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Abstract

Since the massacre of shellfish due to abnormally low salinity in Jeju 1996,
the Changjiang Diluted Water(CDW) has become one of the critical issue in Jeju
in summer. The reason why CDW may damage Jeju is because Jeju locates in
the middle of the CDW pathway. This makes Jeju devoting to coping with
CDW approximately one month from late July. The first thing to do this is to
figure out expected time and pathway of the CDW influx. However, since we do
not have any observation between Changjiang river mouth and Jeju and salinity
can not be observed from satellite, we can find CDW only after its arrival at
Jeju coasts. In this circumstances, forecasting CDW with numerical model has

been one of the most important topics in Jeju.

The massacre of shellfish in Jeju 1996 has made CDW a famaous issue in the
world as well as in Jeju, resulting in lots of research works. Now, we know
many things such as structure, extension, seasonal, non-seasonal migration, etc..
However, most results so far focus on the initial movement of CDW near the
China coasts qualitatively, and these are not so helpful to predict the pathway
and time of its influx to Jeju quantitatively. The core problem is to precisely

calculate a long migration of CDW more than a month without any observation.

Before developing the model, we analyze the data in the adjacent seas of
Korea in August during 1990-2013 observed by NFRDI(National Fishery and
Resear Development Institute). Compared with the reduction of Changjiang river
discharge in summer after the construction of three George dam, the salinity
around Korea rather decreased a little. This is due to the change of CDW
pathway by winds, which means that the north pacific high air mass expands
northwestward according to climate change. The water analysis with mixing
ratio reveals that CDW flows eventually to the East Sea roughly along the
isobath of 100m in the South Sea after flowing in the southwest sea of Jeju.

During the migration in the South Sea, approximately 70% of CDW is mixed

_xi_



with ambient sea water and only 20% of CDW remains in the East Korean

Warm Currnet.

The model development was started by the reproduction of CDW movement of
1996 with ROMS and the model results made it possible to analyze CDW. The
analysis tells us that the cause of patch formation in 1996 was not wave like
salinity front, baroclinic instability, tide induced vertical mixing etc. suggested so
far, but wind induced vertical mixing. In addition, comparing the maximum
freshwater volumes passing through Datong in Changjiang river and the Korea
Strait, we found that it takes about 2 months from Datong to the Korea Strait
and also that about 90% of Changjiang river discharge flows into the East Sea
in two months. The model was improved by reproducing the CDW distributions
observed in the East China Sea by KIOST from 2006 to 2009. By the short
observation period, the data exhibited the CDW distributions relatively precisely

and played a key role in improving the model.

The improved model was first applied to forecasting the CDW migration in
2010. The accuracy of first forecast was confirmed by observation and thereafter
we could figure out the movement of CDW in detail by the coorperation of
model calculation and observation. After flowing into the west sea of Jeju in
late July, CDW approached 20km away from the west coast of Jeju in early
August, moving to the Jeju Strait along the outer edge of the Jeju current. In
this state, easterly winds generated by a typhoon pushed the CDW northward
and made the salinity in Chuja island drastically dropped by 3 psu in 12 hours.
This shows that CDW 1is strongly influential on the South Sea. After the
typhoon passed, continuous southerly winds pushed the CDW toward Jeju and
eventually to the coasts of Jeju crossing over the Jeju current. Throughout
thess processes, we found that the southerly wind is needed for CDW to cross

over the Jeju current.

Model prediction on the migration of CDW was also confirmed by observation

consecutively in 2011, resulting in getting credibility. In 2011, CDW moved

- xii -



directly toward Jeju and threatened Jeju eastward. The usual pattern of CDW
movement toward Jeju in late July is a bypass to expand southeastward first in
early July and then northward. The threatening of CDW was disappeared after a
typhoon passing on August 10th accompanied by the upwelling of Yellow Sea
Bottom Cold Water(YSBCW). Sea surface temperature in 2011 was remarkably
low in the entire Yellow Sea, the South Sea, and also north of the East China
Sea as well as the west sea of Jeju. YSBCW was developed in early 2011 by
the arctic oscillation and expanded southeastward along the Yellow Sea trough
to the west sea of Jeju in summer. The typhoon passed northward along the
middle of the Yellow Sea, driving YSBCW upwelled and mixed with surface
water, which resulted in abnormally low surface temperature. The surface

salinity increased during this process.

