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Abstract

   FVom  in-situ meteorological  and  ice observation  in early  Fbbruary 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  quantitative!y  from video  analysis.  One dimensional-

thermodynamical  model  is used  to calculate  heat flux. The  total heat fillx is obtained  by  summing  up  the

areally  weighted  heat fiux on  each  ice thickness.  As  a  result,  the following characteristics  are  found in this

region.  (1) Due  to relatively  thin ice thickness, turbulent heat fiux (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 vaJues  lower than  that of  the first-year iee in the polar regions  and  rather  similar  to that of  the
multi-year  ice, which  is lowered by surfboe  melting  during summer;  this may  support  this suggestion.

1. Introduction

  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  (Nakaxnurq et al.

1986i Gyakum  et al. 1989). Since strong  horizontal
temperature  gradient exists  between cold-  continent

(T S -200C)  and  warm  northern  Pacific (T ) OOC),

it may  be possible that heat exchange  between the
atmosphere  and  the sea  ice area  over  this region  has
a  signMcant  effect  on  the cyclone  activities  there.

The  posslbility that the presence  of  sea  ice in the
Okhotsk Sea influences the atmospheric  circulation

through  thermodynamical  process has been pointed
out  mainly  frem numerical  studies.  Ibr example,

Honda  et  al.  (1996) showed,  using  the general cir-

culation  model,  that sea  ice area  has an  eff{]ct on

a  global scale  atmospheric  circulation  through  the
propagation  of  wave  activities. Ibr a local scale,
Sasaki and  Deguchi (1988) showed  that the sea  ice
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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.  HcFwever, 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) haye
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 effbct
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  ciTculation.  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 iV 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
this region.

  Thus  the southern  region  of the Okhotsk Sea

(around 45eN) is an  important area  for both the
atmospheric  and  oceanic  circulation.  In early  Febru-
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ary  of  1996 and  1997, we  carried  out  ice obseryations
in this region,  using  an  ice breaker, SOK4.  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 ebservation  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

thls calculation,  the sea  ice albedos,  which  were  es-

timated  from the observation  during  this cruise,  are

used  ([[byota et al, 1999). According to Maykut

(1978), heat budget in a  relatively  thin sea  ice re-

gion Iargely 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. regiops,  lots of  observations  on  heat bud-

get have been done so fai;, 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  citculation  (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  fbllows. In the next

section,  the meteorological  and  ice conditions  are

described with  their measurements.  In Section 3, we
wiU  explain  the method  of  heat budget calculation.
The results  will  be shown  in Section 4. We  will

summamize  and  discuss them  in Section 5,

2. Meteorological and  ice observations

  During the period of  3 to 5 R]bruary of 1996 and
2 to 9 Eebruamy of  1997, we  carried  out  in-situ obser-

vaPions  aboard  an  ice breaker SOM4  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 cenditions,  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 verfication  of  heat budget calcu-
  lation.

2.1 lce 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 -10C,  and

the wind  speed  was  4 to 10 mls,  changing  from
northwestern  to northeastern  direction. In 1997, the
weather  was  also  relatively  calm.  The  air temperar
ture ranged  from -10  to -20C,  and  the wind  speed
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was  1 to 10 mls.  Neither snowstorm  nor  big swells
occurred  during the observation  period,

  In l996, the sea  ice extent  in the Okhotsk Sea
was  record-breakingly  small  until  early  Fbbruary,
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 meteorolcnygical  and  ice data

  Air temperature  and  relative  humidity were  mea-

sured  with  a  thermo-1  hygrameter 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 surfhce  horizontal. The  details of  short  wave

radiation  measurement  are  described in [[byota 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  
`SOX4

 
'
 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 copcentration  and  ice
thiclmess with  the video  apalysis,  The details of

the analytical  method  are described in [[byota et al.

