La mer 38 : 233-243, 2000

Societe franco-japonaise d’oceanographie, Tokyo

Several aspects of the simulated response of the Japan (East)
Sea to synoptic atmospheric forcing due to siberian cold air
outbreaks

Christopher N.K. MOOERS ", HeeSook KANG”*, and Shuyi S. CHEN "~

Abstract : The Japan (East) Sea (JES) is influenced by synoptic-scale Siberian cold air out-
breaks during the winter season. The response of JES to two cold-air outbreaks in early Janu-
ary 1997 is explored with numerical simulations using synoptic winds from ECMWF, NSCAT,
and MMS5 to drive a mesoscale eddy—admitting JES circulation model (JES-POM). The impor-
tance of the associated low level wind jet (and the consequent high heat loss region) off
Vladivostok is demonstrated. The simulated response includes cooling in the upper layer and
low—order, barotropic, basin—scale divergence and vorticity modes. The net response is not very
sensitive to the spatial and temporal resolution of the wind-forcing; however, the synoptic se-

quence of the response is quite sensitive.
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1. Introduction

The circulation of the Japan (East) Sea
(JES) is driven mainly by the throughflow of
the Tsushima Warm Current and atmospheric
forcing, including Siberian cold air outbreaks
associated with the passage of extratropical cy-
clones and fronts, on a 4-to—10 day timescale,
during the winter season (typically late No-
vember through early March). The response of
the JES to cold air outbreaks is anticipated to
be complex, ranging from increased sea states
to wind—driven setup (along the Japanese
coast) and setdown (along the Korean and
Russian coasts) of coastal sea level; to intense
mixing, cooling, and evaporation on the Asian
side of the JES, plus adjustment to intense pre-
cipitation on the Japanese side; and to genera-
tion of transient open ocean and coastal up-
welling / downwelling, near—inertial motions,
and mixed-layer deepening. However, most
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previous studies (a notable exception is BANG
etal. (1996)) of JES oceanic responses to atmos-
pheric forcing have wused climatological
monthly or mean fields which, of course, do not
include the synoptic effects of individual win-
ter storms that dominate the mean fields as
well as the variability. The availability of high
resolution surface winds from satellite
scatterometer measurements and mesoscale
numerical weather prediction models now al-
lows addressing these response issues in new
ways, as described below.

The interaction of the cold air outbreak
driven JES transient response with the JES
general circulation is thought to be essential
for wintertime ventilation of the JES and the
annual formation of intermediate water and oc-
casional formation of deep water (cf. SENJYU
and Supo, 1996). Observational evidence sug-
gests that the center of intense air-sea interac-
tion and ventilation is located off Vladivostok
(cf. SEUNG and YOON, 1995) (though there are
alternative candidate sites and mechanisms),
where a low—level jet (associated with cold air
outbreaks) flows seaward through a prominent
coastal valley north of Vladivostok. This hy-
pothesis and related issues are explored by
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driving a regional ocean circulation model
(JES-POM) with various surface wind datasets
derived from a standard operational NWP
model (ECMWF), a spaceborne scatterometer
(NSCAT/ADEOS), and an atmospheric mesos-
cale circulation model (the PSU/NCAR MMS5).
Examples are presented of the simulated re-
sponses, and of their sensitivity to the various
atmospheric forcing fields utilized. This study
complements an earlier analysis (KAWAMURA
and Wu, 1998) of somewhat similar issues (but
for mean conditions over the entire month of
January) with air-sea transfer estimates (using
NSCAT winds) and satellite-sensed sea surface
temperature (SST) fields.