As the accuracy of the model forecasting has been verified by observation
consecutively in 4 years from 2010 and 2013, the action plan of Jeju to CDW
has been based on model forecasting from observation. In 2012, abnormally low
salinity was observed in west sea. Two typhoons passed through the FEast
China Sea and generated strong easterly wind which pushed CDW northward.
After the typhoon, southerly wind drove CDW eastward and reached the west
sea. Since the action of Jeju to CDW was conducted based on the model
forecasts, there was few observation on CDW and nothing to be analyzed in

2013.

The forecasting model has been established through the above processes and
the forecast on CDW 1is open to the public via the homepage of Jeju KMA.
This was possible because the observation and modeling institution mutually fed

back. Having done with this research, our interpretation of CDW was broaden.

Key words : CDW, prediction, analysis, typhoon, wind
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<Fig. 1> Changjiang river discharge and sea surface salinity in the South

Sea of Korea from January 1990 to August 2013 (Data from KODC)

<Table 1> Changjiang river discharge from 1990 to 2013

P2 FE=EF (t/S)

1990-2013 1990-2002 2003-2013
A3t 28,639 30,104 26,808
74 51,335 57,253 44,342
14 12,788 12,906 12,649

<Table 2> Sea surface salinity around Korea from 1990 to 2013

FeEuel FHs g AA L] F35 AR (psu)
1990-2013 1990-2002 2003-2013
ARt 33.56 33.64 33.47
84 30.76 30.90 30.60
24 33.98 34.07 33.87
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<Fig. 2> Distributions of sea surface salinity around Korea water from 1990

2001 (Data from KODC)
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<Fig. 3> Distributions of sea surface salinity around Korea water from 2002
to 2013 (Data from KODC)
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<Fig. 4> Observational Stations of KODC and devided regions for water

mass analysis. ES, WS and SS stand for East Sea, West sea and South Sea
respectively.
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<Fig. 5> T-S diagrams of KODC data averaged over 1994-2009 on February(left) and August(Right)
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<Fig. 6> T-S diagram of KODC data around Korea both on February and

August over 1994 to 2009 and four water types for water mass analysis

_18_



<Table 3> Characteristic values of four water types for water mass

analysis (These are limit values for obtaining mixing ratios and may

differ from real)

Water mass T S Water name
A 28.0 285 Coastal Water (CW)
B 3.0 31.8 Yellow Sea Cold Water (YSCW)
C 11.0 35.0 Tsushima Deep Water (TDW)
D 29.0 34.0 Tsushima Surface Water (TSW)
Salinity (%)

35.0

30

Temp,
(°c)

8

]

=

LX)

continental
shalf

<Fig. 7> Method of -calculation for

description of mixing process (right)

the mixing ratio (left) and the
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<Fig. 8> Mixing ratios for sea surface (a) and the depth of
30m (b) in February (averaged over 1994 to 2009)
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CFAT AGFE 2D AR AF

1.1 ROMS &

P AGF OB REE ANFE AT AEE AFEH mUe

ool ow #YL o|F ASgaAe 29 o] FaAA Wi ae] U

T2k FAl$HH = Boussineq TARE 71 o2 AREStal Q) A4 A Y
3 AAIEG A (free surface primitive equations)o] A 4H FARAZ 3

A= HalarAz 3% 7 (Orthogonal Curvilinear coordinates)s o] 3] 2z}
5SS Fa 7t Ao F9wako| A ugt,