(1999). Since the ice thickness data are  obtained

from relatively  1arge area  in the southern  region  of

the Okhotsk Sea (see their Fig. 5), we  regarded  the

measured  ice thickness histogram as  the representcr

tive ameal  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 ef  ice thickness for (a)
  1996  and  (b) 1997, used  for heat budget
  calculation.  We  treat Hi =O  and  5 cm  as

  open  water  and  nilas,  respectively,

135

used  is similar  to those of Maykut (1978 and  l982),
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 lbe thickness distribution
  We  allocated  the  areal  fraction of  ice thickness at

10 cm  intervals (Hl=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 (Hi =  5 cm)  was

obtained  from visual  observation  of  nilas  and  the
remnant  was  allocated  to open  water  (Hig =  O 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
mabT  give a  comparison  between significantly  differ-
ent  ice thickness conditions  for the similar  weaPher.

9.2 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. Flor this purpose,  we

prepare  the hourly meteorological  data by taking av-
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both years. Since ice conditions  are  significantly  difi
ferent between the two  yeams, the differqnce of  the

resultant  heat ftux can  be  considered  to be mainly

due to the effect of  ice thickness distribution on  heat
budgets.

3, 3 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  (FLIV), and  conductive  heat flux in

    ice (FCI) are  balanced at  the thin AH  1ayer

    of  sea  ice surflice.  Since mostly  sea  ice is cov-

    ered  with snow,  we  here take AH  to be 2 cm,

    considering  the fhct that the optical  extinctlon

    coeMcients  of  visible  wavelengths  range  from 60

    to 90 m'i  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.

o e    12Time(hour) le

Fig. 3, Averaged diurnal cycle  of  rneteoro-

  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.

24

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 cyele
during this period, Daily mean  data are  given by
averaging  these data for one  day. Those of individ-
ual  years are  listed in tcble 1. This  table  and  Fig. 3

shows  that meteorelogical  conditions  are  simi1ar  in

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  lce thickness.

  The  fuil balance equation  of  heat fiux at the sur-

fbce is described as fo11ows:

          aTs
   piAHq
           Ot

   =FSH+FLH+FSW+FLva+FCI,  (1)
where  pi, AH,  Ci, and  Ils is ice densitM thick-

ness  of  surface  layer, specific  heat, and  surface  tem-

perature, respectively.  According to Ono  (1967),
q  is 1.57 calg-iK-i  (= 6,57 Jg-'K'i) for ice
temperature  =  -4eC  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 50C

(that is, below 1 deg.lday). Since the change  of

surface  temperature  is similar  to that of  air  temper-

ature,  the left term  is estimated  as  below 1.4 Wlm2
if AH  is taken  to be 2 cm.  Therefore, we  consider

the left term  of  Eq. (1) is negligible  and  assump-

tion (2) approrcimately  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 wou}d  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 fioes 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  115, (Although uncertainty  remains  regard-

ing snow  thickness, we  made  sure  that  our  results  are

insensitive to snow  thickness.)

S.4 Zhermodynamic  ice growth  medel

  When  the surface  temperature  (71s) is below the
freezing point in Kelvin, the heat ba!ance equation
at the surfat:e  can  be expressed  as:

    FSH(71s) +  FLH(Tlg) +

    FSVIr+FLW(71s)+FCI(71s)=  O. (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,  FSH  is obtained  from

pcpCsu(71z -  71y), where  ll, is the observed  air tem-

perature in Kelvin, p is the air density (1.3 kglm3),
c,  is the specific  heat of the air (1004 JlkglK), q
is the transfer coeMcient  for sensible  heat (discussed
later), and  u  is the observed  wind  speed.  FLH  is
obtained  from O.622pL.CEu(re.. -e.s)lp, where  L.

is the latent heat of  sublimation  (2.84*106 Jlkg;
Yen 1981), Cle is the transfer coeMcient  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
Ma"rkut (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  or([IZB -71y), where

CB is the temperature  at  the ice bottom and  is taken
to be the freezing temperature  (271.35 K)  and  7
is the thermal  conductance  of  the ice-snow slab  (=
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leiksl(le.Ht + kiHk)), where  le and  H  is the ther-
mal  conductivity  and  thickness, respectively,  and

the sufixi  and  , denote ice and  snow,  respectively.

