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SUMMARY

L. Project Title

Development of Coastal Water Quality Assessment and Prediction

Technology

II. Objectives and Importance of the Project

The long term goals of this project are:

1) To develop the technology of assessment and prediction for
coastal water quality.

2) To develop the standard guide of coastal water quality
assessment and prediction for government, institutes, private
sectors and environmentalists.

3) To develop the online environment information system for

public use.

The current year’s objectives of the project are;

1) Analysis of long-term monitoring data and development of
dissemination tool as environmental information.

2) Field observation of 3-D coastal cuwrrent structure at very high
resolution.

3) Verification and improvement of 3-D hydrodynamic models.

4) Study on nutrient cycling in the study area.

6) Development of mathematical models to estimate the bioaccumulation.

II. Result

As described in the first year’s report (Ministry of Environment, 1997),

_17-



the water quality modelling consists of hydrodynamic module and
eutrophication processes. In the first year, we have set up the right direction
and reviewed available techniques to fulfill the scopes of the project.

In this year, the second of three, we developed all necessary model
frame, and observed necessary data for verification of models. Three things

are observed as outcomes of this year's work.

i ) Operational 3-D Hydrodynamic Models,
ii) Test implementation of 2-D/3-D water quality models,

iii) Field observation of fine structure of coastal currents.

In Chapter 2, we applied RAISON (Regional Analysis by Intelligent
Systems ON microcomputers) that was developed at CCIW of Canada for
UNEP’s water quality monitoring program. The RAISON is a GIS based
data analysis and visualization package. We have linked the long-term
coastal monitoring data with RAISON, which provides a tool to assess the
state of water quality at specified area for given period of tine.

We have continued the hydrographic survey to observe the general water
quality in Cheonsu Béy and adjacent waters. Another big experiment has
been conducted to measure the 3-D structure of coastal waters. The ADP’s
of NORTEK (0.5Mk), S4P of InterOcean and 4 RCM's were moored in
coastal water for about 30 days. The current data sampled at every 10
minutes and at every 1m water depth are very useful to verify and calibrate
the 3-D hydrodynamic models.

We simulated the inter-annual variation of sea water temperature using
3-D hydrodynamic model, which has been verified using the hydrographic
data. Continued on measuring the nutrients cycling in Cheonsu Bay, we
present the status of nutrient budget in the Bay.

We adopted the POM 3-D hydrodynamic model to the macrotidal waters,

Cheonsu Bay and surrounding waters. It is waiting for 3-D verification

_18_



using the field observed 3-D flow data.

A few 2-D/3-D water quality models have been set up. In this year, we
have implemented the models for simple water bodies, yielding a good
promise for real application for Wide Kyunggi Bay area where big 3 rivers
such as Han River, Imjin River and Yesung River are mixed together. The
third year’'s work will concentrate on the real application of models to the

real environment.
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Fig. 2.1 A map starting the RAISON project to assess

korea coastal water quality.
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Fig. 2.2 Project map showing monitoring sites in coastal waters

of Korea, and icons for further expansion of interested area.

_62_



Fig. 2.3 Project map showing detail part for Kyunggi Bay waters.
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Fig. 24 A map showing water quality assessment area and sites

for detailed parameters.
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tetion id: 10HO4

Latitude: 36.33k

Longitude: 125457

APP DOCUMENT.  chrmvantkovagimultimiyoungm bt
FICTURE: CARMWIRECWAS vrourgml brap
MEDIA,

Fig. 25 Site information box to display the metadata.
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Fig. 26 Multimedia in the form of picture is shown by clicking on

the site.
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Fig. 2.7 A table designer to add extra data fields for multimedia

and additional data.
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Fig. 2.8 Sites selected for further progress.
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Fig. 29 The Query function to find any parameters and any values

of specified condition.
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126564 1987-02
126584 1967-05
126564 1387-08
126564 1367-11
126564 198802
126,564 1988:05
126564 198808
1265541198611
265641136502
1265647198905
126564;1989.08
126564 138911

Fig. 2.10 A worksheet is opened for statistical analysis and graphs.
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Fig. 211 An assessment process of selected sites for specified period

of time.
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Fig. 212 Home page for the KOWAQ Program
(http://www.kordi.rekr/ ~surfkim)
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KOWAGQ FROGRAM uﬂ

GO HIL W 05 T Y 2O

: ) z JC} [=inE erg &
KMelloz{ ! 112 5 3 B fadel, 2) POM 3=

Fig. 213 Web page for the KOWAQ Program and its contents
(http://www.kordi.rekr./ ~surfkim).
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CHEONSU BAY  Hour: 45.0 SURFACE Hour: 45.0 BOTTOM
[&

Fig. 2.14 A sample of animated 3-D tidal currents on websit,
simulated using the POM 3-D hydrodynamic model.
(http://www kordi.rekr/ ~surfkim — RESEARCH icon

— 3-D hydrodynamic icon)
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Vertical profiles of T, S, sigma-t and DO at all stations

observed in April, 1997 (Cheonsu Bay)
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Fig. 3.2 Vertical profiles of T, S, sigma-t and DO at all stations
observed in June, 1997 (Cheonsu Bay)
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Fig. 3.3 Vertical profiles of T, S, sigma-t and DO at all stations
observed in August, 1997 (Jang An Study Area).
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Wk £4¢l¥ Fule ADP1 A Fo] NORTEK ADP 19l(0.5Mk), InterOcean
°] S4P 1W, ¢teEtAbe]l RCM 2ti7b M2 e F4d ZAFHded,
ADP2 A A& ADP 19t RCM 2ti7F 28 A3 ©& FAd HdAHN
th 3% 339 FU9dn HAFATEL] FHFLEIE Asto, A7
Arsl g el wg AA MY 2o FEHAU

Table 312 @ZAIANYG L Jehgis RozH, Ay, A, $4 283
A2YE A3 AFARE Yl ok gubF ez 19979 8¥ 7Y F
B 9€ 11974A 30¥o] d& 7IztEet 4 AVIZRE o 108799 f&
& #BEIg o, 35 ADPE Bl o2 RE 06m HE X9 F#5& AFRL
2 B o ImF4A EeE ABE AHFHo E5Fo2ZH o 4000
78 4 Z2ade FH3AY. ol FUY dAddAMe AL FiE
#zo2A, AFAA o}F HFAE flol FAHAL 32d FARLYA
P £ HFARE 49 Aok

E dAaEd 549 99 ¢ 2049%o] don ADPE ¥-33to A
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Table 3.1 Informations of field experiment (instrument types,

water depth, location, deploy schedule and others.)

Station Al 7] A=}
7y S A = FA ¥z
gl /N D 4 72 ay | T e SR |l
JGADP| 37° 126° 97.87. A 1m7 3
ADP1 | N4517 195m| 20m
1 |o13804’ |1627307 | O™ 12:00 0AY
0780 | JGS4P | 37° 126° 9787 60cn aTb
S4 ) 1195m|20m | 0 U.V.CT.DO,
1679 | 1 {01.4746° |16.5387 12:00 ol
oy | ROMB [JGRCM| 37 126 | 5m || 9787 9787,
52 | 1 |o15123 |16.4014" | aTb 09:10 11:24%%)
e | ROMT [JGROM[ 87 126" | 15m |, | 9787. 9787,
-120600 1 |015123 |16.4014° | aTb 0910 11:24%9)
=4 Ima
JGADP| 37° 126° 97.88. A Imt
aDP2 | 4068 |1 | | e [B18m[sm | o UV
) ) ’ 97.810.4 % ¢
o | FOMT [JGRCM| 37 126 | 5m | | 9788 97.88.
m
9705 | 2 006015 |16.4319° | aTb 09:40 15:204 59
e | FOMT [IGROM] 87 126 | 15m || 9788 97838,
)99}
210970 2 |o06015" [16.4319° | aTb 09:40 15:294 %%
ARE | 37 126° 97.8.10 97.8.10
40604 17m | 17
. 2o 060982 |053890° | || 09:40 1:UAEY
= wosos | as | ® 126" | |, |98 978.11
b 53.0418" ]09.1586’ 09:40 14:33A4 %4
88-8.19
Set 37 126°
MONS STML | o |gumg 225 30 ADP2s}
GERS ‘ ' EABE
olalwl A RALG 4 - AUE - Ax e 7870 AA.
05200 | 327 | CTD, DO, pH, SS& +4 i o 05mAFoz BE.

ZA¥sle] @E Cross Sectiono A =AWU3 &34,
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Location map of study areas.
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Fig. 3.5 Station map showing bathymetry and positions of
moored instruments and hydrographic survey.
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Fig. 36= ADPE %ol ulto] ARE 2dds ARZCFFA g
2 A% HAYL Yoz 8y fEE BB HALANY AFHY
AQe Vet Fig. 37€ SPE SIAHOZRE 60cn A #5E A
98 nAsE AALAAUY 2Fe itk 5854 g 2B K59
Wale uty] 918t welgs AA Y Wie] xeRA sz, ADPS MR
B g 5 god 7RY FWe #XdEE xF3uk 29 A
o A Az 2MAE HXF 2y 5 HHBo| 7 ¥ Rgo] 2
2 gug ZAAE AT Fo2A (RN ZFR ), Az A
% 59 JFE Fasadn wdAE AL F AxYY FA=
BO0kgZF o2 M it ARGl F8 g@rh

Fig. 382 Z% A71Y #% AfF $4% & ANE2ZFH doAxe &
g9 E4¢ Ushdg. ZUdAE oAzt oldA AU 59 F4F

BEF o] glow, 3P E AYZFY HAYW 1m olhe LA
#=3 A HSHE o]F 2d AP Adg AL A= sy
oh
Fig. 39& ADP7} AX o] a8 e =Fs vehdd, Fig. 3102
97d 89 79 ADPE slAdl AXsty 7le MM Egolth Y =
= sAel :rbel Aul(RA Au FAL o 1109 FR)E FASA
A7 Seted, B A7gL Z7e fALA D] LI EL HA e
FEARO7L Bold UrtE &ute) BERA A 2AAE setstmal dju)
2 stk £ Holyl Auso] A A AN F28k7] 9
3}o] Ashtech BAFe] GG+24 GPSE @83tgom, GG+249) INRYEE
4ol DGPSEEE AFE81x YHEE +15mAFLZN FARGL 9
ANE 228 AUES AT 202 AuHt £% S @ B
T A P dulste AA Fulel dF FUBPREO7T 99 @
A Aul7tel 54%)8 Fuistlth. Fig. 3.11€ dj4olA ADPE #jAo] Ax|

= AL Bo|: Aldo|w, Fig. 312 ADP7l sixo] AAs Yt 2
&2 BEE7 Yest GAsEA B Apdleld,
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-4 32mm
st Thimbleg

st pipe
300*300mm

Fig. 36 A bottom mounting frame made of stainless steel and
designed by KORDI team for ADP installation.
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Fig. 3.7 A bottom mounting frame designed for S4P installation

to measure the currents at 60cm above the bottom.
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Fig. 3.10 A snapshot of board heading for deploying position of the ADP.
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Fig. 3.11 Now the ADP is lowering down to the bottom.