Aspako| A vike F+ Arakawa C-gridE AF&3slH Aoz dxH

Azl F4ol BE, 4, £, 9

e

59 RS dFHAZ 4 = S-coordinate (Stretched terrain—following
Coordinate)& A}l&3tH(Song and Haidvogel, 1994; Shchepetkin and
McWilliams, 1998, 2005). S-coordinate™ z-coorinate®] PBL +&<9 43}
sigma-coordinate®] WIS A AS T FHES AU (AR FFFol
PG Aol A @ aketo] Bolstm, Aol WzFelA REEsh= SbE gl
s =4 = UA MEHEHATH(Song and Haidvogel, 1994; Shchepetkin
and McWilliams, 2000).

olF3 AS Y3 FHAoR 23}, 43 FY AE, 3% upstream scheme

N
i

(vertical mixing scheme)ol= M-Y(Mellor and Yamada, 1974),
KPP(K-profile Parameterization; Large et al., 1994), GLS(Generic Length

Scale)®] AW F @ HAE Adste] ARG & 9
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o

] 222 S-coordinate Rutgers University Model (SCRUM)S 7]Hto &2
AFH Aess Hdsetr] As A8 e HEAer)t Jteetes 4 H o
A TtHSong and Haidvogel, 1994). A &3l t&d4ta) <duel s, 319 Axle] &

T3tel e, W7, A BAT, ety e, WA AN A RsEket
L3kE o] Qloh AAAIEE 2-D
(barotropic)®} 3-D(baroclinic)® F+#3l+= H (spit-explicit time-stepping

scheme)S A}-&-3Ht},

o
e
b

e A olf JIMEl F7H4

ROMS+= 7] EdoAr Hzx=2Z A8% terrain-following coordinateE 7]
2H o2 3l Song and Haidvogel(1994)o 23] ®HH 3t streched terrain-

following coordinate (S-coordinate)E A}-83Ft}.

S-coordinatedl A Al4ts= A A HuEW = vt 2ol WA Huh

_C(ﬂjvyat) ]

SZS[H(:U,y)JrC(x,y,t)

AN Hzy)e 374 dAA FA= FAola ((ryt)s ARtel w

g waEe £ B oeld §4Ee 2 A A TelME =
W FE E o ARs dFR £ 29 4e0Ee E o A4 Uud
9l ol2 A ROMSOIA AMg38ls Falo= LEeH,

z=h,+(h—h,)C(s)

sinh(6,) tanh (9 (s +1/2))—tanh((1/2)0)

C’(s):(l—eb) e +6, Stanh (20 21(2)
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1.1.5 Heat flux

1ok sFel Foatgel Tad AEE s A HEE F 9
S38t7] fla whekel 9% %359 wE, AL, FE S 2255 °]E8H

sl
A
7)ok o] A2 5 ALEstE Bulk Parameterization(Fairall et al., 1996)

S ADFe ols FEE AT e FeFTad Rde FE, @
3 B FETAE Edete RHEEA AXNALS 1/12°8km)elH F4le H
Sgvgol A #EE ARE TAHoE vHEoj FA4AE Korea bathymetry
30(Seo, 2008)5 AF&3tATE RAF 9L <Fig 1la>7} #Zo] 7]&ox glon
Zelo] A uithe] W= Y% 22°~42°N, F % 116°~133°E =9 WS 7}
Atk 29 AxE A4 Kx), d5y), 7282 $Foz Zh7h 202, 215, 20749]
M ZF 86860071 = Atk H FAF Aget £ A4 AFE 47 20
m’/s¢} 50 m’/s& A&tk whe wpEe] A
nhE A 000252 AHE8F