  The  absorbed  short  wave  radiation  (FSW) is de-
scribed  as  E. *  (1 -  a)  *  (1 -  io), wheTe  g  is the
solar  radiation  reaching  to the ground, a  is sur-

face albedo,  and  i. is the  transmittance. As for
albedo,  O.07, O.12, and  064, which  were  estimated

from in-situ observation  (Tbyota et al. 1999), are

used  for open  water,  nilas  (Hle =  5 cm),  and  thicker
ice (Hle ) 15 cm),  respectively,  Since the extinc-

tion coeficient  of snow  is more  than 60 m-i  (Mellor
1977), we  set  i. =  O except  for nilas (i. =  O.18;
Grenfell and  Maykut  1977).

  The incident long wave  radiation  (FLWi) is ob-

tained from FLWi  =  O.7855*(1+O.2232C2'75)*a[Il3,
where  C  is cloud  amount  (O S C  S  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
FLPVIi :=  e  *  a7Il.  Emissivity e  is taken  to be O.97
fbr open  water  and  nilas  (Hk =  5 cm)  and  O.99 for
thicker ice.

  After substituting  the observed  values,  the Eq. (2)
is resolved  for Tb using  the iterative Newton-
Raphson method.  Then  the individual fiuxes are

calculated  by substituting  the obtained  71s, If 71s is
greater than  the melting  point (273,15 K), we  set

273,15 K  as 71s and  assume  that the residual  term

(= FSH+FLH+FSVV+FLW+FCI)  is used  for
melting  ice. R)r open  water,  Ils is taken to be freez-
ing temperature  (271.35 K) and  the residual  term

(FQ ==  FSH+FLH+FSVV+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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       dHi
           =FCI-FU,  (3)  piLf
       dt

where  pi is the ice density (900 kglm3),  Lf  is the

latent heat of fusion (discussed later), and  Fla is the
ocean  heat flux. If we  set  FU, to be zero,  the growth
rate  of  ice thickness can  be calculated  as  FCIIpiLf
from the Eq. (3). Pbr open  water,  the ice grcfwth
rate  is calculated  as  

-FQIpiLf.
 The heat fiuxes

and  ice growth  rate  of  total area  are  obtained  by

summing  up  the area-weighted  values  of  individual
ice thicknesses.

3.5 Physical parameters
  Prior to analysis,  we  discuss three essential  phys-
ical pamameters  which  are  used  in the model.  The
first one  is the heat transfer coeMcient.  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 sarne

(21m[u] and  11m[ll,] in their case,  and  22m[u] and
15m[1},] in our  case),  and  the usefulness  of the coefi-
cient  value  was  checked  through  the detailed profiIe
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,O *  10rm3 which  was

obtained  from the measurements  off the Hokkaido
coast  by Aota et al. (1989),
  The  second  one  is Iatent heat of  fusion, In general,
latent heat of  fusion of  sea  ice can  be expressed  as

fo11ows:Lf

 :=  4,lg *  lo3 *

Pg.6s-o.sos(71-273.is)-o.e273s,+4i31i2573'.i&s]
                            Jlkg (Ylen 1981),

where  ice temperature  72 is set to be the freezing
temperature  (271.35 K). Ice salinity  Sl 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 Si decreases with
ice thickness for HE S 15 cm,  while  Si is almost

constant  for ra Z  15 cm.  IJIrom the estimated  re-

gression line, Si is taken  to be 9.1 psu  for open  wa-

ter (HL =Ocm)  and  7.0 psu  for Hi  =5cm.  Pbr
thicker ice (Hl ) 15 cm),  the averaged  constant

value  (3.5 psu) is given in this calculation.