Fig. 3.12 Divertaken picture of the heads of ADP sitting
on the bottom of 30m water depth.
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2. @AYy d& A=

2

Table 3.1¢] AAE Hlg Zo] ¥ AFAFAME A2 e &% 5

A Azl 9% dAF FHAFEE SAHNAY VEHoZE FdH FA
g JFeR 9% FRRHAE F)9 F4 % 5mEHE AH(ADP1 AH)
3} QEZ FRUIEYT €7 )9 F4 F 25mE+= AH(ADP2 A H)el
Z+zt ADP @1 siAol AdX sttt ADP1 A AHde wpgoz Ry <o
06mEE XFY F4 FZL Y8 S4PE SALAX Y nZ Rt &
g 2en, RCM FUE A U2 HE 5me} 16mE e R Axst ADP
#Z3 v nAESG. ADP2 X Fol &= ADP 1d1¢ RCM 2417t A9 £
7o) AFHAY. ADPE iAW ZHEH < 15mEHe & AFez o
Imettt ¥&71A e §42 w 1080t #531920, S4P$t RCMS A X
d3 FH 45& ADPS 2 A9 o) 1027t /&5 SRS £
A BEAS #F37] st AdEe Axd Z4Z 1d¥ o 2AAE HA s}
o wf 108vithe] dFdE wsE AU AFS 3FA thh A
ol & AR T diFEe] #E&Au| = 19973 8¥ 7~10¥ 3 AAFo 1997
9¢ 8~10Y Atolol 100% A EHoZ FFHU .

oF 30U ARE EE AVIRERYH 53, 1AFSE s F H
b 2 A3 wzg 98 AzE A9 2 B4Rz AxsET. 834
8 71 2 A5 Vo] FHEE ATAY 71709 wtRE gA¢ o
Nol, AAF Age EANIY AL 3AEEER YFIL FEE HIANE=

59 A8 YAl A F 7 2 A8 P4 2PL T2 &
. 3apdEdM BAE g EHL F4F FAEY L s uay
of $& AEARR B4Y APoirh.

Fig. 313 =St AREdA 242 &8 =4 AL A=A, Fig. 3.14
of AMNE AAF] ARG FPHoE AXsE= WHE Yo 2R,
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L— TIDE(m)
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(0) dW3 1L

(w) 3g 11
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(2) dW3L

(w) 3011

Fig. 313 Time series of tides observed at Shindo and Sungapdo.
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Fig. 3.14 Tides at Samgilpo predicted for experimental design.
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ozt $39 2HARE U du AAY PN g5

Z
F3o] B oo A AAT F42 A JATFo
Sujgo] A% £ A5 R WP A% FF¥HILE AP A= @
_)_,:

Fig. 315 ADPI(SUN_RCM)# ADP2(GAR_RCM) A oA #&g
RCMel & 72 AAY A8 & AAFh 5m ATBS 15m ATBE 2+
4 vgo 2% E 5m, 15mel A71% BARSS Uehdth Hgo2REH 5m
oMo f&a7le wHezRH 15mAY f59 70~80% o2,
S4Pel olal BEF HhE 06mAS FEA7)E Al 40% o2 FoET
NRE & WA ADPIA AN E DEA 60, AEA 240" BF FW
& F3lo] Uehdct.

vlgto 2 8 E 06m (S4P), 5m (RCM1), 15m (RCM2)¢t Zo] iid 3
Hol 948 §58 SHe e vd AN AFA 54 ¢
A, H2 3 FARLAN FFHE 459 wAG FHEs

ol

o

+

AEE M 2 F88A & F Utk 53 & F TN a5
#o2 29 FFAATHE, #5 FAd B A7 7= oS¢ UAE

A WAsgtoz A AFHHel oldeles EYUT

Fig. 3165 ADP1 (SUN)Z ADP2 (GAR)el o8] #&d 309 YUzte] uj
FA Imuttt FF37AY] F50] o) 10800 718"d A&, 9 243 &4 A
A9 BE3H AF F5& AAER YEd Aol AAE ARE AR
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Fig. 3.15 Time series of currents observed by the RCM's
at two sites (ADP1/SUN_RCM, ADP2/GAR_RCM).
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Fig. 316 A sample of coastal current structure (surface and

bottom) observed using ADP’s for about 30 days at

every 10 minutes and every 1lm water depth.

_99_



292 oM, FeIM =T F53} FAT FHE RN AFo2RH
EE7HA e AL F4¢ ZAHASE T vE 33 3ok

Fig. 317¢ 30947te] Boj@ (23 o 29%ke] ADPAEE F4E A
782 Uehd $49 Contour Ploto. 24, ul& {7t 248 F4°] 30m
AFOIAY {59 FHTr} Folo] vehdrh FIME AFAYAT 2
25 92y 29ustel Ba) 529 W3} 1TIFYE nolx ik

Fig. 318& ADPl ARHLE %)M #38 ADPI o1& siRe) &
4728 AA}T Yk g ARDAMY $AF22IH 24E5 o
g 7xa%e Bt 4 o, FzF GxFY 38 FUY, 123
F-A% ¢-% 389 #5378 FA72% A ANFo2A, 7
ZE7F2E YAHoZ EAY £ e A8E AT Fig. 3198 ADP2
AYCIZYT B)Y FEPRH, AUE & AH0 vl9 FERF §54
o] BAMY AEARRT A SAY EFL BAL. F, J2YD &
AGAAE FHBFY sFel, MAE & APAME FHALF 5Fo)
FAT ZEFTEE RYLEA, AAHE TH2E & Gyre FTEY ¥
4e BT 3EEE BT AT AFBS AR BT A A
AAFEGe 9% 7% FATRY At unPEs} o]Fy A
ol ch.
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Fig. 3.17 A contour plot of coastal current observed using ADP.
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Fig. 3.18 Vertical profiles of currents observed at ADP1 site.
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Fig. 319 Vertical profiles of currents observed at ADP2 site.
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A3d HAF EHEHL A5 T A9 A
1 dgRaYe) BaA

ool ggo] nige] FAZA vX e AsjoMY AL, Ao
231 9] Nearshore Process®t frAFeH Aol Bl matx 2 dFoxes At
g8 Yo ZRE FHLFTA o2 7AX 9 HAAE FHHLE o]
At 2dyn @FRSES FAA AASL gk ol T BHAA HA
AZolM FPst AFD AFAIS FE}Y By, 9 AH 7
dF#E5e FYstaa do

At 19803 #E AZE Nearshore Processerd] gt A& w39
ONR(¥| = #HstAie)zt NSF(u = slZd73)o 3 ArjHoln A A<l
A7 Loz wid FntEd dF3te JdFuE ATl frk ol2A,
A9 w) 2~3d uth FA wE HE AFLIEE T e, o
ZFoe # g2 ust Zo] Duck Experiment(’80-'89)A2]=, Deliah
Experiment, Super Duckdl o]E2WA] ¢ty ste] A3 Z4F AFPYARE n}
Fo2 dAQtgEte] ol dE&U|ed B HHE HAKT. o] Ayt
de FARUE 2 JYE AFo] AP /vAdE Lo T UG,
o FHejo] & duix &3 54, 449583 2E H¥, g ol w
E Jdot{ 23 ¥E mass transport wave setup(set down), old] @&
undertow, ©]E9 FEJEFA ouize] AT AQqA 9 HAHE o] F9
FH 2 F3o] Ye, HFEI HAYE oA JuA F A A<
g deAF S thFE gREY FAEC] Ad 20d€0Y IAFHA A+
vl FA}ol o3 Ao} gt
A FE7l Aol ZE3tn diF-ES ol Ede THL Y
T FEoRAMY LA nvEE Fu UEFS 432 A #FH AHu
E2 FH3EA ECY ¥5#gFE &843l9 MASTEE o7 dEgd
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TAEE FY 32 Jon, o] F FAF Fory surt ddgsta 3
A% HAE olF #okolth. 1997dX w3 ONRF} NSFSolA dFu]
4& HBez nSTIPY AAFHAE (CERC/EAL olFo] niH o
Coastal Hydraulics Laborctory)ol A £33} SandyDuck ExperimentE 4
PatAct. AA Z=x9 oF 097 dFEel Lo AFHE AXm e
712k ('97. 7. 14 - '97. 10. 31) ®|Z North Carolina®] Duck3i¢toll X 713
gtk ol& $181A Steering Committee, Logistic Committee, Scientific
Committee 5¢] A'd 3dzt vjd 2354 A8 #71E ssAY g4 2
PIE°] 2o FFX A¥EHI} WY, dE€FS AN Fy], 9F, dF
e, AdY TE58E, AEY HE Fo dis] olu] BE A|EFolMe] &
Aot 2d 89 AT Ad/E T H|Fo] B qf oL
Foo] FFdte] oEE BL dAFHE 2d FAIL oFx old Ay
S 33 vt dis] HE B B & JAh
AF7A d¢gegRAe] A FuMY =8 BE 47 A YEUE
B3 =esh Agd 712F ooy AYPAE AL ol AAZ &
€3t . 2y A 10449z 38 2 oy EFAEoEZREH 2
¢ EFE WA RPY Ao 22X 937 AALED 33 54, d¢F
A7), HAHE olF T W FAZWI A 47 dHFAL. o2
& ol&x FA Rt A9 &I et gHHo] FXHZ 3 A
2 Ao ®eol vEtwd. WA FAZMNE, edge wavest olo] o}
ot t=9] wg, wave breaking® rollero] 2% ux] &9 o5
550l F&ste EFA AAEHY udFEAY T dF A7 A 20
P RAgE 2 FHAH FHAEAAM de AFARY EAFH ol&Y
WA, 28 FRAEL] B FolA Ao Axetan & 4
Ad Add ¢ AFEAPLZREH Ads el et A3
v W3 B4 F2 ok Ak U U 1AE B gtk S &
TEEH} HHE 0T FEFE oo EAFHAE oAE At A
o ol ¥ EAlE AF7A ] old olgx FARUE At HAE
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EPAL AFHoZ A Rax Jod, FARTE AAFH A
(rip current), 2% sHAAPo] th§ AF(longshore current)s} o],
underflow 5& ¥ 8% 3% F(nearshore current) & A&HA o534
23 ARtk B3 A2 FFAHAAM #EE sAAFI dEE X
Ne 7189 olgozy Horl dojus AF ¢ 2y SHAAAAM Hd
AHFH7 vehdel Folx Epsim, #EL o3y LM HAAF ¢

¢

Aol £F 79 Z(trough)dl 7 4 AAFE Moln Yok Be &
FAE] ol@ AWasl A5 AHA AUAE ARE FE Yk M
oz dAa aFaReh AF 9 B dsid Adie g2 HPA

o2 o]F2 A F ey #EE FeHE HPY F= Uy

ol Aol Hue 938 e 4F AT JHEE AAGL e,
HIole AZANAY vl ot oA ABo] trougholiA o Hd
detHE WAL F Utk AL dta oo g d7vt FF Iy T
olt}. ole] FAF FZL HdAM sAAnAAFE AP BFeHE A=)
o] Fo] xa Yrh

sotd oz RE FAWEQ Jatge] Jst+EE wave setup? under
flowoll g 77 At 108 T FFFAHY o] FolA Kk AR &
| g A e F, dEE X 25 AN g% FANAR
e EAZEo® ozttt dusd, #ZH underflow Z7| ¢ FEE A
Z7tA 2] o’ 23} olgozr AgE F QUJUrh old FHS Hd =
de] ooz e 4 WE 59 massfransport7idel RF =Y, 21
A vpA A W To HAysEE ko] Fd 98 14YFH 6
Z+ W= % North Carolina® Ducksl¥olA = ohA] ¥ 33813}
F3tA a8l FEPER A 38FH(Science liaison officer)E0] & X
2o A8 FPsAh T, FESE A9, F4A 5~Tm7tA A8
Eold F ' ¥l 13m9 Aol #EAQ CRAB, dtde=hRH
Im 4#50] lE Pier, 39 A 2d, 4F dd 2 Am AFA S
¥ So] BU=Y, 29 £ YA A9 BSHE A8 4F W, o
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FB3 amay, AT} S34E §F A+ 5FY Pz, 4F ¥F EE
duEE 714H 5 he Eeddeln 2349 AYUYS ERO

F 9k AF BEAGe A%d HAE 5AEY FYL A% 5047
¥E ARl D, U, V, OF, 548 ¥E § =& $A2d9 333
Node wth frequency® #29 dlfelth old@ 2% 243 Fu9 A

ol B2E I, 58, WFA7), HAF o|5F, ¥E FOREH, 7
A% HAE BT ABARTL o ZHE W% Wl WF nek 3F
Hojm AUE §e oFe] o|Fo] A Hoz Witk BEY 9 A2y