The JES response to the cold air outbreaks is
simulated with JES-POM (KaNg, 1997), an im-
plementation of the Princeton Ocean Model
(POM, BLUMBERG and MELLOR, 1987) for the
JES. POM is a primitive equation model with a
free seasurface, as well as many other impor-
tant attributes. The version of JES-POM used
here has 26 sigma levels and ca. 10 km horizon-
tal resolution; it uses a value of HORCON = 0.1
in the Smagorinsky lateral turbulence para-
meterization. The model was spun—up for 4,200
days with the Na climatological mean winds
(Na et al., 1992), relaxation (time scale = 100
days) of surface temperature and salinily to
the LEviTUS climatological means (LEVITUS,
1982), and specified throughflow of 2.8 Sv.
(Note: the model was usefully in statistical
equilibrium at that stage; otherwise, there was
no particular reason for starting the synoptic
forcing simulations at that time.) For the MM5
case, the wind-forcing and surface thermal
forcing were replaced with MMb5 winds and
heat flux by ramping—up over five inertial peri-
ods (ie., a total of 85 h) to the MM5 forcing of
00Z/1 JAN 97. For the NSCAT and ECMWF
cases, the NSCAT and ECMWF winds, respec-
tively, were used with the MM5 heat flux.

The PSU/NCAR (nonhydrostatic) atmos-
pheric mesoscale model MM5 (DupHia, 1993)
was implemented with a triply nested domain.
The outer domain covers Northeast Asia and
has 45-km horizontal resolution; the intermedi-
ate domain covers JES and its coastal areas and
has 15—km resolution; and the inner domain
covers an area off Vladivostok and has 5—-km

resolution. This implementation has 26 sigma
levels between the surface and the 50 mb iso-
baric surface. MMb is forced by the ECMWF
global analysis fields on its lateral boundaries.
A mesoscale analysis dataset including addi-
tional station observations is assimilated into
the outer domain. The MMS5 simulation has
been verified by independent datasets; e.g., the
GMS-b satellite visible and infrared imagery
and the JMA meteorological buoy near Oki Is.
In the present study, fields from the intermedi-
ate domain (with 15-km resolution and no ad-
ditional data assimilation) are used to force
JES-POM.

2. Synoptic atmospheric conditions, 1 to 10

January 1997

Two extratropical cyclone (storm) passages
occurred in JES during 1 to 10 January 1997
(Fig. 1). The first cyclone developed in asso-
ciation with a strong upper—level disturbance
moving from Northeast Asia across the north-
ern JES during 1 to 2 JAN, intensified, and
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Fig. 1. Tracks of the cyclone centers associated with
the two cold air outbreaks, 1 to 10 JAN 97. Cen-
ters are plotted every 12 hours from two
sources: MM5 model (dashed line) and com-
posite (solid line) of satellite visible and infra-
red imagery. (Center positions are labelled
with central pressure (mb), day in JAN, and
time (hours/GMT).)
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Fig. 2. Synoptic surface windfields for 12Z, 1 JAN 97 (left: ECMWEF wind; center: NSCAT wind;

right: MM5 wind).

moved rapidly more or less along the western
side of the JES before crossing over northern
Japan. The second cyclone developed in the
southern JES during 5 to 6 JAN, intensified to
a lesser degree, and moved slowly more or less
along the eastern side of the JES (along a track
ca. 500 km to the south of the first, and parallel
to il) before crossing over central Japan. While
the first storm can be categorized as a classical
“cold air outbreak”, the second storm lacked a
strong outflow of cold air from Siberia and pro-
vided mostly wind-forcing.

3. The atmospheric forcing

Three sources of synoptic surface winds
(noted above) were utilized for forcing JES-
POM. Simultaneous “snapshots” of the three
surface wind fields (Fig. 2) serve to indicate
their differing attributes. For example, the
ECMWTF product has a resolution of 12 hrs and
ca. 275 km; NSCAT has a resolution of 12 hrs
and ca. 50 km; and MMb has a resolution of 1 hr
and 15 km. The three wind fields generally
agree on the basin—scale; however, while the
ECMWF wind field broadly indicates a
cyclonic feature over the central JES, it (under-
standably) does not depict the seaward wind
jet streaming from Vladivostok as indicated by
NSCAT and MMb5 fields. Further, the NSCAT
field does not depict the low-level cyclonic cir-
culation associated with the first storm that