  Finally, thermal  conductivity  is taken to be

O.3 Wm-iK-i  for snow  layer and  2.0 Wm-iKri

15

p.Eiog-','.I"'E5.2.
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Fig. 5. Bulk  salinity of sampled  ice a$  a  func-
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  1ar regions,  and  broken line shows  that of

  muti-year  ice; both data were  compiled

  by Cox and  Weeks (19n),

so

for ice. In general, the thermal  conductivity  of  snow

can  be represented  as  k. =  2.22362 * pl'885 (Yen
1981). When  p. is about  O.35 glcm3, le. is esti-
mated  as  O,3. The  thermal  conductivity  of  sea  ice
is expressed  as  k{ =  ko(72) +  ii\9iti gftgi237S3.is (Untersteiner
1961), where  ko is thermal  conductivity  of  pure ice,
and  Si is ice salinity.  This formula gives an  almost

constant  value  of  2.0 WmTiKTi  under  the condi-

tions of  this ice area,

4. Results

4.1 Daily rnean

  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  fbr open  water  as  men-

tioned previously. If FQ  S O, ice forms by the

thickness of  (-Fql(piLf)) 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 Wlm2  (FSH: 6.2 Wlm2,
FLH:  22.4 Wlm2) in 1996 and  16.2 ± 1.5 Wlm2

(FSH =  2.5 Wlm2,  FLH  =  13,7 Wlm2)  in 1997,
is nearly  the same  as  that estimated  in the Antarctic

pack ice region  at the beginning of  the melting  sea-

son  (O N  60 Wlm2}  Andreas and  Makshtas 1985).
But the result  is a  little different from  theirs in that
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  tien, FQ: residual.

FQ

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  (± O,e3), 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 smal1,  so  that the ice growth rate  is limited to
O,49 ± O.Ol cm!day  in 1996 and  O,25 ± O,Ol cmlday
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
neaxly  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 amea
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.  [[b

further examine  this feature, the turbulent fiuxes
for each  ice thickness are  presented  in Fig. 7. It
is shown  that the turbulent fiux decreases signig

20

o

?tE
 
-2o}-40

-60

(b)1997
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Fig. 7. Daily mean  turbulent  heat fiux as
  a  function of  ice thickness, Positive FSH

  means  that  the  surface  temperature  ef  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 fiux. 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 upwprd  sen-

sible  heat flux decreases, Finally, the sensible  heat
fiux 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  chara £ terizes the heat bud-
gets in this region.  Figure 7 also shows  that with-

out  sea  ice the turbulent heat flux weuld  increase to
57.6 Wlm2  in 1996 and  40.6 Wlm2  in 1997  (refer to
open  area). These values  are  twice the amea-averaged

values,  This implies that the turbulent heat flux is
reduced  by half due to partly covered  sea  ice.

4,2 ECMWF  data

  So  fat we  haNe  discussed the heat budgets dur-
ing our  limited observation  period, Here, we  ex-
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amine  whether  the above  results  hold good  for the
other  cold  periods, using  an  ECMWF  twice daily

grid data near  Hokkaido coast  (45.0eN, 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 sear
son,  the results  of  turbulent fiux 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 coeficient  is taken  to be  slightly

larger values  of  1.40 * 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 O.7
here on  the basis of  our  observation.  As for daily so-
lax radiation  (Q.), the fo11owing formula developed

for the ocean  adjacent  to Japan by Kim  (1992) is

applied  here.

Ih =  Ao +  Ai cos  di +  Bi sin  di +  A2 cos 2ip +  B2 sln 2di

Q.o =  Ib(O,865 -  O.5C2)(1 -  a.),

where  ip is equal  to (t-21)'kts (t: Julian Day), C is

cloud  amount,  and  a  is albedo at the ocean  surface

(O.07). In actual  calculation,  Q. [= 1.325 *  Qso -
7.2697] is used  as  incident solar  radiation  from the

100
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Fig, 9. Daily mean  turbu!ent heat flux esti-
  mated  frem ECMWF  data, Grid point:
  45.0eN  142.5eE. Shaded  areas  mean  the

  observation  periods  for each  year.