B dojxE AP FHEAd A AEE, o AP ESAse d¢
A RE FAERY O3] AF ARE ATHE A= 7T

SandyDuck® Ex & F33Folxn =23 BZo2ZRE EHAHE ol Fd
A B AFH F2E SAed Ak SandyDuckd @ os 5 =
adeg AP AL Wave Transform Derived Research24# ONRolA
oz o 7 A7 XY € Agolth. 1998dFH AlFRE o] T2
aPe s ngH ez ANFHE FFRAYo2NE oA o
2 39 q8A QERAH L gF JUth

A ZE $9 HavF Hgrde yda=dA sdd SWANe| &
g g3 glen] WAMS A3 versione Hdjolre] AAF J&aHo
THHX G FHL A Yol ofvt AEEHY] oY ReEE HIHH
3 Yok Ayrle] CCIWelA FHZ mlolofjuldigtez Zel€ &I Donelyn
uhalgol] oiy] g AEFEol AT IAF BES T dAolm, HLI=
Ho| Ay AT AY, 23P29] Guzagol BFAF FR2AAM Y FF
g3te 4 #Z 1283 NPSY Thomton®ol s1A43 df 2 wdg #5$
938 dAoitt. AFdAAGgL 15 & B FIV FA4E Duck 9
ot 339 F sF(EFC] AERNE FHAL U

2. d¢tdd AFA : Sandy Duck
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7k ME

5] At AFAEL 198999 R, doz 209d FU AT
FAFAE =AU 2 2 5EE dHAE F4E 5H3] #8534
AFEE HAEFA F AFoldnt. 1914 AAE oM o
7~8d ¢ FHY F Qe AAHAE o) U IFLIITT €8
& 9431, SandyDuckelzhsE ZAEE 38712 2A A

. WA

SandyDuck 48L& AS712A FPH 2 Fo FFEAFY d&439
Mz F2 Afeltt. EAAY I IFLAIL 1977~1982d 71HE<¢t
3" NSTS (Nearshore Sediment Transport Study) °ol2®, NSTS 4
dollde Adraddgsase EUHYTH A JALEHHE o]F] ¥ A
TE ZAZX3A. AT 1980d W 2 HAE o]Fe Ui #HZF7]7] 9

THFo2 oA FEYge] diFd A7 JAH[TG.  olojA] 1982 dF
H AlZ" DUCKAHEEL, DUCKS2E I5Z DUCKS5 198649
SUPERDUCK, 1990%d¢] DELILAHAE o2 olojHtl. H|E HHFo|Fd
W BAFo] FEHLZE o] FojHATY, A 10d5¢Y] AFL AL
Hete] olgo] JATFERE HAATt AT AFHE DUCKAHL 2R
B Ad@ A g olde] T g APAZ] HgHALY, d2A
SUPERDUCKA ¥ 243+ DELILAHZ & A &&= vrg= Ao

% DUCK A¥e Annael +eadd te 7184 ol g I
et & 98-S FAAL, ol (5 Lo AFE AAHC] Ao
Aok ol A Foe FEFSY FHEEA A #d5FA7 A
2 ZAK/D. AuE SAE ol AuAXd ) AY BSFE FIEA
£9 FAFz Ug FEA Aag, A FEdd diF o]|&F A} o
£ et o, =3 DUCK&SEFS ¢ 3" B3 AAL A
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g wstel gE g0 NS B, Fus} £ ZEAVIY BEE
oo Ax ZPh YR APH & WE Fe FrY APe YFH
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AR e A7 FIA EBme, 27] A4, HAT 54, A7
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HHgzte) Fu@A, 53 2y A4AYL Fe
F29 A% 983 334 AFEBFEY FHo] obd BEY?
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AR5 A2 Astd FRsIYA Rk HHE ofF £
0] ARAY 2 AR 2ANA FRL A, (XNF GREY o
ZEdo] aejatkol), AdalA AP AEFHL NekF YUE

oluA B8 ol

b. A, Bg a2y 3xd AAUEH T 435 ¥ 0 FERY T
Tl dEZS AL FERERH AMFZEE diR AF 9
& FATT BEXA o3 2y, dE HAXNFL A FF5
o3 Eastot

SandyDuck A¥d& ZA F71A, & 43 d¢@RE Adste T8H
zdo] A} o] Rde JHEE S AE AFECrE FEEAD A
dAQd A AE9 43 FHE FHEU] A3 JNdsHolor s, M2
O A7 Wt B #AE Fshsly] A% @43 HEE HARYE Be
7F itk A EoRIME, FXFEE FadA & 1009 =H @9, A
TEEZE 2 99dA F FU3 ¥3le HAHE ofF flux, AAATH F5

g 78842 33 . Ede, iR AR ¥IE A
ZH Fdd HAE fluxd FTEXE #AAAE Aot ogdH} sEF 4
FE VA= PSR L, A& A olF, HF AE, 3¢ cusps,
AAALF, AA F2E, 2da & AIIHTY AFS Y. #F
AHREL JESE UE € A7E HFHE olF Y9 HFC A8 9
Aolx, ofF EAst &+ M2 AA g FE (4 @ SR dE£9
AW HAag3 HAE olFo nAe FPE ATYE dH oo

A7 287t 72 A7 T AXAMAANE R FA E30Y #A
B, @AAAZ AT EZEaL o] &4 Aol EAsA &7 WE el
FWogs UK B ARE 4A X oA 2EES 448
X3t dEAP S ZF X FFHY Aolojof drh. A AHEH
I de 3AY dAF 5EH} AFWEsd diFd 2dEL v AFHoIH,
EF 289 ZAE HFE U EAES A8 AY Qe Holoh

o
o
r
B\



SandyDuck 282X ¥, Bt} YA #A3EH 27 2@ 4F ZAZxA
S et AgAgU AFAEE ATge=N, FFu

¥, AAZAST 9%, FF7] 3FIY 2y FEUx oHT FYE
43 HAANFY Fs g diF ol FNE AL ReE AZAd
o} swash zone®] EAE o|Fd ¥ FAZXAOZAY 4 F8A <
A e 71ES g ¥y 2de] s HIAHE gistae i

. ARLIAY

Agd 49L& FJFH 4893 7] 2UHE gz FREY% FF
d WA FALRY d&F g JFH Fue] dXd ogd Ay (FA
o] ZFo| FE3VE dzH)dME FAL HAERS 7B A5 F
gaAe] S f3 dAEYG. EUHZY AES o 1dold AHHo=
T, 71EHeE o Fud g% i E HAAF Y HIAFS
ZA%HA o oA EH9 gL Hdl, A FH 4F 848 AV
Ho g2 /S, FHARY gSFo| &olF HilEHe| vx {§TFTH
do] AAXASZAA (FF pier, FF F&AZ, FASEF S5, 1 ds
9] Directional Wave Array, #&7], §)°] A+ Duck <& AFH4=
g3t gtk 53] olxe At APyt R sAAF] Ad 109
W A4 02 #5d Rol7lE 3t

SandyDuckol A 338 dFUEL&&

ot

-

7

G AR FRSE et 2ok

a AARAS FE (AAE ALY, 274G FHA oF =9 WY,
AA% P&, ¢F UEF )

b. g YALE Ael 10l FE (AHB FHRE, HH2
F, AE, FAE A& ) Al E F4 FE.

c. Ak} Wol 10l FE (SR, AAFFAS, AMAFAY,

o¢, 5)
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d 5% T2 @ A% €8 € dELdA9 HAE o) F, d23
FFEY, d23 9FFA Ve F

ol HAHEFT AY

AgtolA e WA Swash zoned EHs] GRE B9 ol )
ke HHE fluxe] WG g5 Yojuh. ol BAAL 7
He Fd4H dAsel Y AL fluxs BEL LT, OB
Az g7 FgHEs} St BAE BT o] TAE ey A 9
FEAZAE g3 2e RE AUtk

a Aol @ Wsks @R AAS

b. Azkl @2} WakE AW AW ¢ HHBIFY YA

. WEFSG Y2 589 FEYN Avsd H4E QxE EAG
= Hagd 08 43at

At 1099 B ALFH L R{E FAHAFAZA, o) ¢ we g
g 7M1 %3 B8A AAM 23 3R 5F L ke st w5
AMER Q18te, olAot2z 47 7l&d FAE dF A 47 A%
AT7F A1FHE ot ol #AHoIA SandyDucke 33 dtFg A4
oA A& R APHste Z2EH AFA TAA HAZo|F gF #=
< AA Hzx2 98 7158 st old Wil Y e BPFe=

ZFSdRARE Fo FEL e 2o

A

a W& FArydgy TR 242D o 5P
b. & ol ¢ 10m BHFRY A4AY AE Tee I3
Ay g

c. &FA &3
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471 57 F5F ol AR 44 £48 & vk AT o= 3
B 2 Ao HY, AA FF & oFste & =g €k oHF &
2ol g4 AdME FHA = 4579 FHAFRE SA &k dt
e =L HAE o|Fo] YT HNW e BF AFARE 8§
=3

SR AMEL oIt H AF WY arayFEHEZHN 1 DE FE3)
, A3 oo Wl wet Wale My Zo wsle o AU
FUAEEY ZHE 93 oF4 A, HAE AN £ CRAB(I
AFFELEFER ] A H] AgEY. ZFAH HAE fluxd] & 9FL 0
T JdE B TR dEZ2 AAAE FHY AT 2 T ¥se 1
AHoA &3 EA(Acoustic Altimeter)ol €8}, 223 Side Scan Sonar
o A= FELT A FHE F vt HIZ AEE S¥FFY= A
A WA e 52 BilES VI HHE v FAFXE BZE 5 4
om 3338 ZubAlelA(Optical Backscatter Sensor @ OBS)E 2a}d] QFgol A
o] H{Al FEE A% OBSY F5A(FZE AA714 : Electromagnetic
Sensor)®] E3¥ AMEoE RFEAHEL oFHE SAHE F Uk oy
FHEL A ARItsdtd HAEolF A7l HUE B8E Aoy,
A AEFQ v¢ =L BT F5A9 @ FHA SFAA 28a
2FAF Al FE SandyDuckolA Al&AIEE AoZ2 HAdH),

Fig. 3.202 v|=&])8td(Naval Postgraduate School)®] Edward Thomton
29 Timothy Stanton 47} 7§Het Av| A w24 g3 Sandy duck 243
715 B2 BAHY ol HUW Fuleolth. o] Fujdujde FEL AXE
o] #35o] glom, ol AMEZHEH ATUY FA ¥ HRIEA O
2.