MM5 indicates, which has been validated inde-
pendently with satellite visible and infrared
imagery. The flow pattern of the nine-day
mean surface wind stress fields (Fig. 3) of
MMS5, ECMWTF, and NSCAT appear largely in
agreement, and the maximum stress (ca. 0.2
N/m? in each case) occurs south of Vladivos-
tok. However, [rom their difference fields (not
shown) there are patterned differences with
typical maximum magnitudes of 0.1 N/ m?
south of Vladivostok. The ECMWEF and MMb
mean wind stress fields generally disagree sig-
nificantly only within ca. 200 km of the coast
due to MMb’s superior resolution of coastal
orography. Their significant differences with
NSCAT wind stress are more widespread but
greatest off Vladivostok. Also, their standard
deviation fields (Fig. 4) are indicative of sub-
stantial differences in the undecrlying six
hourly synoptic fields. The consequences for
JES circulation of these differences in the forc-
ing fields will be examined below.

The MMb5 heat flux pattern is also of interest
because it is used in the present simulations
and is critical to water mass transformations.
The 9-day mean heat flux (Fig. 3) indicates re-
gions in excess of 900 W/ m* oceanic heat loss
off Vladivostok, in the southernmost JES, and
along the coast of Honshu. The 9-day standard
deviation of the heat flux (Fig. 4) indicates val-
ues of about 300 W/ m® in the areas of
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Fig. 3. Mean (1 to 10 JAN 97) of wind stress (N/m?)
from MM5, ECMWEF, and NSCAT and of heat
flux (W/m?* from MM5.

maximum heat loss, reflecting the intense syn-
optic variability.

4. The simulated JES response

Here, the focus is on the changes in
seasurface height (SSH) and transport stream
function (TSF) fields. The SSH field repre-
sents the barotropic divergence field, and the
TSF field represents the barotropic vorticity
field. Thus, the temporal variations of the SSH
and TSF fields are related to the barotropic di-
vergence and vorticity modes, respectively, of
the JES basin.

The simulated 9-day mean SSH with MMb5
forcing (Fig. 5) indicates the several main fea-
tures of the upper layer general circulation of
the JES: the East Korean Warm Current
(EKWC) and its separation at 37.5 N, the mean-
dering Subpolar Jet, the Nearshore Branch off
Honshu, the cyclonic recirculation gyre off
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Fig. 4. Standard deviation (1 to 10 JAN 97) of wind
stress (N/m”) from MM5, ECMWF, and
NSCAT and of heat flux (W/m*) from MMb5.

Wonsan Bay, the large recirculation cyclonic
gyre over the Japan Basin, and a cyclonic gyre
in the northern JES. The 9-day SSH standard
deviation (Fig. 5) has a primary maximum in
the northernmost JES and a secondary maxi-
mum in the southernmost JES, with typical
values in the southern JES of 2 to 4 cm. The 9
-day mean TSF (Fig. 5) indicates the
throughflow transport from Korea Strait to
Tsugaru and Soya Straits, plus the cyclonic
recirculation gyres off Wonsan Bay and over
the Japan Basin. The 9-day TSF standard de-
viation (Fig. 5) has a maximum (in excess of 3
Sv) over Yamato Rise and Japan Basin. Conse-
quently, the spatial distribution of variability
in TSF is opposite to that in SSH; i.e., high in
the center and high in the north and south, re-
spectively.

To assess the difference in the JES responses,
the changes in SSH and TSF between 1 and 10
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Fig. 5. Mean and standard deviation (1 to 10 JAN 97)
of SSH and TSF for the MMS5 case.