90

regression  between the above  formula and  the 30-

year averaged  monthly  mean  data at the meteore

logical observatories  of  Hokkaido coast  (Wakkanai,
Kitami-esashi, Abashiri, Nemuro). The  discrepancy
between  observation  amd  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 Wlm2  in 1996

and  -18,2 Wlm2  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 peTiod. The  values  of

flux are  eliminated  by twe thirds to a half compared
with  those without  sea  ice (not shown)  and  hence it
is shown  that the results  obtained  from our  obser-

vationa!  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  O,13 cmlday  in 1996 and

-O.09 cmlday  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

1arger due to Iower air temperature.  However,  this

region  was  not  covered  with  sea  ice yet at this time.

Although relatively  large fiuxes are  found in early
Mamch  1997  in Fig, 9 because of low  cold  out  break
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(air temperature  ev  -100C), ice growth is small

due to increased solam  radiation.  Thus, it is con-
firmed that the result  estimated  from our  observa-

tional data appraximately  holds gbod for the entire

ice covering  periods in this region.

4.3 Diumal  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 ayeraged  hourly meteorological  data
in 1997 (see Fig. 3). The  method  of calculation  is
the saJne  as that for the case  of  Daily mean.  Again,
we  assume  that the left term of  Eq. (1) (e71ylat) 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-

fiice albedo (a) is given as the fo11owing functlon of

ice thickness (th): a  =  -2*10-6Hfi  +4*  lo-4H?  +,
O.0205Hl +  O.0685, whlch  is derived from the ob-

servational  data of  Allison et al, (1993). Melting is
supposed  to occur  when  calculated  surfhce  temper-
ature  exceeds  melting  point (OOC). In that case,  the

melting  amount  is calculated  as  FQI(pi *  Lf). 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. 1la. 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  oyer  Lake Saroma by Ishikawa and  Kobayashi

(1984). Both results  show  that freezing occurs  at

night  time  when  net  radiation,  sensible  and  latent
heat fiuxes are  all outgoing  sense.  Thus  it is indi-
cated  that solar  radiation  is a  leading fdctor fbr ice
growth in this  region.  This  fact is also  clearly  shown
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Fig. 11, Results ef  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 surfbce  melting  process is not  easy,  and  the pur-
pose  here is to examine  the effect of  the meteor"

logical diurnal cycle  on  heat budget. Here the heat
budget is calculated  with  the same  ice conditions.

When  the surface  temperature  (71s) is calculated  as

more  than  the melting  point (273.15 K), 273,15 K
is substituted  to 71g and  the residual  heat flux FQ

(= FSH  +  FLH  +  FCI  +  FSW  +  FLW)  is calcu-

lated. FQ  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 lce growth  rate

of  1.2 cmlday  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. 12c), so  that



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  of  Japan

594 Journal of  the  Meteorological  Society of  Japan Vbl. 78, No. 5

50

    o2kx}

  -50

-100

(a).egessm..i..1

 tw- , i

 ma
-]-

   300･?

 200

 
'E
 100}

 
vo

  -100

  60
  40?

 20"E
 O)t

 -20
 
-40

 -60

FSHFLHFCIFSWFLWFQ

FSHFLHFCIFSWFLWFQ

{C)

 
i
 

..ww.,
 rm ,

 
i

 
E---

      
-ww-

                          pm
FSHFLHFcrFSW･FLW
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FQ

ice growth  rate  becomes small  (O.4 cmlday)  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  chaTac-

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  fbllows: (1) that the averaged  ice growth  rate  is

limited to below 1 cmlday,  (2) that sea  ice area  re-

duces the turbulent heat flux over  open  water  about

by halg (3) that more  than  haif 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 %  confidenee  in-
terval of  sea  ice albedo  (± O.03) is used  as  the estimar

tion error  because  solar  radiation  flux is the Ieading

factor in this region.  Besides this factor, the errors
caused  by the estimation  of  snow  cover  depth and

incoming Iong wave  radiation  are  also  considered.