A

g
=
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Fig. 320 A ’'hot’ instrument SLED developed at NPS
(Ed Thonton and Tim Stanton) was deployed

during Sandy Duck Experiment.
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a. Q3 FATFE AT
- BCDV (u, v, w)(z): vl 25 € 70cn AE7HA] o) lem wiche)
u, v, w F4.
- 8709] EM stack (z, v,)(2) :02m - 27m
- CADVP : 10cn vttt EZF71A9] GFA7] FA.
b. AZAZT L HAE olF
- BCDV : cn @99 (u, v, u) 2% ¥HA 55 Conc(z )E &3
- 67019} OBS arrayE 3j¢HA 3 98] wakog Mx.
- CASP9] 114 HA (F-fAts )
c. HAAH s}
- CRAB @ d¢td+ #5Y 829 8249 sonar array A3
8xben BT o2 AE A ZEAYe £F

ki
I
o,

- Scanning altimeter (x, v, 2 ) : 2X4dm $99 lcn ¥3%F
d dsEd 2 3 set-up AT

- manometer 3|FA A

-S|t 37 98] Wake 2 I uA array

- SLEDYl ¢4 W& 33 29Ey A array A
e #% R FrUe 34

- Conductivity cells

- BCDV &3 4t

- CADVP &3 At&

& At & 9739 @32 AF4 @At Sandy Duck A8l 37}
3l NPS® Stanton 59 7] SLEDel di3] Eost:= Ada s
New York Times A9} #3}¥dno] A¥ Sandy DuckS A&/A3E 7]Are)
Zo|t}.
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N 4 & dete28stel #X AlEd0[M

A14dAs

ANEE ALJoAME AF0d F9 e 24 - 27 4§ HFH
52 motaly] et YEEE FAS 33d FARF L o] &3td FH
swtdFxe M, 2A& FXAFsG F8E FARE A= 1ML
St @& 2/ P 2AAE € 2 BEH49 A5G HAHIULH,
g2d My 249 AZH A9 dAse 2 AAE AU

E A2Ads ArgdolAe 199%6d 3¥5E 1996d 11€7hR] 83 ZA

Az7)] BEE 34 FHAAY F& dAFx R ILHEES A 24 A
Hol B ZAANM BEF F 1Y FA96.11.7-9612.10)8) F& Al
Ad Azg APstnA YEHNE ndd 3AY FALEE ol&3q o
A3 9 (36°04'N-36°42'N, 126°07'E-126°40'E)e] & dwste FA R34
o

B JAAEE dFeE diVl HF dndes AT F, 2x9
M AAZAE sty UPEAAY WAWE 2EFAE FAR AL,
ALAAY F&& ER F2o02 ANAY A R AYAEA F222 £F
FLd WEFLE JMFYTE B9 M 24, utEds 4 4x4E 19
e 33 FARY L ol &t diAs g FL WEE 1493 FALYS
Atk FAAFEY A$E EF 12 A2 4749 dge gy 52
disle] hg MEAAFLY 4, AFHEE T dndF I, 7
<, 9F BAg), £29 oF % el giF H(2A, vy, R
dg 2 & Ao U AAFNAFY IFL FAIHEE FARAT

A2A e AMEE J1ENRAYG FARZ, FFAF B 4
AAFE AR GFEY 2L drie g AE dugFe Adst

e ks ASngt AME FAH AHFAAF L WA

o

r_‘)_.‘
Y

re

)
X
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Beel Wsted 29 AAP2E A AW FARYL Faq
ngton, tgade] M 249 WA o2 x4
A e slesdnh AN E oY 7b d¥zde] g 5w

% Fasge) 2 dus £A4Y 2%E =999

39 A5 Ee EASE GRS &
SEUAY, 59 oF - W YHY B 4uyr

¢

A (x,y,0t) & AE3t9 Ydehd g 2o

_a§+ agcz + ag% ~ 0
BB B I
_g%a% + 37 55 Kue) + F,
AL [edor £ ['a% ag
g—’;+ug”+vgz+l“}33+f

0 v

_ &H J f_aH 520
% fpda-i— 00 ayf do
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oT aT oT @ oT
+ u + v + Ao =
ot ox oy H oo (45)
1
+ H2 ao.(KH ) F
o= po(T,S,) (4.6)

AN o=(2 = O /(h + D™, x & y& 77 PHPe] 53} 2

S Yede, z& AAAE 4S5 WFE o ste JdAFE, u,v, 0=
4zt x,y,0 W AT FEAE, v AL, g+ FHNAEE0081m/s),
fe A%E AF(Coriolis coefficient), ¢ AT, HE £53(= h+ &),
Te 3%, o= AFEE, gt BT d5EE, S& GBS 7}
AstAh), Ky & JA-PA A S (vertical eddy viscosity), Ky = <2 &A
A5 (vertical eddy diffusivity), F,, F,, Fr ¥ Z4Z w,v, TS 3332

%, bare $4lo dal BEE WK w=[ wdiw= [ vdo)e veha
=) - -

& Wzt g Y WHsle FAFALH(5=33%), FH WP
Friedrich and Levitus(1972)2] 4-& Arg3tdtt. Aswta 9 s o3
B5E dELS AEANQA W3H29%-33%)F RBolu FH FEHQ ¥g:
8238 FA vebgth B2E GFE ALAEA 2 EHHE AYstae
AAHOZE dAT GF £3 & B FE9 Ui 2= ¥3le FAE
Je RLE UEyH

OFHBE - h<z<{ FTL -1< <022 W= ZAY dFF
2(x,y,2,t)AFA 39 7EYHNEL (x,y,0,t) ZEA 39 7B
HAANEZ H3elE FFL AIFAE BRaAo 71&HA. $38AeLe
FEHEF 93l mzgo] FAAEHY B AFoME A5 FHEAASF

Ay & Agae teas 2ol gestado.

il
d
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(F,.F,,Fr) = Ay(-%> + a—iz-)(u,v, T) 47)

A9 712N E7 A HEAE FAxPG Loy, Ity
e 33d FAxPFeEE dANFY dyud AARAMY FAXY
R (x—y) BHB S A== AGAS MEBAZE At

qHrE (0=0)F AAA(o=-DoNXN 9 BAZXDL Z4F g3 2o
U _ w w

O Ty H (30‘ )a=0"(1'xoz'y)
K 2
o0 (8L o = g (4.8b)

(4.8a)

(s GV = (ko) = ope it o (s, v) (49)

K
Q9 —I{Ii(%g:) o=—1 — O (49b)

Ir

471N oy, 7y & BEeH x,yWFHEH, 1), o) & AU LH
2, yFFEE, ¢, BV GE(=096 keal / kg - °C), Q, & HFHE 5%
9 &Y, T T3

ol |

telo] AREBAS, uy, v, AVSANNEY

(x — y) A HAANE HA

A3 AAYF] 2EFA} fle FAFzH] AHEEH

% (normal velocity)e] 021 HAAZ

“-n=0 (4.10)
oT _
on =0 @.11)
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71 me WAME, ue WA F5HEH, 2 AA Ao

A545 AFAzDeR AAdEAME (v — y) A ARA
Aol W gol A FolxE AAAAZRAL AHgFALLY, B A7
Ae g B2 YER Sol 9@ Wi nAe AEEAS FakA A
717 918+ WAL A2 7 (Flather, 1976)& A3t olgE g8 o
W AEAAzRe Oed 2L 3R BEe Ahgsgld

an=artVg/H (£ —&p) (4.12)
oT _

F 0 (4.13a)
Topen = Trer(t) (4.13b)
Topen = @ Tpgt+ (1 —a) Ty (4.13¢c)

A71M g, ABAAL YALF 7, qr S {re HANF =R R £
92 B dFdME Mz 22TE RHTFALH, Tt dddlyg 239
reference &%, Tyt AWAAS 7B 774E Ad9d WF3He 2E,

ae AFAAZ 03} 1410l e 2t
3 UREY 2 9% ANy

AAE =] AR E TEESS] dFREFE UEAE 2= FH
Z2 g3t 2 d7dlAe 5% AAFEAF Kus 2
FaAF Ky7t 98t 7HA3 s

_ 1 du\2 1l dvve, & 1 dp
Ky=Kp= l\/(H80)+(Haa)+ T 9o (4.14)
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/=1, MIN (c., 1.0) (4.15a)

I,=0.3lal (1 —lc)H (4.15b)
__Q,l_x\/ L du, vy, g 1 90
(H 36 +(H )"+ % H o0 (4.15¢)

714 x= 04 (Karman &%), g,= 10* s (3% EFFF), [, = 1|
g 7Y S4Bololm, ¢ PHAFAY FFS dehs wiAEFoloh
#19] 4 & Blumberg and Mellor(1987)¢] ¢* 343 ¢*1 W3Noz

FH dFAURY B ZA0F L olEue MAH 5% 229
AFHF AT Boe JMBeRRE fxE Aolw, uAFA(depth of
frictional influence)®] F¥¥& LHIEF SHZolE FHE Holth. FE
=9 Ao AT dFEFEHY FEFFL olg H(199%6) 71&=H JUoh

Hr1e g 45 da@dFE At A2 FEA 24T Buk ¥
Aoz g 2ol REE F Utk
Qu=Q — (@ + Q.+ Q) (4.16)
G714 Q& dAFdd FFEHE HEEAL, Qv AFHAA dVFoz
WAE = RS BANE, Q.= M5 AWstd g FEF, Q.= d
FHTG 719 dduggFo|r.

7zte] €% Q),Q5,Q., Q.5 AT HoE A3 BL BP0l
Feu 2 AFelAE o F(1996)° AHRE A& Ab&EATh grAE o]
5(1996)0] A8 § A& [kcal/m’ - sec] BHE AHE3te] zheEFs| FsA o

Qo = 0.2084 - () - {0.61 + 0.2s(H} - (1 —0.710) (4.17a)
Q=1.32-107"- 213+ TY* — 1.24-107% - 2713+ 7% - (140.17H)

(4.17b)
Q.= 0.3168-107- (Ts— T, - |W| (4.17¢)
Q.= 0.6555- 10« (es— e,) - | W] (4.17d)

-122-



A7 A s(t)e HY 50 e sine &, ¢ © +F (0=c=1), T, & 35

Ho

H 2E(SST), T, 712, Wl € 5, o= E3537I%mb), e, = T
Z71¢(mb)o2 o]&d X9 FFZ Fojr

Z+zte) dFg Adste Ao qE AAF] B o F(19%) 71eH
o] glen, 47|ME ojgo] | Wy FLHAHA U ] HH R
Z gt Qe AN AR, 95, $%(cloudness) E AT (LAIFY &
HHALE S UEIE albedo 53 #EE BFE)Y F5EHA dE2H dF
o W& HIHAFe WeE nedte 5L Zdx dAH @& 71, 3
o 2% £ ¥52 HA v HI /202 RE 7|29 dUdE
2AT F gtk Q. oled 2E, dHFY 2k, IS5 R BIY
TE FE7 #BEd AFE)Y FFeld, Q. V1L, AT 25, 5 R
BT (ELY B¥d 4559 d5h

A3 A S99 FARDY
1. 48k ey 4%

A5 2 FAHH O sy 22X A ¥IE FALHeIA &
A 1Y ARY A¥E FAAE, ol 2EY R4S dHs=H

Lo

F9F dAFAAFY ¥gE Aunr] 3 Aotk olf &AHE FAF
I A5 AFAFAAFE ALY AS, F2 TEhe g% 22 Ve
T Atk

T _ 3iT

e K, Py (4.18a)

A7 Ky X0 g d5e a4 A ol
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A9 149 HAAL HFHE T8 AT E4F Q7 FoiA L HAW
€ T duge] glds ZAAXAL 1R,

aT & ' '

oz |e=p = oc, K, (4.18b)

_a_g_: I (4.18¢)

8] 4 3| (Carslaw and Jaeger(1959) in Holloway(1991))& t©th&3} o] Fo
.

T(z, t)= ZQ"' Kot — g Sl derfel 22”";;.; 1+ z‘erfc[l(%%h—t_—m]}

(4.19)
4714 0°Ce) 27123¢ /HRAAR, &5 jerfer LT 2o,
terfo(x) = exp(—x2)/Vr — x+ erfe(%) (4.20)
erfce 23 BE #<(complimentary error function)©]tt.

