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Abstract Choi and Chi# and Choi et B showed thatcoastal
The occurrence of cold sea waters induced bytopographylike steep high mountainand moisture and
cyclogenesislong the eastern coadtseaof Korean heat supplied from the seaurface causs the rapid
peninsulawasinvestigated from March 28 through 30, development of a low pressure in the coastal sea and the
2004, usingNOAA MCSST sea surface temperatureintensification of cyclonic circulatiorfcyclogenesis) The
(SY) satellite pictures and a thredimensional momentum transport from jet stream in the upper level of
Weather Research and Forecasting Model atmosphere such as 500 hPa level toward the lower
(WRF)version 3.3with a one waytriple techniques  atmosphere also causesidely synoptic scalestrong
On March 28,westerly wind undera high pressure surface windn the inland and sea
prevailed in the Gangneung coast and the open sea
produced northeastward wind driven current  The occurrence of cold sea surface temperature occurs
resuling in the northward intrusion of warm sea  under the passage of hurricarnthes and Chan§ and
waters by the East Korea Warm Curréntvard the  Price” explained that response of the hurricane boundary
north along the Korean easterncoast Under this layer to change in sea surface temperature by numerical
situation, daily mean SSTnear Gangneung coadt  simulations. Monaldo et # showed sea surface
sea andopen sea®f the East Seavere 10.5'C. On temperature cooling in the wake of hurricane using satellite
March 29,low pressurewith cold frontin Bohai Sea  imagery andCione and Uhlhorfi concluded that cyclonic
between China and Koreproduceda cyclonic air  surface winds in durricane cause surface divergence of
flow, which couldcausestrong southwesterly marine sea surface ater which inducesupwelling of bottom
surface windin the Korean eastern coastal seaear colder waers to the sea surfacand results in the
the study areaand a strong southeastward wind occurrence of cold sea watémsthe wake othehurricane
driven current

Vincent et d'° also explainedthe characteristics of sea
This currentresulied in both upwelling of deepold surface cooling induced by tropical cyclon&imilarly,
waters towards the sea surface and spreading Choi'! also showed thdbr a few daydor the passage of a
outward in the coastal sea and the intrusioncofd typhoonaccross thé&outh Sea of Korea, typhoamduced
waters ofthe North Korea Cold Currentfrom the downwelling (orupwelling before (or behind) its centre
Korean northeastern coastoward Gangneungcity along its track causes the rapid change of sea surface
along thecoastline On March 30asthelow pressure  temperature, especially showing cold sea outbreak in the
of 1013 hPavasmoreintensifiedwith a decrease of 5 wake of the typhoon track.
hPa to 1008 hPan the East Seéyclogenesis) could
cause the strong intrusion of cold waters from the Gill “indicated that sthe wind exerts a certain amount of
northeastern coast into the southeastard its cold force on the surface of treeawater, it causes the water to
front passed by the study arelgth northwesterly  move at a right 90 angle in the northern hemisphere
wind along the coast and westerly wind in the offshore(anticyclonically), that is, winddriven current. The
resulting in a old sea outbreak of °@ with a  strength and depth of the currene largely dependent on
decrease of 1% than one on March 28. thewind speedandthe current spad isevaluatedy taking

0.03 of the wind speedknauss™ showed that Wwen the
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12
I

WRF-3.3model Cyclonic air flow,Cyclogenesis watersoccurs, resulting irthe sea surface temperature to
_ drop few degreeand cold sea outbreak in the surface layer
Introduction Especially, the surface temperature off Somalia drops even

Whenwind persistentlyblowing in the same direction over several degrees between April and July with the advent of
seweral hourschangs its diectionin the eastergoastalsea  thesouthwest monsoon.
of Korean peninsula, the variation ofsea surface
temperature (SST) is frequently observed in the recentin this study, Weather Researchnd Forecasting Model
years.Reed" and Reed and AlbrigHt insisted that wind ~ (WRP)-version 3.3 was used dr the generation of wind
storm is generated under the lee side cyclogenensis in thields and surface weather maps were used the
mountain or in the coastal seaStrong wind in the coastal investigation @ wind fields and the intensification of
sea is generated laynarrow displacement between isobars, pressuresystems such as a low and a high presdbdady
when a low pressure is intensifiéd the lee side of the mean sea surface temperature(SST) data of
mountainand produces a cyclonic floty GOESMulti-Channel Sea Surface Temperat(MCSST)
were also used to assess the variation of I®Sponéhg to
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both atmospheric pressucbangeand surface windh the In summer, the EKWC extends the further north. The

East Sea of Korea. EKWC encounters thBorth Korea Cold CurrerfNKCC),
which is a cold water oceanic current in the East &

Study area flows southward from nearladivostokalong the coastline

Fig. 1a indicates topographical features in the reatstern  of the easteriKorean Peninsuléo near Gangneung coast
Asia, which includes partial topography of China, Korean The NKCC also extends tmirther south in winter. These
peninsula and Japan. The general topographical features icurrents parallel to each other turn to the central part of the
the Korean peninsula show low basinghia west and high East Sea. Thus, it is much warmer in Gangneung city than
mountains in the eastnd especially, high mountains lie an inland city in winter and oppositely, much cooler than
from the south to the north, parallel to the coastline. one in summerespectively.