mael 2714e FAHEIEA(<Fig 11 b>)S ol &3kl <At Azl §
Adg AHEstAth BEAHEFE D2 WOA(World Ocean Atlas) 20019]
2 sk 1097 kA sA AT 2l FAx
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A2 HYCOM(HYbrid Coodibate Ocean Model) 7 A8 % 3} sjdmd =
58 AFEeYTh e AMEE WgE g Eol, T, 9E, Ao ¥4
1 Apgo|t}. vk CERSAT (Centre ERS d’Archivage et de Traitement)
off A A& 3= QuikSCAT At&=, NOAA(National Oceanic and Atmospheric
Administration)oll /] A& 3l:= CCMP(Cross Calibrated Multi Platform)#} &,
NCEP(National ~Center for Environmental Prediction)®] GFS(Global
Forecasting System)At5 55 Al7]d wat &3ttt 7| Z25E e dust
3 ZFael S A== Bulk Formulae(Fairall, 2003)E A3t = o] 24
Eoj7tE gEHFA =L COADS (Comprehensive Ocean-Atmosphere Data Set)
o] A+ AR FL& NCEPY GFSARES A& th<Table 4>, A&
dE FHUEl A AFs= TPXO7 MY 107] #2E AH&ste] 29l

o

HAAA WFAZIES FATH<Fig 11 a>). FAE HFdFe 92 Opsuz

HAFAI Fee T 53 FANA Az 20709 F2 Aol 1t
s

CIs,
Table 4 Information of the wind data used in the model
Hh AL ol & g G A2 A
CCMP 1996 0.25 degree 6A1 FH o
QuikSCAT 2006-2009 0.5 degree A ot
NCEP GFS 2010-2013 0.2 degree 641 7+
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<Fig. 11 > Model domain for Yellow and East China Sea and grid point for
mput of Changjiang river discharge
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<Fig. 12> Sea surface salinity distribution of Changjiang Diluted Water
observed over 1st to 24th in August 1996 (Data from KODC)
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<Fig. 13> Sea surface salinity distribution of observationin in August 1996(a) and model calculations with tide
using monthly averaged wind(b), 5-day averaged wind(c), and 6-hourly averaged wind(d) on 9th August 1996
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<Fig. 14> Sea surface salinity distribution of observation in August 1966(a) and model results using vertical mixing
scheme of GEN(b), K-¢(c), LMD(d), M-Y 2.5(e), and K-w(f) on 9th August 1996
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<Fig. 15> Vertical structures of eddy viscosity(m2/s) along CJ line displayed in (a) from the model results using vertical
mixing scheme of GEN(b), K-¢(c), LMD(d), M-Y 25(e), and K-w(f) in August 1996
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<Fig. 16> Sea surface salinity distribution of observation during July
19-23(a) and model result on July 21(b) in 2006
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<Fig. 17> Sea surface salinity distribution of observation during July
19-28(a) and model result on July 21(b) in 2007
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(b)

<Fig. 18> Sea surface salinity distribution of observation during July
31 to August 4(a) and model result on August 4(b) in 2008
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<Fig. 19> Sea surface salinity distribution of observation during July
30 to August 4(a) and model result on August 2(b) in 2009
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<Fig. 20> Stick diagrams of wind averaged spatially from 122° to 127°E and
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Vertical salinity distribution in C line, 2007 (OBS) Vertical salinity distribution in C line, 2007 (WODEL)
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<Fig. 21> Vertical structure of salinity for observed (a) and model calculated (b) at <Fig. 26> C line
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<Fig. 22> Sea surface salinity distribution of model predictions(a) and observation(b) on July 29, 2010. (c) is a part of (a) for

comparing the model prediction and the observation. The black and red boxes in (c¢) are the observation area and the best

fitting area to the observation. Note that the observation carried out after the model prediction.
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<Fig. 23> Correlation between the model salinity in the red box and the
observed salinity in the black box in <Fig. 22> (c)
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<Fig. 24> Same as but for 26th July 2011.
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' ' ' the S line of <Fig. 27a>(a) and the sea level vatiation at
<Fig. 27> Formation of CDW detachment by tide the center of the S line(b)

induced vertical mixing (Moon et al., 2010b)