2 A7AME @ =100W/m’ 2 LAF F, $4< 10, 20, 40, 80m= ¥
A7 AAGRAF K & 5, 25 250 cm/s 2 HWIAIZ Ao st
FARY Ans} 9o ANeS HmSY).

Fig. 412 60¥ =& 180¥°] Z3E AHY & dAxF7z=, #4749
AR A48 98 F2¢ JdedY Ot K)=5cm’s, aE K,
=25cm’/s, += Ky = 250cm%/s o ti§ $x2ge Ao},

F4 0m A4, F29 AYTxE A5E} AP L2} Qe
e g Holx ow, 180¥0] A} AFAME FLo] A £4
of A ¢ 40°Cel 23ttt F4ol wl$ ¥ ¢, Folxd AAFAAF
Ky =5cm’/st #& dAH o2 ERer)d $EF 279S Holm Yok

4 20mQ A%e] AHE BW, K, -5em’/sE AL B4 S5
AAT] 2= 60U AHAl ¢ 5°Coll @etn om 180U BHF A
Ao s HAYUY LEAE 5°C2 A9 WalA ¥ Holx i}
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lo

= Azt ABFE 529 dXTzE YRS Pt FAH A &
X

Aol ex7 BAlG /Mt e S Holn Utk dABMAS K, =25cm’/s

]

AR A9 dFEd dAEY 2xAE o 1°CE Yehgen, K,
=250cm”/s& AHEF A9 LxE A FAd AA A BASA Ve
o} 1809 0] A7 Al F&2 oF 20°C2 YeEhY 4 10m Z$-o ]
3 =A F2o A e Holx it HAFw E FHH I giE
FAL 20mBTh ¥y W& K7} 25cm’/sBtt F A
U $2¢ Ade F YL RoE B

4 40me A9 ARE ARRWAF g2} 529 ANTE A
2 ved #$3e Belm Utk ANFUASF K)=Bem¥sE AT B
o] UG HAUY 2EIE Aol AARF] wEt 8°C(60Y), 9°C(120
d), 10°CA80WE k¥ ZAAsAT 28y Kp=25cm¥s# K, =250
cm’/sE AFEH A9 dAFET AU xR Azl AHFE Z
7 of 2°C8 02°C2 YA Ueht ALgE A5 AFFRAFE Fe
o] dAF2E FAI7 FEF A7|YS Bolx Ut

FA 80mel 7§ U F9 AFAFRE Y 2 JdFFAA T
Ky =5cm%/s& AH&@ 299 AA"E F22 180¥0] AAF APx ¢
06°C2 Jett A9 s+ do] MEHA &gsS Holx e ¥
A5d 2EE o 16°Ce] 2ot 4 AmA A AFH 2Esh A9
e #Z719e Roln Utk AAFAAF K,=25om%sH K, =250cm’/sE
AR A9 slad 25E 180¥ AHE AAHAE ¢ 75C% 5°CE U
e, o] Fot AN FFS FAF A B HFAAM Boly F
o] A¥stE AHslrlol FAAT ez gddn.

87t e BE, FAERE ZHAE A v - HESE AL
g3l FARHY coded] W LF AR HAAEE Aol ofvE FA

3

2o AL HE WARF(AE, AFAF4AT £ AFHGAAF)

o=

i

GEE

)
el
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Temperature (°C) Temperature (°C)

o =0 TTT T[T T[T T rrod a=0 TV‘V‘I’TTTHHHIITII..II

-0.2 | ? ? -0.2 |

—04r 60 180 4T 60 180

-0.6 | ~0.6 [

08 F h=10m -08 | h=20m

-1.0 |||||L||11111|||||QJ —1.0 Lo MTISERENNRLE FRNEY)
10 20 30 40 10 20
Temperature (°C) Temperature (°C)

TTTT AT T o =0 5 o

180 -0.4

h=40m -0.8

illllllllll __1'0 llllllllllllLLJ

10 20 10 20

Fig. 4.1 Temperature profiles for varying values of vertical diffusivity
(O Ky=5cm%/s, & : Ky=25cm%/s and + : Ky= 250cm?/s)
and depths (h=10m, 20m, 40m and 80m). Solid lines are
analytic solutions and symbols denote point-model results.

Numerals are elasped days.
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FRARFY wEE Hrigode HolM FL3th. HZ POM (Princeton
Ocean Model) =¥ MOM (Modular Ocean Model)& ©]&3% B2 A7}
FPE I Jovt AHEE FARHY A4 Ml HN - HEE OF
Hx &3 JEH(coded 2F A% B ALAEZRH HF I
Hatx), o8 A4 d7AY gEeE FH3A My & AAE Hse
Q77 A F Utk FAHY dZH, codedl L7V dE AR F
3 29 AYEHS10me) 92 AN A48 Grid-box BHE 2L
A(FFEAF1 cm”/s)E AHE5te] Ekman 3 T 99 AT £A
AT 2§ E3l5e] AT A3t Ekman 3] =& 9 st
AF o 1I0m ¢37 AR HEE 44 BT F2& A Ho EF
B et Ze 47 Wstgol FAE AAE A €

ol R AY ARz HE ALSE AFFAE dFAFHAF ©E
Fe AAFTZXE AP} FEG EisS Jen = A3 =
el TS R FARFY A AHEE dPxdo di3) AT
F e d3E E2EdUn & F Uk AL @dE F2 e F40
Y F8 8oz JEpgon, og i HAY AAFIAFE A
e Ao ¢ oS & & Uk

r& Hm

(i

re

r‘lr‘

S
Llﬂ
30
ofly

l‘l

2. My &4 - &%

ARd e FHYFo R 375me 5 AR AAAd =Y E
RAg BAZAE A4 s ge] 29 € 2/E AdstR L, A2
AAE AgoM e FHEFoZ 750me] T A& AA A FAN
BAAZAE AHEEE7] dE M2 dExdd A 29 £ =279 A
WAl A#4E ANEE Aot v

SEZL st 2/ A% AAFLEE ndr] HEAA A |
o My 24e FAAYSAT. WG FNHE (63x%x12)9] AR
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E AN, FHLFOZ T50me] T AAE AHSIAL dFWGe
2 12709 7B F2H0.05, 0.05, 0.075, 0.075, 0.10, 0.15, 0.15, 0.10, 0.75,
0.75, 0.05, 0.05}& AM&3tH . AAWF s A=Y AgdAM & +
A= vhg Zo] ¢ AFTFXE AP FEE BilTS 2 Utk

FARY AHEE dAds e FAEE Fig. 429 2ow, /MYAEAY
AAE x2 el Fig. 43& WA A AZAE AHEstd 78 M
EH g 2Axo|th WZL HAHE A3 5cm HE o2 EAEA
, e AAdE AMgste 2° kF o2 Jehth AlAdEY 249
5| dAlskAlE &gk, ol2d Aoy AMEE A R A% AAL

85 73 AAE ASFoEA AIAEEY FA 2 A% FA
2A BEH7] " olrld Aoz wodg ¥ B £33 A
& AHEREIE AAEEY 24=9) A 2AEE A & ARE
Ho, Fogd 48t € AN ZFdE gdlYge =7 54L& F43 vy
¢ Ao wosg

AAEEAN FFd 24 - 2/ FALF 23, Mz 249 1Z3 9
e TEE BFE BEAS AVAE 4F (239.7cm, 97.8)9 (242.3cm,
N2 vYepstes, 238 F¢ BEA} ALXNE 44 (2285cm, 95.5°)
2 (229.9cm, 94.0°), 9= A9 #EA 9} AU4AE= 242 (228.3cm, 94.8°)
9 (2258cm, 94492 #EA ¢t Fgste ARE B v Utk & A4t
A% dE, 33 RN A= dF M 249 AT Yy Zz
(244.0cm, 95.6°), (2306cm, 92.3°) ¥ (2283cm, 9382 AAHJYLH, #A=
At F@eAn. e FHT ¥ FAAE ALTozA AZH 93
o FARYZ A7t d2A veive A 2 AA F4 F@sFH
Bus 3 522 49 A 2347t #5A 6 o 7Mgda sdEE A
IRdEe Aanng v=EA Foas 8 5 gl

EF @ AFAZ Q7] QB FARHY ARere 73] AWn
ek 23 HF xR 2 ®F JIAFE Fig 44, Fig. 459 2o %
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Fig. 4.2 Bathymetry of Cheonsu Bay and its Approaches.
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temperature ( « =0.05) along open boundaries.
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Fig. 4.15 Seasonal variations of monthly—-averaged SST obtaine using

weighted temperature ( @ =0.05) along open boundaries.
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M2 g ¥Y A FFE AHES MY dREFH9 iEE 4Eid. &
AFAAME Lee and Jung(197)ell Al B E npet o] TEEA 3¢ #F
2% 74 FEste 238 B2 WP ¥ 24 FFE AHEE FS

-165-



A23tE Lynch $(1996)9 71€d MY 3/ 53 versiong AM&-3H&th
AL 23 CTD A9 F2&

aolol & B3t Al - A L9 B9 ¥9dd 729 I EX
= Exp. 39 Aot A9 ZA vyt 729 ¢ £¥= Exp 39 2
e} A ZA JdElRSdE A" AFFGAFE Exp. 39 @3 @
ol BT Fauz MY GFEE o A FAAFS dAHAGA
o] HlE ¢ 1.25M(TEESQ F$Y SwSwE FATNMAF7E A AAE
ot MY GF2Fd & dAZGATY (AT 7] o 1.258
w5td doh A-e & Aole AR &fow, dPFHIL FHETE &

AFAAGTE 75 cmY/s(BAE 4), 475 cm™/s(B A 15), 150 cm¥/s(BE 2)=
Ve 2 A ALE GREFH (A 414)0] o dFFAA TR &
e Y. dAFGAF g 4148 B2 AolE RIAT MY ¢
FREHA o4 AFFZATY AAFZEE dFHst 65%A HAzs

lo,

o B Y4 WEQ o usgel
#EE4oERy Mo AQstcl vegss AYH 0-944 UF
g3 W84 HFe BEE 19709 FRRE GRPANe] SA o954
UREHY ol277k4 Be IREFe] Ausel UMY AF LAl H&
9715 st JAs e =29 Uil 51 Atk 4rlNE ARPHAS
2 250cmYs, AR BAAFZ SemsE AR AHE HEFT

B3 AAANAFTE 250cmY/sE AAT AL 27 ggo] AujHYS
23837 Y3+ Aoltl. Davies and Fumes (1980)= A Hd] s £Fd
ot A2 EaHAIS = 0.0025 H |U| (94714 Ul 487" 27/

Azlelthz A & AT 3ded & ATFdxs ddsde] F4s
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: [ NP — O : Cate. (surfase) ;;}; [y S—— O : Cude. (wrtese)
’ — Chw. (betam) + + Cale. (haittom) — . (beitsm) + : Cale. (bottom)
& Eul-
s 13|
N yiiiaa SUETERES | i "
s ss_scilliea E o
=a L |
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88/03/12 Stations 88/05/08 Stations
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® o A 1 o
& v %%, i 39465 of
17] o a1 - @ 4
1 PN o7 - P (14 W
L NS\ /a9 VNN W
" hd A " A\
3 0 0 7 F) = 0 "W
s8/08/11 88/07/10 Stations
» =
- by 9590295522
1" ®0p0g0 o g 8+7++008,00 ense
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£ AVARR NN AW A £
o N AXx -
= 3 0 5 ) = E) w s 0 8 ) = 3
as/08/07 Stations 98/00/05 Stations
Z L a1
+7F .
Eu & np—-
= :;L 5 Y -
Ea gde = 8 iu wﬁ.ﬁﬁﬁiwﬂ“..u
annatds
i oy ——" O :Cole. {urfens) i O : Cola. (murfoss)
[ o (hattem) + :Ode (hettam) ) —— O, (hatiom) + : Cule. (aation)
n 13
w a 10 18 o a x 1 ] 10 B o ] x
88/10/08 Stations a8/11/07 Stations

Fig. 4.23 Comparison of CTD data (solid lines) and calculated

temperature over 8 months using Mellor-Yamada

turbulence closure submodel (Exp. 11).
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-~ O, (arfase) O : Cala. (mrtena) [y — O : Osle. (mrfans)
— Otm. (heitem) + : Cola. (bottem) —  Obs. (beitam) + 1 Cala. (uatton)

Tempuraturs (°C)

O+ RuwrBmBENDE
.
&

‘smperature
2 =8
q
O

;‘ o " oo
oo o
o o T T

El‘%‘ﬁr" "%ﬁoo Eq*%:;w;:g;&g—d?@%«.

g- T rrreties 007000  conat gﬁ S —
__“_ S 'r++;-rf

";| N\ 7 .

' el il L UL LAl L1 L2t it tlldt)

[] 10 13 ] » x [) 10 13 » [ )

(wartem) )

g g '
e R e o e

| o e} + 1 Coa, hettam) ;’ —— . (hottam) + 1 Cote. Ooation)
w 3 0 M0 ) » ) u s 10 8 » » )
ve/10/08 Stotiona a/11/07 Stations

Fig. 4.24 Comparison of CTD data (solid lines) and calculated
temperature over 8 months using constant

diffusivity of 5cm%s (Exp. 11).
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20m, 279 Z71& 05m/sZ 7}A 38 Davies and Furnes 2ol <% €13
AAAFE 250cm”/s7t Bk FAGAAFE Y92 5em’/sE AHSEHE
v, 3% 43¢ dA4gdAFE HRse 477 L7880 (22 T
& molecular viscositys molecular diffusivityel B3l ¢ 10w] =t}).