Gangneung city(37°45N, 12854E) in the studyarea(a ~ Numerical Method and Input Data
smallest box athe thirddomainof WRF modeldomairs in For thecalculation of wind, ahree dimensionalWWeather
fig. 1a) is located inthe eastern part of Korean peninsula Researctand Forecasting modalersion 3.3with avertical
and consiss of high mountainous in the west, basin in the terrain following coordinate system was adoptéd
middle and sea in the eas$tig. 1b) Daily weather and  Numerical simulatiorby the model was carried out from
climate near Gangneung citare strongly affectecby 0000UTC (Local Stand Time (LST) = 9h + UTCMarch
synoptic pressure patterns like loand high pressure 28through2100UTC, March 31 20(4.
systems and cyclogenesis in the coastal sea and they ¢
further modified by local topographical features sbéep In the numerical simulation, one way, triple nesting process
high mountains andseasea like sedand breeze and from a coarsenesh domairof a horizontal grid spacing of
valley-mountain wind$ 27 km covering a 91 x 91 grid square to fimmesh domias

of horizontal grid squares 8fL x 91with each9 km and 3
The weather and climate near Gangneung city arekm horizontal grid intervak was taken respectively
additionally affected by the passagekdst Korea Warm  National Centers for Environmental Predicfidational
Current (EKWC) along the coast, whiclis a surface  Center for Atmospheric ResearchNCEP/NCAR
ocearc currentin the East Seaof Korea the Sea of Japan  ReanalysisFinal AnalysegFNL) 1.0° x 1.& resolutiondata
and flows from the Korea Strait toward the naatbng the  were used as meteorological input data to the model and
coastline of the easterrKorean Peninsulato near  werevertically interpolated onto 36 levels with sequentially
Vladivostok Russia®. larger intervals increas with helqht from the surface to

the upper boundary level of 16@a"".
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Figure 1: (a) Topographical featuresadjacentto Korean peninsulathe first domain of WRF-2.2 model
simulation for March 28 trough 31, 2004and (b) Gangneung city(small box)in the third domain
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Figure 2: Oceanic currents in the vicinity of the Korean peninsula. NKCC, EKWC, TWC and a small circle in
the eastern Korean peninsula denote North Korea Cold Current, East Korea Warm CurrentJsushimaWarm
Current and Gangneung city in the study area

In the numerical simulation process using WRE2 Okhotskand flows southward from ne&fladivostok (the
model,the WSM 6 scheme was used for heat and moiskastern Russiadlong the coastline of the eastdfnrean
budgets and microphysical procesgeshe atmospheric  Peninsulato near Gangneung coast of ab@8t latitude
boundary layer In the planetary boundary layer, the (even36° latitude in winter)'®. Then the current turns to
YSU planetary boundary layerPBL) scheme was the central part of the East Sea atidculaes in the
adopted. The Kaifritsch (new Eta) for cumulus counterclockwise directionlt encountersthe northward
parameterization, the five thermal diffusion model for flowing East Korean Warm Curreat latitudebetween36°
land surfacethe RRTM long wave radiation scheme and and 40, depicting a clear ocean front at higher latitude in
dudhia short wave radiation schemes were also usedsummer and lower latitudi@ winter. The current speed is
Hourly data set of winds by Gangwon Meteorological about 0.2~0.5 knot and its flow pattern among ocean
Administration at Gangneung citwere used for the currents in the East Sea to be the most clear. Water
verification of numerical results of meteorological temperature and salinity of the NKCC are abolE th
elements. winter and 34.0 in winter and they reach up to %®in

the coastal sea in sumnaerd 33.8 |, respectively.
Results and Discussion
Ocean currents around the Korean peninsula: Near Surface atmospheric pressure and wind fields
Gangneung city, th&ast Korea Warm Curreim the East influenced on SST variations before cyclogenesis:
Seaof Korea brancks off from theTsushima Currenfa Cyclogenesis is defined as the intensification of cyclonic
branch current of Kuroshio €rent) at the eastern end of circulation under the rapid development of I@ressure
the Korea Straitand it flows north along the southeastern system® % ?°. At 2100LST, March 28, 2004two days
coasél line of the Korean peninsulalt further encounters  before the occurrence of cold sea waters in the coastal sea
the North Korea Cold Currerttetween 8° and40° N and near Gangneung city in the eastern Korean peninsiday
veers east into the open s#aat is, the central part of the pressure witha central pressuref 997 hPawas locatedn
East Sed® It is known that the current speed of the EKWC the northeastern China and its cold front extended
is about 0.5ktand it is faster in summer, but slower in southwestward near BeijingFig. 3a). The study area near
winter. The current consists of higher water temperaturesGangneung city was under a high pressure of 1020 hPa
than 16C in winter and 2% in summer and high salinity with a relative wide isobaric interval along the coast.
of 34.4 and this current influences sea waters to the However, soutiwesterly wind preziled at the higher
depth of vertically 50 ~ 150m. latitude than Gangneung city (a small circlefig. 3c and