January 1997 are compared for the three wind
forcing fields. For conciseness, only the MM5
case is shown (Fig. 6). The SSH is sctup and
setdown by ca. 0.1 m in the south and north, re-
spectively, in all three cases. However, the
ECMWF and NSCAT (not shown) cases indi-
cate a setup along the coast of North Korea and
southern Russia, while the MM5 case indicates
a setup along the coast of southwestern Japan,
as expected. The TSF is increased and de-
creased by a few Sverdrups in the east and
west, respectively, in all three cases. Moreover,
their basin—scale patterns are very similar and
suggestive of a response composed of basin
scale modes, and they are each characterized
by numerous mesoscale features. The tempo-
ral evolution of SSH and TSF needs further
scrutiny, as given below.

To explore the nature of the dynamical re-
sponse, tendencics in the barotropic divergence
(SSH) and barotropic vorticity (TSF) fields
are examined. The SSH and TSF difference
fields (between several fiducial times given
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Fig. 6. SSH and TSF difference fields for 10 JAN -1
JAN 97 for the MM5 case. (Shaded area repre-
sents negative values)

below) for the MM5 case (Figs. 7 and 8, resp.)
indicate a finer temporal resolution analysis of
the simulated fields, as given in the next sec-
tion with EOFs, to characterize better the na-
ture of the temporal variability. These fields
were evaluated (or the beginning of storm 1 mi-
nus start of synoptic run (12Z/1 JAN-01Z/1
JAN), end of storm 1 minus beginning of storm
1 (00Z/3 JAN-12Z/1 JAN), beginning of storm
2 minus end of storm 1 (06Z/5 JAN-00Z/3
JAN), end of storm 2 minus beginning of storm
2 (00Z/7 JAN-06Z/5 JAN), and stop of synoptic
run minus end of storm 2 (00Z/10 JAN-00Z/7
JAN).

As measures of the sensitivity of the simu-
lated response to the wind—forcing, the SSH
and TSF difference fields for the NSCAT minus
MMS5 cases (Figs. 9 and 10, respectively) and
ECMWF minus MMb cases (not shown) are ex-
amined for the fiducial times utilized above.
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Fig. 7. SSH difference fields for the MM5 case. (Shaded area represents negative values)

Clearly, there are instantaneous basin—scale dif-
ferences of order®£0.Im in SSH and*+6 Sv in
TSF which, however, are substantially attenu-
ated by the end of the calculations. (The pat-
terns and magnitudes of the differences for the
ECMWF minus MM5 cases (not shown) are
very similar to those of NSCAT minus MM5
cases.) Thus, the calculated responses are very
sensitive to the synoptic forcing used, though
the “correct” forcing and response are not
known and the attributes of ECMWF and
NSCAT that lead to these differences have not
been isolated.

While the emphasis here is on some aspects
of the dynamical response, one aspect of the
thermohaline responsc is examined, too, viz.,
the upper ocean thermal response at 415N,
133.0E. This position is located in the

hypothesized Japan Sea Proper Water forma-
tion region (SENJYU and Supo, 1996) and the
designated "flux center” (KAWAMURA and Wu,
1998), i.c, north of 41 N and between 132 and
134 E, as highlighted by previous authors (e.g.,
SEUNG and Yoo, 1995). The temperature
anomaly of the upper 100 m (Fig. 11) for the
MMB5 case indicates a rapid cooling in the up-
per 40 m during passage of the first cyclone
and gradual cooling during the remainder of
the period. While the SST decreased by a total
of 0.9 C, the cooling depth increased to nearly
100 m, which is consistent with previous esti-
mates for cooling due to cold air outbreaks in
this region (e.g., KAWAMURA and Wu, 1998).
The cooling at this location for the NSCAT and
ECMWEF cases (not shown) was sjmilar in SST
decrease (also ca. 0.9 C). However, the cooling
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Fig. 8. TSF difference fields for the MM5 case. (Shaded area represents negative values)

depth was nearly 150 m for NSCAT and more
than 150 m for ECMWF cases. These case—de-
pendent differences in cooling response may
become significant for longer integrations.
The cooling response was highly spatially de-
pendent (not shown) in the “flux center”; for
example, at 425N, 133.0E, the cooling pene-
trated to 300 m while it was mainly confined to
the upper 50 and 30 m at 41.5 N, 135.0 E and 42.5
N, 135.0 E (not shown), resp., in the MM5 case.
The spatial variations in cooling response of
the NSCAT and ECMWF cases were qualita-
tively similar to those of the MMD5 case at these
locations.