At &3 CTD AR F&& v 23H Fig. 4249 2. 3€9 A
= CTD Ars y§as dxyoz FUdd £L& BT 599 A=
Exp. 3¢ 2% nohe 444837 27 Jehdon BEASE 2@she
A5 Helx gt a8y JFH A4 AFde £ dFAV F=
HAXA vegth 999 Aol AP F29 dAA} A&HL Jov
(BFxFee AFE e Fd) 10897 1199 AN AddE F29 o
27} gob Ak

AAA AHE uted go] WEARE 3
cm’/s AEL] ZA7|E B B S 05°C WY F
o 5cm%/se] AAFAAFE AHET B B9 £
22 ZolE B AitE F29 43 =
7l e FE7t hEaY 3 AEF GFEFEY Ao g stsdEsE B
[k & ¢ Urh

sl AAFAAFT 10
A37h vepdd s
e Al

fo X
4

5. E9 % 29

A8 2% 87 SHlAd 52 AWHE ALY el U= wsE
zHste 349 FARYL oedAr nAY AYARE d¥ez Wl
o dl¢e ARBL AW T, 2x AY AARVL Bt GPEAA
o WAYY SEFAE RAE AT, APFAY F2& BY Feom A
A8 A4 D AWIRA F22E BAFLH YRFLE NEUTE 29
M, 24, uhgs @4 BERE wejshe 3349 FARYE o435 g
Ade e wE 149 FALGHA
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FALYE ASE BT 12 492 4749 AL usde) 42 g
WE ANAAF S 3, A5 B AnFe I, 71
F BAD), 59 olF L Fi] UF A, v, DY 9
2 SR i U AFAAATY P NAHES FHKAD. £
28 st goo] A BEF U APINY Fe dATE L FURE
(CTD A=) ¥ 270 AR ALl 27 A% 52 AAL A= ¥
e

APBANAY el whet 529 54 Aol U@ ¥ REE e
Aolg RYth B AN AW AFAFH £22 A8F AS CID
Aze 5 7 REE YYHoZ AWsASY BS Feo vyy
29 AAAE A”SN Taidth ¥V ALPel B2e DYEg AVE
2} AHe 4% Fe3 FARY AT AYAA Feo AL
RMS 937} 1°C oWl wl$- A& Ad= ik

W19 %) dudel g 47 A= U@ UEE BHL Fod
AgE FARYe 9 Auol el AHs $ePE BYT o9 @A 9

TRE AHFUNAFE AEA FAY AAUY} de EAE FHERSYL F

25 B3 F de @F AP g,
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a3kt 2YYstmdel 2alF

5
TEAE2E 28t Langrangian 9 A Interface

Al1H AE

L. A&

T,
=
I
rE
ofk
iAs
>
ox
Ho
N
L
B
(g
o
o
2
oX.
Jo
N
™

dc d{uc) d(ve) d(we)
at T o T T ey T T oz
P 3 3 3 3 G.D
_ 0 [ Oc 0 [ dc 0 [y _0cC
= E)x(K" E)x)+ ay(Kv 8y)+ az<Kz az)+8°

o714, t = A7k x, y,z=FEE c=%5uv,w=247Zx vy z 3%
o #4; Ky, Ky, Ko = 27 x, y, z B3 GF34AF; Sc = WHEAHQY
TR AR 9 AR A FFEFEE ) AR A% v& ¥ 4
519 1¥% & 2dAZYS EFAY ATte] e ¥EE S ogn|drt. 4
519 2¥AFE 4R FEL olFfel A% FF &, SMAREH THH FE&
Bitel o & usta, olfF et it ¥ FEE FAA EYA
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Fzhgolg dth. 4] 519 wixg F& A5 H§L ¢n|a, o
U ¥-A <l kinetic ¥-$E3 558 FFer. & F IR o
AT A234e FAZHAFE AT 4 519 FAF AYPH ¥F
7t A 3etA 2Lg TS APAE)LS IAIE R 3y
ATHEZ F-, 1997).
B Y9I rdor 4 519 B3 F5284E A ¢
gt dzRE AFaEd #F ARE - F, dAFE JA, 23, A
F 5E& - FTEgolol @t old AR E FILGHEIF} FYPTRA]
A interfaceg} XAzt E A7 2xdEdgME FIFHELE T
o mdo] QA interface® T, ol FEHE HES H, ¥
$3lndy FEgsirdz FHHE ¥t FAFAELE FAH}E Ao
EXoltt, &, FAE ¢ FIAFARLE 5F REIHHA AF HEs)
o, 74" 2ueEFH AA interfaceE FA R EsE Aol EF ol
Dortch et al.(1992)2 Lagrangian Zx}4:9] 1x FA Y| 9% 13 23
(#I8) AA  interface® AE3¥Y 3, Cerco and Cole(1994)2 o] <A
interface® AMg3ted vlx AAg AT g 27 FAFARLYE HA
st & A7 BaA9 239 A& Dortch et al.(1992)e] A% 13 =
Zt AA interface®t ZW @A) G A interfaceE A 2L AFAIF, ol
97 interface® o] 83t R IFnda Fedsrdz FHdd 49 &
AFARLDE FAsA 3FdAE F4E AA interface ¥ dut FAF
Axde FaAe AEI A3 2 € U A interfaceE °] 43
o]i ZtaF HEAI el AL, dFd FF3llA, FEHFED] AL
e 2F Exe RFIGsiEdo] Al REE vE-HEIFAD. 4Fde
E a7 AAHA 843 doz Fysloof F AAE] FHEHO .
B Ad7Y 1A9E BRIaM(BAEH, 1997)9] 230 ¥ EFFRdoA AL
g A AFREWAHA(Y 519 o] dyHo] Ak B A7 23d
T A AA interfaced F4E W, 2 FYJrdd 20 RIS
o E&AQ dAE H%d, 8 479 1AEE BuXgde & P& A
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3o 4 51¢ EU. B dAFoA e FALTLE o-FFAE AHE3E
29802 AA interfaceE NE3AL, 0-FAFAE AR 2§ 4
5.19] sgo] 52-e] MHEFH Utk £ Bl HHE A interfaced
AR AFEY AYY FASE, FANFLE AN(-)FEAE AHEE
= 2989 A7 interface® WAL F Uk

2. 298 ¥4 49 94

Au AFREFANA 5DE BUF $HALCIFG ¥ gF 5
$)3 AAH%H Fgoz PASC Jo B RYgs 2de 4 519
2% #4243 AAsstd Fge Beg H FAHow Eoh 23
Bgasnde FERANe HEE del) 24Ty 5% TG 24 H
F AFREYF Y|z, BH $5A40L FTE 24 B AFnE
PN L e BIHLO R old ABS YA 54 Aoz F@Th.

R e AR o
gx( x GX) _y( _?9_) (Kz%_-zé)

oJ71A, overbart I EE A7) THF7 AT HFE vy, 47 x,
v, z 339 GFFAAFA Ky, Ky, K& 24 HF UAAFE v @k
183, ol A L& Lagrangian ¥&4S 9lv|dta, 4 528 Lagrangian
Az olet FEH(A 55 ).

B3 4 44 522 grESYAAH FHor Fe 2EE A,
el o8 F: FUAEWUE 2ok B AFdME FALFoD o-FHE
AE AHEste Zd8o2 AA interfaced 7NEstAH.

z =7 _
+

A7, 1 = 4R 94 H = BF d5ds £4: D = 3574, 4 53¢
AHgEte] 4] 528 o-REAS WBIE e 2.
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acD d(ucD) d(vcD) d(we)
x T T ok T Ty T

do
- o)+ 5o

K (5.4)
dc 9 (B2 dc

Ky ay) + aa( D ao)
2 548 X3t g0 AL FIFYS HYE A9, £F& xHYY

o7 & woles, 24 HF S YERE overbar®t Lagrangian JA445-&
Yetdl= ol @A Le Aegdct

2 2o A 548 F W, AFRE F7] sl EE 3

2
A EBA(Ax; Av)e F8 9 ARG

A 548 Azt i@
U 2gE (,jk) BA FLoAA 2 time- level FAAEHE o] &3] th1(E
A time step)¥H twa(A time step)7hA] 2- At F 31, o] w o] F 27
9 AZ YoM EFok olFEH FHWEFY 4TS &Y (explicit)

1 ot

R

A (numerical stability) & €

ol 2 time-level § &3} &

A,

» n+l n—1
. CijaDij — CijDij
i.iyi.3 2k

= — (XFLUX j;+1jx— XFLUX ;; 1)

— (YFLUX; j+1.0— YFLUX ;) — (ZFLUX ; j , — ZFLUX ; j 41
(5.5)

XFLUX; j « = 4yx;,Dx; ;[ MAX(ui ;5 0) + ci-1jx+ MINu i, 0) - cijx

_ (Koi-1jxt (Koijx Cijk— Ci-1jx
2

4xx; 5 ]

(5.6)
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YFLUX; ; x = 4xy; Dy, il MAX(Vijx 0) * cij—1.c+ MIN(Vi 1, 0) © ¢
_ Kt (Kijx Cijax = Cij-1x

2 4yy; ; ]
(6.7
ZFLUX 5= A1 * 4¢3y~ 7o G s Tl (58)
fxxy s = AXi—LjZ"*"AXi.i dxy, ;= Axi.j—12+ A (5.9)
ayxy= B B gy W T W 510
Dx;; = —9—‘1—’21—9—’— Dy, ; = &2124”———9—’— (5.11)

71, okl AR i, j, k = A% x(F-M), y(F-9), 2(+H) ¥FY index;
AHA (n+1) = A time step(t = twa); A0k = 0-FHEANA k 29 Az}
FAZ F FH g £S. E Zdor A8E spatially staggered grid
o} WMol Aogd X7t Fig. 5101 AA=H Avh 4] 55%FH 4 511
7EA A @A) time steps YEHHE AFA (n-De AFHUSG. A 563
2] 5790 FHWE o|F&¥L upwind schemed AME3ted Edct 4 58
ol ZFLUXij;, = 00122 FJ(k = DA 4 = 00132, 1 o] &9 FoA
= 1o]t}.