3d), southerly wind near the city and neetfisterly wind at
On the other hand, thdorth Korea Cold Currens a cold the lower latitude, depicting a clockwise motion from the
water oceanic current in the East ®&&orea. TheNKCC south to the north with a speed range 6of~ 11m/s,
is a branch of thd.iman Cold Currentfrom the Sea of respetively.
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It means that by the association of synoptiale wind by a  (SST) satellite Knauss™ insisted that fi water currents
high pressure system with mescale mountaitand were driven only by the transfer of momentdirom the
breeze, under the effects of high mountains and sea in theind, surface curren{wind-driven current)flows at a 45
Gangneung coastal regioraservedanticyclonic surface  degree angle to the wind due to a balance between the
winds in the inland coast were northhwesterly Coriolis force and thelragsgeneratedy the windand the
(southeastward) westerly (eastward)and southwesterly water As the currentdirection also shifts slightly across
(northeastward) while the winds in the sea wes®utherly each subsequent layer (right in therthern hemispheye
(northward and southeasterly (northwestward) as called the Ekman spirgl its speeddecreases from a
simulatedsurfacewinds byWRF modelin figs.3c and3d. maximum at the surface untihe downward momentum
dissipateslf all wateis flow over the Ekman layer, the net
Temporal variations of sea surface temperatures alongkman transportationof sea waterss at an angle of 90
the eastern coastal sea of Korean peninsula under strordggrees to the right (left) of the surface wind in the
wind filed were investigated from March 28 through 30, northern (southern) hemisphere
2004, using NOAA MCSST sea surface temperature
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Figure 3: (a) Daily mean sea surface temperature (NOAA MCSST) measured by NOAA satellitéd), (b) surface
pressure (hPa), (c) surface wind at 10 m height in the firgtomain at 91 x 91 horizontal grids of a 21 km interval by
WRF model at 2100LST, March 28, 2004 and (d) surface wind in the third domain of 3 km interval. SST in the
Gangneung (a small circle) coastal sea was 3% in (b). Thick line in (a) and both circleand triangle denot cold
front and Gangneung city
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On March 28anticyclonic winds like clockwise winds
under a high pressure prevailed in the Gangneung coasboler and usuallywutrientrich wates towards theocean
and especially southwesterly (northeastwarshutherly
(northwarg and southeasterly (northwestward) wirids
the open se&ould produce northeastwardnai driven
current, resulting in the intrusion @farm watersof the
East Korea Warm Curreribward thenorth along the
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This can result in coastal upwaly, which uplifts dense,

surface, replacing theurface warmer waters ad then
resulting in cooling of sea surface water§hus, as shown
in figs. 3b, 3c and 3djlockwise windsi southwesterly
wind, southerly wind and souttasterly wind from the
south toward the north in the Korean eastern coastal sea

coast. Under this situation, SST near Gangneungtcoa can induce soutbasward, eastward and nordastward
wind-driven current with a clockwise motion, which can
causethe further intrusion of the East Korea Warm

and open seas wer8.5C (Fig. 3b)

Gill * explained thatfi northwardwind (southerly wind)

blows parallel to the coast in tm®rthernhemispherdike

the Korean east coashenEkman transpomproduces a net
movement of surface water 90 degrees torilet in the
northern hemisphere, eastward wililven ocean current
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Current to the northern coastf the Korean peninsula
especially Gangneung coastal sea, resultind0r5’C in
the Gangneung coastal sead D°C in the open sea,
respectively.
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Figure 4: As shown infig. 3, except for 2100LST, March 29, 2004. SST in the Gangneung coastal sea was&grhin
(b), due to cloud cover ovesea but it may be lower than 16C
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Figure 5: As shown infig. 3, except for 2100LST, March 30, 2004s cold front under the more intensification of the
low pressurelike cyclogenesisn (a) just passed by the study area could produce both northwesterly wind along the
coast and westerly wind in the offshorén (c) and (d)and cause the stronger intrusiorof cold waters from the
northeastern coast toward the south along the coastlineesulting in a cld sea outbreak of §C in (b)

Simultaneously, in the northern coastal seas of highefrom the same persistent wind blowing in the same
latitudes of Gangneung city, southwesterlyind can direction overseveralhours.The strength and depth of the
produce southeastward windriven ocean currentThis currentare largely dependent on theind speedand the
currentcancausenot only the intrusion of the North Korea current speeds discovered by takin@.03 of the wind
Cold Current toward the south along the coastline, but alsspeed Wind-driven oceanic currents were estimated with
upwelling of deepcoolersea watertowards theseasurface  about 12 ~ 33cm/s around this time using a calculating
in the coastal sea and spreading outward, resulting iformula.
prohibiting the northward warm waters of the East Korea
Warm Current near the Gangneung coast. Surface atmospheric pressure and wind fields
influenced on SST variations during cyclogenesisAt
Knauss *® explained that aghe wind exerts a certain 2100LST, March 29, dow pressure centref 1002 hPa
amount of force on the surface of theawater,it causes located in the northeastern China slowiypved eastward
the winddriven current and the current can gaite strong  and its accompanied cold front also slowly moved eastward
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