As  for snow  depth, we  examined  the cases  in which

snow  depth (q) is 114 and  116 of  ice thickness  (Hi).
The  result  is that the averaged  ice growth rates  fbr
H,  ==  Hle *  116 are  O.51 and  O.27 cmlday  in 1996 and
1997, respectively,  and  those for H.  =  H} * 114 are

O.45 and  O.23 in 1996 and  1997, respectively.  The
difference of  the results  seems  smal1.  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  estlmated  as  9 %. In our  calculation,  9 %  de
crease  of  incoming  long wave  radiation  causes  about

O,3 cmlday  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 fust result,  the actual  ice growth rtite 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  Flebruary as  10 to 30 W!m2.
Wettlaufer (1991) estimated  the icffocean heat fiux
in the Eram  Strait in a  fall season  as O te 37 Wlm2.
If these values  are  applied  to our  area,  ocean  heat
flux is balanced by the estimated  conductive  heat
fiux and  ice growth becomes substantially  negligi-

ble.

  The  second  result  suggests  that the northwesterly

¢ old  air is gradually tTansformed over  this sea  ice
area  through  turbulent heat flux exchange.  This is
a  diffbrent feature from that of  the polar regions
where  thick ice () 1 m)  is predominant. Flrom 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  operatiollal  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-
traVion 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 r.  60 W!m2)  is much  smaller  than  that over

lead in winter  in the polar regions  (e,g. 120 W!m2

(AIIison et  al, 1982), 130 Wlm2  (RuMeux et  al.

1995), 189 Wlm2  (Weller 1980), 115 Wlm2  (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 polam 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  Iow 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 about3  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-yeam  ice. This  is also  suggested  by  ice salin-

ity structure.  Many samples  showed  the trend that
salinity  increases with  depth, which  is similam  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 (about1cm thickness), This  structure  is

similam  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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オホ ーツ ク海南部の 海氷域に お ける熱収支の 見積 も り

豊田威信 ・河村俊行 ・若土正 暁

　　 （北海道大学低温科学研究所）

　 1996年と 1997年の 2 月上旬 に行われた気象、海氷 の現場観測を基 に 、オ ホーツ ク海南部の 海氷域 に お

け る海氷域表面 の 熱収支 を見積 もっ た。計算 に必要 と なる海氷密接度、氷厚分布は ビデ オ観測から定量的

に求め た 。 熱 フ ラ ッ クス の計算は鉛直
一
次元熱力学モ デ ル を用い て氷厚別に行い

、 領域全体の熱 フ ラ ッ ク

ス は各氷厚の面積の 重 み をかけて足 し合わせ て求めた 。 そ の結果 、 （1）比較的薄い 海氷が 多い た め 、乱流

フ ラ ッ クス は 上 向きで あり、海氷域 が 乱流 フ ラ ッ ク ス と して 大気に熱を与えて い る こ と、（2）領域全体 の

乱流 フ ラ ッ クス に対 して 開水面 と薄氷域が大 きく寄与 して い る こ と、（3）平均 海氷成長量は 1cm ／day以

下 で あ り、熱力学的な成長 は 限 られ て い る こ と、な どが分 か っ た 。 （1）と （3）は比較的低緯度 に位置する こ

の 海域 の特徴 と考えられ、（2）は比較的厚 い 海氷が卓越す る極域海氷域 に おけ る 特徴 と同様で あ る。また、

計算結果か ら 、 日中は短波放射に より表面融解が生 じて い る こ とが示唆された 。 現場の海氷サ ン プ ル の塩

分 は極域一年氷よ りも約 3 パ ーミル 低 く、 む し ろ多年氷に 近 い 値を示 した 。 多年氷は 主 と して 夏期の 表面

融解 に よ り低塩分化する こ とが知られ て お り、同様の表面融解が 2 月の オ ホ ー
ツ ク海南部で も生 じて い る

と考えられ る 。
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