4 55N P& F7 Az o SAWE o8 FH FARL

434

D?TIC?TII( D?Tlcrl k _ 1 1 n+1 clj 11< 1 C?Tll(
24 Dt z]ak(’Z - (K doay, )
Cn+11< Cn+11(+1
- n+tl ij, ij.
(Kz)l,J,k+1 AO'O]H_I ) ( 512)
Aoy - 4
doo, = SASTE (513)

Ao 2 KCAL 2o gle w, 4 512¢ KCXKC tri-diagonal 33
2 5d€ ¥ U
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[A][C*!] = [F] (5.14)

D1 El 0 . 0 Ci el Fl
B, D, E, 0 0 C2 F,
o . . . . 0 . .
0 Bk Dk Ek 0 Ck = Fk (5.15)
0 .. . . 0 . .
0 Bkc-1 Dxc-1 Exc-1||cke-1 Fxc-1
0 Bkc Dxkc )| cke Fxc
k= 41 AO'O'k k 2 AO'O'k+1 :
n 2 Ao-k n 2 Aak ,
Dy = — (DI} 54 ~Bx—Ex Fiu = — (DI 1 5 Ck (517

714, BtgE(k = KC) olA& Az = 0032, 21 0|99 ZAME A2 = 19]
ot 41-89) P4 SGTSLFOR#E= LINPACK subroutine o] &3}e]
U

2 559 4] 514& ¢ lol et E w), 271210 FAzA e
stk 271218 73 JHEFEY dF BSABERE FAHG Qo
o SFERD vigelMe FAzdes: BA fluxrt fgE Tee 4
Abg-st AT

(k. < ),= (Kz%)mfo | (5.18)

NGB ANA AYZAZDL upwind °1F AL AL4dtd FFEAT. o
€ 591, 3% MEBAG = 10X E &3 Zo] 38T & Ao

tio

n—1 n—1
ne u + u n— —
CI?:Jrl = Cic ot A%(f(klc[ - ZI k| (cic b Cr}Cll)
n-1¢( __ .n-1
+ | uic é Uic (c “‘l—c?c—l)] (5.19)

q7]A, cace MFZAZAG=IC) vl We FEgtelx, ol BEARZE
Y8 FAHsor it 4 519904 AAZE caeE 51]-:-7} & 9 ¢ 9 (modeling
domain) ¢t22 F& o] Wt AHgdTdE AL & F Urh
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FARY G48S FAPez V] W 4 5122 ¢AE

Z9
o3ty AL A v Y 4 567 4] 57904 FHWEE o|FF
€ upwind AHEHOE E7] W& 4 5209 CFL £33 18 3%
3 A S centered AHEEOE EQ7] W&o 4 5219 diffusion & 0]
2 559 rAE z7o] "}
=2 A o or 2-4) < & (5.20)

u
_ Kx(z ° At) _l_ Zb{z

pqsmdaA QoM 4uE WHoz Be® 4 A4 54€ F
Aoz B QANE TSR URRE 4 5528 4 51774 3t
HEGES AWl 8, o] FHL DA interfacedt FTh EF 2
Bogoraimdel AHE( 1) Z7Hintertidal) 4% Eulerian 254547
e By AAME 2y Fedsvdeyy 24 PFY 23 ARE
2 Awws Ao wgART U Fd%rUzyy 3 £: 2
AZHA A E(time scal)Z BEA FEA8) BE ANE FoJYaz ol
Agss A7 interfaced) W 2 FAol Al 2 Wol Ao} Ut
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(a) horizontal (x-y) plane

y A:c w D, Ky Ky, K
AN
B: u, By
j*1 E : v, Bx
j+l i %D H:B;
i B & T BC = Axi;
] Q| FA = Ax;
i1 1 ED = Ay
i1 i i+l GA = Ayyij
> X
i i+l I—H = Ayxi"-
HJ = Axyi;
(b) vertical (x-z) plane
Z
A H J > x
=1 A C, Kx
_*F k-1 B :u, B
K TlE k E: w, Kz
=+ & T K
I k+1 K : By
k+1
BC = Ax;
I k=KC DE = Aok
-1 1 1+l AF = A 00,
IJ = D
GH = Dxij;

Fig. 5.1 Staggered grid system and the locations of variables in

the x-y horizontal plane (a) and in the x-z vertical plane.
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A 2 A 497 interface ¥ Wt FFFAED 74
1. 94 interface®) 74

1) ZZH(intertidal) %3 Eulerian Zt3}4=%4]

(residual transport equation)

ATE e AdelA sl 24, AR, A, UERY T OEd
AbA HE(time scales)E ZE 7IFHE 93t FAYH. wW2bA o]
d a5 2AYE AGA 2Y3ty] e FeHgRde] B £ %
9 AN7HH AHE g e TR dolojop It I Wi, @& AYX|55
q AAES ¥ 4 BEE B 29 2 ABH HEE Z3, YAFRH 4@
A2 U dF ABEY UIFEE 2T ADH HER FIHUYG o
B 27 ANH AR FIE BEARN ZAT APHEZ YA 3
ZLES XS R 2 FAFAELES 72 FH £ A3 g &
ost=d Agsith. FISSFERDAgA M wE AR LS HE
Ega59 4Folx, 7 4R AFE BE 2 daylolth. GEIA X
A 4L 2 AL BAEY AA HEE Zed.

FAZEH T F e FS AWME £ E2E R AR AR U
HslEgE D AKE 4, 2 2 55 2 d AR ¢ dsk 6 #4o]
Atk Aol AujFQ AdsHAA 1 AT T EFY o]FFH Ak
BejeAE ) #¥e g8 27H7F obd JAF(residual circulations)oll 28}
ZAEHNihoul and Ronday, 1975). w&tA FF7] F¢9 sFfHEo] we
FALHRFEY olF, & JAF AT EH o5 FYqRde] H&
A Bosle A o8 RFgsndd AFgstA dest= AA interface”}
FAFA R AFAo AdHoZ FQ3rHNihoul and Ronday, 1975;
Najarian et al., 1984; Dortch et al.,, 1992; Park and Kuo, 1994).

fas

-179-



Bogilrd e $E9grde AAANINE WL ZEHR )
AZlst HAQ dA 5 M7 Ao APAA dAe F 2de #e
ARG A7 @ ALgste] g At Wwelt 0,1 B
2x19] S e B7AQ AAEE e EddME dgHe He AT

AA7 Zbssth. gy B Q7oA FAE3nAt
S gul FASFA R go] FNAHF 33449 HYEE Zu = 287
o) FARYWSFES T A¢ FFAQ A ATl UF g9
HAQ dAE Fg9drdy) 2GR de B2 AYAsle Yol
g d AgA dA5d 99X, 23, FAASF T FHU9T FRE
BEe 3, 2gYsRd AgA olg YHARRE AHEsY EYF F47
£8 Axste wgelth. B dpdAd FAdEE FAFIEDAAE A
A ANZL Folx EA BHF F4F4(E B AAHHH FL(R A
7he M2 ge ALE FEE 1Y, 2URLA FHHGRLZRE
A-E2RHoZ HEH FEds ARE 2RI FIFRR D AFs)
= HEH QA v A s

27vA Q) (instantaneous) WFEL 24 HF(a)Fd 24 WAL= F
A5l Joa B ¢ H(Officer, 1976):
a=a+A (5.22)
&37] 4, overbare FHEE o) 2AFr)d dE HFE, dEAES =4
HZH AAL HE, 2N AE = & FHFY] RelA9 ¥ E gud
th. 27 Bggsizde s AFREWAFNL 4 510 4 5228 UY
T H & 2AF7) Ao HaEstd 7 ¢ A

e, 0@ , 0Ge , a(wa _ _ a(TC) _ (VO
ot ox ay 0z Jx ady
_A(WC) , 8 (g dc\, 9 (g dc)\, 3 (g ¢
0z t ax(K" ax)+ 8y(K" ay )+ 0z (Kz az)
(5.23)

A 5234 WEAHA T3 428 ¢ 4¥AHA FFH 2EE YEHE Sc



2 AFHAAT. 4 5239 2UAFEH 49A Fo x4 HIEEE

Eulerian 2z} (residual velocity)olgt 23, o] 1AE HoA HEE
o8) A F71d st Hde gtoltH(Officer, 1976). 2] 5232 S5¥H AR
H 735 35 T4 EAHtidal dispersion)dteldl ¥23 olEL B

2 phase Jol 3] WARIL FHHo2E WAY P FTES @
245700 el HESAM e BBo|cHFischer et al, 1979). A
523004 ZARAFE BAG] TYAA, BT} UFINE FRFE
o Bpoz EHeE Fickian IS 542 A8E + A olE x wH
o dhete] EEsw

Kz, g; = — UC+KX—‘§X£ (5.24)

(Fischer et al, 1979). w2tx =4 HT FAFRESLYHFYL 53 Zo] ®
g€ 5 I

dc 3(UEE) 3(VEE) 3(W%E)
& T ox T oy T &

= F(<rafe )+ G (kn, B2 )+ (ke 5E)
oq714, ot#F A} EE Eulerian ¥x4& 9w|sti, 4 5258 Eulerian 23}
Tl FE 4 5259 FAFL oRFINQ A RS (A EALE
E2 4 519 olF&FE 2MFU Wity HTFoZHA HAADL) Fi
4oz gt Utk 4 5259 22 Eulerian #5448 3
£ doe dFARY ddd RdANE BAFoZN ZAEMAFE
T3t of gtk a2y RHEAAFIE RHFIIAIA A - FRFHeE
Al HE F e W ¥Fsln2(4 5249 U, CO) RARAAFE
FaAFRT Holx ¢ XY(order)e] ¥ Ax E 1 ¥ ER At A
o7t AT E g B4 we g3d £ Jem=(4 5249 O),
ZHEMAFY A8 FAHol g4 &h(Dyer, 1973; Feng et al, 1986a
and 1986b).

(5.25)
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2) Lagrangian %434 4 Lagrangian 34444

EXFEE FE€eH JolM, ZHRAAFE  AlLsidolnr s=
Eulerian Z2}<: tjAlo] Lagrangian 33148 o] 431 whiEo] Wo] o7
H°] $ktH(Longuet-Higgins, 1969; Zimmerman, 1979; Awaji, 1982; Cheng
and Casulli, 1982; Feng et al, 1986a and 1986b; Orbi and Salomon, 1983).
Lagrangian 3242 & FHF7] 9o EA 2 Q29 HFGE(net o
FAE 4% M2z UE )Y Lagrangian BEFHEH o] 9,
Lagrangian 3tk&o] A&70dE W&y, o] 2 Eulerian Z3&5AY z
S, 24 BF) AFREYP Y A& 5 UthH(Feng, 1987).
Lagrangian ¥At&5& AMESHH, A F40] Y= A RAA S Aups
BAA AAT & Aot

Andrews and MclIntyre(1978)% Eulerian-Lagrangian transformation o]

& AH83td FERZwsto] o8le WS Lagrangian-mean .20
W& AHQ Lagrangian-mean operator® +534t. 152 Lagrangian
22443} Eulerian 24314:9] x}o]E Stokes BA S Z Ha}gu), Feng et
al.(1986a and 1986b)3# Feng(1987)& ztz} 44 M B 22+ =3 ARRE
BAYT 3349 =23 FFREWAHAL small parameter perturbation B
(van Dyke, 1964)% =4 H7F& o] &3td 45234}t small parametere
2Zt-order7tx]  mEste] T AAAHO] 33U W PR B A oA
Eulerian 214 th4l Lagrangian 3344 A48t % 29 g7} Wsix)
dete A& RAFAH(Feng, 1987). Lagrangian o] 13 =3}
(first-order estimate) Eulerian 2243} Stokes drift $59¢] o2 ¥Fadd
e A% BoFch 28y Feng et al.(1986a and 1986b)3} Feng(1987)¢]
A= 3t HAEA Al A48 & U Hamrick(1987)%
small parameter perturbation ¥¥& Ab&8le] 20 2 stretched 51

J
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&, o-FAXA) FHYFLZ curvilineardt FAE e F R A dslo 3
A 23 AFRELHFNE FEstATh. Hamrick(1987)& E£& &3F 4/
FAAFE F B A 2HF7| dstd HIES FoEH 33d =
HAFE 78 F Jdue AE RAgFHL. A9 AT AFHE 9% 3
A9 Lagrangian Zxt4$4L thg3 2ok

ds

dc d(uy c) d(vic) 3(wLc)
a T Ty T &
(5.2) = (5.26)
_ 0 dc 0 dc 0 [+ dc
- ax(K" ax)+ ay(Kv 3y)+ oz (K’ 0z )

714, ok}FA} L2 Lagrangian T¥a}5-& oJw|slal, 4 5268 Lagrangian
ZAapp4gaolet Ltk 4 52694 E Eulerian 2+2k4 thAlel Lagrangian
Zz o] ALEE 0] A 5259 2] FAEAMEe] Ha A &)
Zimmerman(1979)2 Eulerian-Lagrangian transformation °|&%& A}-&3}
o Lagrangian Ztzat4:9] 1xF 34 3k(uL1)2 Eulerian ZHA}&53} Stokes drift
E£E(us)e go2 TEAYE AE BRAF 3L, Feng et al.(1986a) = small
parameter perturbation WYE Algdsted e ZAIHAE BAFYC
Lagrangian 3&}4:9] 23} 34 Zt(second-order estimate = urz)2 Eulerian
2} 3} Stokes drift % 12]3l Lagrangian drift $%(up)e T2 %
X €t} (Feng et al, 1986a)
up,=u;+x-up=ug+tug+x-up (5.27)
oA71M, ¥ = | HH vAPAH HEQ small parameter(Feng et al,
1986a). Stokes drift® &7 &7kl g ¥ A 4 (non-uniformity)el] <
3l WA= 31, Lagrangian drift $=5 2/ uy Abele] vl g gl ¢
st HAgEd. watA 22 A Lagrangian A& 24 9] phase®t ¢
2k ¥R/ AlZHrelease time)e] #olth. Wl E Aol FIHF, x7t H2) 3
Aol A& Lagrangian drift $5=7F A€ & 3, @A w2 FE3I
a2y v AdEA o]l 23 J=F3]¥(Orbi and Salomon, 1988)°]4 South San
Francisco $HCheng, 1983)°l A& upE XT3 uE AFESHAY & 24

of
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F71nd g2 ATl dsteq AAEE Aatsted ok @ oh(Hamrick, 1994).