5. EOF Analyses
To efficiently characterize the space-time de-
pendence of the transient response to the two

cold air outbreaks, EOF analyses of 6—hourly
gridded (subsampled by 1/3) SSH and TSF
fields are presented for the MMb case.

For SSH, the first four EOFs account for
70.8% of the variance. The spatial patterns of
EOF1 and 4 (Fig. 12) are similar in the south-
ern JES: when SSH is high along the Korean
and southern Russian coasts, it is low along the
Honshu coast; thus, they are basically zonal
modes. The amplitudes (Fig. 13) are domi-
nated by the weekly time scale and are in
quadrature. Similarly, the spatial patterns of
EOF 2 and 3 (Fig. 12) are similar throughout
the JES except in the Korea (Tsushmia) Strait:
when SSH is high in the southern basin it is
low in the northern basin; thus, they are basi-
cally meridional modes. The amplitudes (Fig.
13) are dominated by the daily time scale,
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Fig. 9. SSH difference fields for the MM5-NSCAT cases. (Shaded area represents negative values)

which is due to aliasing of near-inertial energy.
There is not a simple phase relation between
their amplitudes except immediately after the
passage of the first and second storms when
they are in—phase.

For TSF, the first four EOFs account for
84.5% of the variance. The spatial patterns of
EOF 1, 2, 3, and 4 all have a different character
(Fig. 14). EOF 1 is in—phase throughout the ba-
sin, with an antinode over the Yamato Rise and
Japan Basin; EOF 2 is basically a meridional
mode, EOF 3 is basically a zonal mode, and EOF
4 is a sub-basin—scale mode. The EOF 1 ampli-
tude (Fig. 15) is dominated by a strong rever-
sal (change of sign) event associated with the
passage of the second cyclone. There is a sec-
ondary fluctuation associated with the aliased
near —inertial motion. The EOF 2 and 3

amplitudes are dominated by impulses of oppo-
site sign associated with the passages of the
two cyclones, and they are in quadrature. The
EOQOF 4 amplitude is dominated by positive
pulses associated with each cyclone passage
and a strong reversal event during the final re-
laxation phase.

6. Summary

While the net change in barotropic vorticity
(TSF) over nine days is not very sensitive to
the differences in the three wind—forcing fields,
the net change in barotropic divergence (SSH)
is more sensitive to the choice of forcing. The
synoptic response includes several basin—scale,
barotropic vorticity and divergence modes.
The modal amplitudes primarily vary with the
timescale of the cold air outbreaks, but some
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Fig. 11. Time—depth plot of temperature differences
relative to the first temperature profile at
41.5N, 133E, 1 to 10 JAN 97 for the MM5 case.
(Dashed lines represent negative values, cool-
ing)

secondarily vary with a near—inertial period.
These modes are intense enough that they
should be detectable in time series of observa-
tions and synoptic maps. The cooling response

of the upper ocean in the “flux center” off
Vladivostok is consistent with this being a re-
gion where the seasonal succession of cold air
outbreaks produces significant convection and
ventilation. These issues will be pursued fur-
ther with longer simulations. Overall, the sen-
sitivity in temporal evolution for different
forcing fields indicate that it is useful to utilize
a data-—assimilative atmospheric mesoscale
model (e.g., the PSU/NCAR MMB5) for accurate
estimations of the atmospheric forcing associ-
ated with cold air outbreaks and the simulation
of the response of JES to them.
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