16 18 20 22 2 26 28 30 32 M

W RV IBAARM

_64_



35°N

L

121618213

120°E 122°E 124°E 126°E 128°E 130 120°E 122°E 124°E 126°E 128°E 130°E

(a) (b)

<Fig. 29> Distributions of sea surface salinity with tide(a) and without tide(b) on 9th August 1996
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<Fig. 30> Best track for the typhoon Herb(9609)(a) and wind vectors on 6 a.m 31lst July 1996 from CCMP(b). Colors

in (a) denote the radius of gale(blue) and hurricane(red). Colors in (b) display the strength of wind.
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<Fig. 31> Sea surface salinity distribution of CDW before detachment(a) and after detachment(b) in 1996, and
transport variation across the white line depicted in (a) during 180-240 Julian days(c). Blue and red dashed
vertical lines in (c) denote 26th July and 1st August, respectively.
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<Fig. 32> Area of 122°-127°E and 30°-35°N, which CDW dominantly flows,(a) and stick diagram of wind averaged spatially

over the area(b)
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<Fig. 33> Vertical structures for each terms in Xx-momentum equation(a) and
y-momentum equation(b). Left and right panels display July 26 and August 1,

respectively.
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<Fig. 34> Schematics figures of CDW detachment process : eastward expansion of CDW by southerly wind(a), detachment over
the steep bottom topography by strong easterly or southeasterly wind(b), and northeastward advection by southeasterly wind

after detachment
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<Fig. 35> Sea surface salinity distribution of CDW on September 20, 1996(a) and freshwater volume transport across Korea
Strait during July to September 1996(b)
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<Fig. 36> Sea surface salinity distribution of model prediction (top)
and observation (middle), and sea surface temperature distribution of

observation (bottom) in the west sea of Jeju on July 29, 2010
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<Fig. 37> The stick diagram of wind averaged spatially from 122° to 126°E and from 31° to 34.5°N during July to early
september in 2010
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<Fig. 38> Observed Sea surface salinity (top) and temperature
(middle) distribution in the west sea of Jeju on August 1, 2010 and
vertical profiles of salinity (bottom left) and temperature (bottom
right) of Lines C and D
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<Fig. 39> Observed sea surface salinity (top) and temperature
(middle) distributions in the west sea of Jeju on August 3, 2010 and
vertical profiles of salinity (bottom left) and temperature (bottom
right) of Lines C and D
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<Fig. 40> Observed sea surface salinity (left) and temperature (right) distributions in the west sea of Jeju on
August 6, 2010
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<Fig. 41> Best track for typhoon Dianmu (Data:
National Typhoon Center)
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<Fig. 42> Observed sea surface salinity (left) and temperature (right) distributions in the west sea of Jeju on
August 7, 2010
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<Fig. 43> Time series of salinity observed at Chu-ja island. Salinity
drastically decreased from August 6, 2010.
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<Fig. 44> Observed sea surface salinity (left) and temperature (right) distributions in the west sea of Jeju on
August 9, 2010
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<Fig. 46> Observed sea surface salinity (left) and vertical salinity profiles along lines A and B on August 18,
2010
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<Fig. 47> Observed sea surface salinity (left) and vertical salinity profiles along lines A and B on August 23,
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<Fig. 48> Observed sea surface salinity (left) and vertical salinity profiles along line A on August 26, 2010
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August 31, 2010
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<Fig. 51> Sea surface salinity distribution of model prediction (top) and
observation (middle), and sea surface temperature distribution of

observation (bottom) in the west sea of Jeju on July 26, 2011
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<Fig. 52> Observed Sea surface salinity (top) and temperature
(middle) distribution in the west sea of Jeju on July 29, 2010 and
vertical profiles of salinity (bottom left) and temperature (bottom
right) of Lines C and D
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<Fig. 53> Observed sea surface salinity (top) and temperature
(middle) distributions in the west sea of Jeju on August 2, 2011 and
vertical profiles of salinity (bottom left) and temperature (bottom
right) of Lines C and D
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<Table 5> Time averaged temperature at 4 stations in Jeju and anomalies in

