wþTþv was generally two or three times larger than that of
w�T�v . On the other hand, in the downwind area, the ratio between wþTþv
and w�T�v generally decreases downstream (except for 275 km offshore from
the coast on 18 February), reflecting that the role of w�T�v also becomes
important. A larger contribution of w�T�v to w0T 0v than that in the upwind

Figure 10. Horizontal distributions of w0T 0v, w
þTþv and w�T�v , and 10 km of running mean ice

concentration on 14 February (a and b), and 18 February (c and d). The ordinate on the right

hand side represents the corresponding sensible heat flux (SHF). A letter R denotes the
maximum correlation coefficient between ice concentration and wþTþv with a lag-distance DD.
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region implies the existence of strong downward motions of cold air asso-
ciated with the development of the mixed layer.

Such a feature was also reported in the convective situation over a warm
ocean [e.g., AMTEX (Mahrt and Paumier, 1984) and GALE (Chou and
Zimmerman, 1989)]. The dominance of wþTþv in the total heat flux suggests
that the mixing within the boundary layer is very weak and thermals are
mainly responsible for the heat transport. Consequently, the air–sea tem-
perature difference (DT) in the upwind open water decreases very quickly as
shown in Figure 8 (Area I). On the other hand, DT decreases gradually in the
downwind open water, because the mixing associated with the development
of the boundary layer enhances w�T�v (Area II in Figure 8).

Using the same method, the moisture flux (w0q0) was also evaluated (figure
11). The correlation between the latent heat flux and ice concentration is
relatively low compared with that of sensible heat flux (Figure 10). Further,
little difference is noticeable in the contributions of wþqþ and w�q� to w0q0

between the upwind and downwind areas. The amount of the latent heat flux
is smaller than that of the sensible heat flux in both cases. The Bowen ratio,
defined as B ¼ SHF=LHF, varied from about 2 to 5. These high values of B
were also reported in other marginal ice zones (e.g., Brümmer, 1996; Renfrew
and Moore, 1999).

6. Concluding Remarks

Using two sets of aircraft observations during cold-air outbreaks, we studied
the relationship between the extent of open water and air-mass modifications
over the partially ice-covered Sea of Okhotsk. The turbulent heat flux over
the ice-covered Sea of Okhotsk is discussed in conjunction with the accu-
mulated fetch width, that is, the integral of each width of a lead.

The air–sea temperature difference (DT) dropped rapidly with the increase
of the accumulated fetch-width of leads (Lo) up to about 35–40 km, then DT
decreased very slowly with Lo. In spite of the difference in the horizontal
distribution of ice concentration between the cases, this characteristic length
is common, suggesting that the similar process for the onset of convective
boundary layers exists under cold-air outbreak situations.

Using the joint frequency distribution method, the contributions of the
rising thermals (wþTþv ) and cold downdrafts (w�T�v ) to the total heat flux
(w0T 0v) were evaluated. A good correlation between the ice concentration and
wþTþv was found in both cases. However, the ratio between wþTþv and w�T�v
differed significantly between upwind and downwind regions. In the upwind
region with high ice concentration, the buoyancy flux was dominated by
wþTþv , while in the downwind region near the marginal ice zone w�T�v also
became important due to the development of the boundary layer. Considering
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the high Bowen ratio and relatively low correlation between the moisture flux
(w0q0) and ice concentration, the sensible heat flux had the most significant role
for the air-mass modification over each lead.

Using the buoyancy flux (wþTþv ) estimated in Section 5.3, the relationship
between the total extent of open water and the sensible heat flux can be also
examined. The sum of the heat flux from the sea and the ice surfaces, is
expressed as follows:

wþTþv ¼ ICðwþTþv Þi þ ð1� ICÞðwþTþv Þo ð3Þ
where IC is the ice concentration (0 � IC � 1), and ðwþTþv Þi and ðwþTþv Þo
are the buoyancy flux originated from the ice surface and open water,

Figure 11. As for Figure 10, but for w0q0. The ordinate on the right-hand side represents the

corresponding latent heat flux (LHF).
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respectively. Assuming that the value of ðwþTþv Þi is much smaller than that
of ðwþTþv Þo (e.g., Inoue et al., 2003), we can estimate the heat flux over leads
by ðwþTþv Þo ’ wþTþv =ð1� ICÞ. Figure 12 shows the buoyancy flux over leads
ðwþTþv Þo as a function of the accumulated fetch width. In both cases, the heat
fluxes decrease from 400 to 100 W m�2 with increasing fetch width. The
difference in their e-folding scale (about 3 and 9 km) between 14 and 18
February seems to come from the difference in both ice conditions and wind
speed. However, the rapid decrease of the lead-integrated heat flux in both
cases can be regarded as a typical situation in the ice-covered Sea of Okhotsk
during cold-air outbreaks.

Although a coastal polynya has an important role in the formation of new
ice, it can be regarded as a special case of the integral effect of leads. If the
accumulated width of leads equals the width of a polynya, the integrated heat
supply from narrow leads equals that from a coastal polynya. Therefore, high-
resolution (about 10 m) measurement of leads is indispensable for a quanti-
tative estimation of heat flux from the sea surface, and thus for an estimation of
the formation of new ice. Based on our observational results, it is also inferred
that the main region where new ice is actively formed would change from the
early to later stages of a cold-air outbreak phase. New ice would be mainly
formed within the partly ice-covered region in the early stage because of many
leads within the region. On the contrary, in the later stage when almost all leads
are covered with ice, new ice would be mainly formed in the marginal ice zone.

The results of this study are useful for the improvement of the processes of
air–sea heat exchange included in air–ice–sea coupled models, and have
significance for improving our understanding of the air–ice–sea interaction,
not only on a local scale but also on a global scale.
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