2010 and 2011 (C)

Clim.(Aug.) 2010(anomaly) 2011(anomaly)
Jeju 26.2 0.9 -3.6
Mosulop 24.2 -0.6 -2.3
Sungsanpo 25.4 0.5 -35
Seogwipo 24.9 -2.1 -3.0
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<Fig. 55> Distribution of sea surface temperature anomaly in August 2011
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<Fig. 56> Time series for AO (Artic Oscillation) index (Data from NOAA)
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<Table 6> Spatially averaged sea surface temperature of climatology, 2010
and 2011

Clim.(1992-2009) 2010 2011
Jan. 7.6 6.3 6.8
Feb. 6.1 5.6 5.2
Mar. 6.3 5.8 5.4

(a) Temperature (“c) *

10 15 20 25
S T [ BEE B s B R T S I L B I R DN N B R e § Temp.(°C)
O M YaFeo Woy o’ 0. orams g ||

I * GDEM

.......

Depth (m)
wn
o

Yang et al.
(1984) 2
(3405.5N 124724 €) J

N3 Moon et al. ‘} !
(2009) o0

118° 1207 122 124" 126"

<Fig. 57> Development of Yellow Sea Bottom Cold Water from Yang et al,

(1984)(a) and its southward expansion in summer from Moon et al., (2009)(b)
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<Fig. 58> Temperature distribution of climatology(left) and 2010(right) at the depth of 50m in August (Data from KODC)

_93_



3 i
g : o
8 12 16 20 c

34°N ] o 34°N 1
330N 1 330N d
320N 1 32°N -
31 ON - 3 31 DN <
300N o 9 300N .
(a)
124°E 126°E 128°E

(b)

122°E  123°E  124°E

125°E  126°E 127°E  128°E

<Fig. 59> Temperature distribution at the depth of 50m in August 2010(a) and 2011(b). Low temperatures are expanded

further southward in 2011.
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<Fig. 60> Observation stations and vertical profiles at station 8 depicted by
red circle in (a) on August 3, 2010(b and d) and August 2, 2011 (c and e)
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_96_



2
0
b

3
®
:

4 e s B4
Stis
33°N
50+
125°E » 126% » 127
(a)
Temp Temp
0 T 0
10 is 20 25 30 1o 15 20 25 30
-10 10
20
20
-30 3
i = Temp -30 ¥ = » Temp
40
-40
50 e
i
1
H =0
&0 §
i
70 50
(b) (c)
Salinity Salinity
0 0
20 25 30 35 20 25 30 33
10 0 .
B 10
'n
-20 =
H 20
i
30 : 1
% . Salinity 30 L8 - Salinity
-40 :
! -a0
50
&0 50
0 60

(d) (e)

<Fig. 63> Observation stations and vertical profiles of temperature and
salinity at station 8 depicted by red circle in (a) before typhoon Muifa on
August 2 (b and d) and after typhoon Muifa on August 10 (c and e), 2011
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<Fig. 64> Sea surface salinity(upper) and temperature(lower) distributions
before typhoon Muifa on August 2(eft) and after typhoon Muifa on
August 10(left), 2011
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<Fig. 65> Salinity(upper) and temperature(lower) distributions at the depth

of 38m before typhoon Muifa on August 2(left) and after typhoon Muifa
on August 10(eft), 2011
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<Fig. 66> Sea surface temperature distributions in August 2010(left) and 2011(right)
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<Fig. 67> Sea surface salinity distribution of model prediction for August 12(left) and observation during August
11-13(right), 2012 (Data from KODC). Box in left is the same as the observation area in right.
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<Fig. 68> Sea surface salinity distribution of model prediction(left) and observation(right) on August 18, 2012.
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<Fig. 71> Sea surface salinity distributions and wind stress vectors(N/m?) of 5
day period during July 20 - August 29, 2012
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