£ dFoME Lagrangian IAxF5EE 083t FYEFRELE FY
sgrdo dAAINE 27HA interface W& FA- A=A A WA W
¥ Eulerian 2243} Stokes drift £%9 §22 AAHE ui°ll, 7
A e & 2AFVRG FS AO(HE 1 Al g I3RS A
ol A WA WdE udFPoe] ¥ Ao Bo] HEH g2
E 2 f84° 452 9 AtHFeng, 1987). HF{TFHEGANA u ol vt
g2 F 44 interfaceE /MNE3I L, o]& A AT 33 FEATE
3t gl HL3FHDortch et al, 1992; Cerco and Cole, 1994).
A u g AHSSHE WHE ujAdE el I v Fate ActE
oo HE3rle] FEF oz YA U vdF el FE A=
dlo] A Lagrangian 249 13 FA Y FEAZL old7A =99 oF
7} Bth(Hamrick, 1994). #9U% A&t & X2 A3tY v Ao Al
Aoz 7 dAdsFoltt. webA felver MajtelAg o] g
AP W&o Lagrangian Jxr&9] 13} FA ko] FESHA Fe dAdAS
< 98l F 2AFRG FL AZAEE 1 A A BxE AL
U E B dye s

¢

22

3) Stokes Drift

2] 5269 Lagrangian F&-& AAtslr] $18to] Stokes driftE AlAbsto of
3tc}. 1x}-order?] Taylor series expansion® ©]-83t Longuet-Higgins(1969)
7} Stokes driftE AAtste F4& FESAYG. o] ZA9 Feng et
al.(1986a and 1986b) ¥ Hamrick(1987)¢] ZA#}E o]&3A Stokes drift&

=3 Zo] FJE F Utk

us= [Udt-vU (5.28)
o714, BEL vectorE 9 U3}, overbars FTHEE o) XAF7|4 o
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3 HEE dusli, JEA £E(U)e £2F A ¥(F, periodic tidal current
component)& & v g},

5288 FAR ALEHAL o A& AE(E, 9 2 FFY B
£)g WA A7AE gt Hamrick(1987)0] 4 /MdEE WEA &5

3l= Stokes driftol]l W3 F4& FE3ATL

)2

us = (us, vs, wg)=curlB= v xB=v x (B, By, B,) (5.29)

o-FEANA 22-82 th&3 Zo] A

_ 9B, 1 9B, _ 1B, B, _ 0B, B,
US= 3y "D do ‘ST D do x VST Toax dy
(5.30)
2]2-83} 4]2-8-2¢] vector potential BE v Zo| AFeojdt)
B,= V [Wat B,= W [Uat B,= U [Vat (5.31)

9} A (curl)e] divergences 0°0]B2E v-us = 00]3, WEtA 2] 5299 Stokes
drift €55 34 A% JMEe 59 FASSRAAN ASHA A
2489 ALEE Eulerian A4S voup = 0. wWEA 459 AdE &

\v4
F8HeE us® wERH AN uE 459 EeE &5
2. Lagrangian 23449 13 A 3e AH43stE A4 interface 74
AL

Fgstndy RgYgsrde AAXAIIE interfaces FEHHTFEL
A ARG FEAE FRE - F, A5 A, S, FAAF & - A
et Roggsinded 948 Az ATt wEA AA interfaces F
g9t de] suybroutines® EHo], FEPJgrde] FYPHE FU¢ FE
Qs AR E At B#EsI, o] F RIUsRE FIA dF AR
AHgEte 28A £4242 AN gutdoz FARRdd RAF
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Frde dAAI Qe AR AR FE2E AAAMIIE map file
3} Yo B FR(FA Heo], §y, G¢EF F)7} Fesitt

A4 interface’t A st FFFRd AT FYHT FRE A
Zrel wie Weleg, old dAE FU B 7 A WAL= oFold
F . 2 A B4 2 o sigste Al tHoE AL
298 FRE HYstd & 1A BFoz Rggsirde AFI
W dA e o 1A AR et 1ad e T g o] &ste
Holt}, It A WAL B B AFsE AL BFez AMHE 5
o8 Fre Astd & 24F7] £ #
2o Azt wEA 233 A BHLS
Fo] Az BH3leol st AR F= o 1/10d] EFsiti= FRol AL
U, vX el B3 detsigol A 20 AA A fFEAME ofF AE
o] UthH(Hamrick, 1994). =3+ AA W22 Eulerian ZX43 Stokes
drift $58 Aldtsteior @k FIGR DA EHH FHALEE AN
g o, 2 JA FAAME Eulerian &S o] &3kl 27F dA W
ol A& Lagrangian 2349 12 3 #k(Eulerian A& + Stokes drift &

)& ol &3jh

E
rlr
Py

o

z7t
&

2) g Ede] deHE FRY AL

F2 92l subroutines?d] ¥ interface 1) FHgEd A2 A
At BRI ED AR AAE JANIIL ARS F7IHAZE W e
AR, 2) FRY3rdo] a3 Yo BT HARF Azt diste] AT
AR, 3) FIIEdY B3 F5FE Aol 2o A0 wE W3
= 9% ARE sty FFFsrdo] A2

e fFol BEFY £ v F2 FWA ¥ & WEHE HY
g 7 denz FYAGRdoA RIYFFELARTG o 2L AL
AHEE X Qioh(e): Hall, 1989). ©l¥ grid overlayingg AHE& wel&
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Feldatzdoe] AANset $YYSFED| ) AXNEE mappingst
E ARt "gesith 4R g whH e grid overlayingS AME3HA] 3,
T 2l AZAEE AN E Helth. F 29 AR F718A7]7)
9lste] Eulerian Z34& A4 Fass Ads FH9 A2 2 Eulerian
A& ANA FEL FIHE AR FRE Wast 2y B4 A
Ae BFE Fgol o 1 A AEsE B Rolx, 27 FANHE BF T3
o] 1 2MFs7t Atk oA F a9 AR AAY AL /AL
W Ped WFESEE olge WiHEo] AUtk

roh

- 4 x, y, z ¥ A% F3 index
- Eulerian %J_'i]"/":‘ 7;“}{1'}‘] E’xgﬁ% :r"—]"E‘ A]Z_ :?'7]' (ATavg)

- Eulerian 2} AAEE 33 I FHY AT

!

rie

Al

o

4>

A interface subroutines™ A|Ztel] thdted AT X FHol| #AF ofefe] A

g Rodfamde] ABHT)
- 7 AR FHWFY Dol 1 Axy, Ay,

A interfacets E BH F52E AN DL Azl mek Aske olelel
Fegs AuE $IPRHR L] AGYch

-zt AR F9] 0 Vi
- ZFARWEEe] 2+ = F7 . Ao

- %y, 2 BB 7 AR AAZ B ROl 9B ¥ £
- % v, 2 B% 4 A% BAS B Stokes drifee] 9@ ¥ F5F
-x v,z 3% 4 AR BAE BF Y 2 FAYF RG] o

rl_'l /\}NE]:
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E AT 1AdE BaM(FFR, 197)9] 230 dud FE4srEd
oA AbgE Au) AFREYAA(Y 5D s dsd, B Ao
kinetic A& Zo|9t A AlFdo. wetr 2d A AFHA ZF HAe
B3)(Vij) R #3398 4 3 FAVijx 2o/(Axi Ayig) S &otof Fot.
2 A7 interfaced] &= Eulerian 33& AME 83t Al &sts Aol
A Visx B Vijxr Ao/(Axiy Ayi)) & At &3, 0|8 FJE3E
dol A 27|z AMEFTE aElx 2] 558 EV] fded HE 73 A
A3 FAHNAY Vijx 2 Vijx A0/(AXij- Ayi)) & FR4sEdo] Agdt

AlZto) w2t WEte 99 FE I HARE FAA olF R Fite] A%
By o B AREL AFREY {5y Ao SEU 4A ST
old ¥y FEFoz AsHch &, 4 55%H A51171A 9 olF H F
B dRgate] T FEFALE AdME SEY FAAFIE obd ok
o] By F4FE AMdsd FIgstEde] LA

(Kyi-1jx + (Kyijx

Ayx; ;Dx; ju; dyx; ;Dx; = ZAxx,, ke (5.32)
(Ky)ij-1x+ (K
Ay ;Dy;;viix Axy; ;Dy; j— 212];“ ; a (533
Wi, Wi,jk
i, ]AY1 j Ao.k (5.34)

4 514%H 4 51579 FA%F 3R o FE4Ee AME
FAAF7} ohd okg R3] F5FE AN

()i 2_4o
. z/i,j, n+l k g
/{1 Ao,o_k (DI.J ZAt (5.35)

A 5325 H 4 5357tA 9 olF R ikl g% FI F£F
B 7 distd BFS o] t+ATag AN B

sH .
2] 5307 4] 5318 o] &3}l Stokes drift $EE AAsIEE, £x% 9
Z4 Ha(a)H & FHF7) UolMe WMEs(U = u - u)g Zolof drh
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¥ 97 interfaced] A+ Stokes drift AAA] 7]3todo sl WSS
H2388t7] Ao ol W g AMR ST 4 5.22% o] &3l 4] 531
9] vector potential® &3 Zo] EHEY & Ut}

to

B,= v [wat—-v [wat="VL,-vL, L.,= [wdt (5.36)
B,= w [udt—w [udt="wL,—wL, L,= [ud (5.37)
B,=u[vdt—u [vdt="uL,-uL, L, = [va (5.38)

A7NM, Ly, Ly, LoiAY HE F73& Fgstnde] AXAZE 7HE(time
step)olth. Ly, Ly, L= 474 x, y, z &2 AN 323 5 o]l&d
A E ATae A T FAHE o]F AHolx, £ <A interfaced M &
trapezoidal W& AME3te F3 olF AE ALV trATae A3
Al 4 536 H¥ 538% |83}l vector potential A& (Bx, By, B)E T+
o}, staggered grid& AM&3le FElgstRdoA B, By, B.Z Fig. 529
2ol FoeA 4 536 - 5389 By, By, B.& the# 2o A& & Qo
Vijat Viga-1 _(Lo)ijat (Lo)ij-1x

(Byijx= 2 5
(5.39)
Viikt Vijk-1 (L)ijet (L)ij-1x
2 2
Wikt Wicpjk (Loijrt (Loijx—
(By)i,j,k= ]kz 1.i.k )k2 j,k—1
(5.40)
o Wikt Wik (Lijact (Loijx—
2 2
Ut Ui -1, (L )i,'. + (L )i
(Bz)i,j,k — .k 5 izlk y/i.j.k 5 yZizLljk
(5.41)

Uit uigoie (Lydijaet (Ly)ionx
2 2
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273 BES M E dFEH BlgE T FF9 o]Fo flenz,
ws7} Qo]ojof 8t wEkA] By, ByZt 00]ofok $rh(4 536). |2 ZA A
@7 79 BAAME By, By, B. 2571 00]ojoF gtk 24 & XA}
= MEBAAME A 539 - 5418 o83t FANM & HA AAA By,
By, B.& AXE F ot wetA FIGsrde] Feqgstrdr & F
Zb QoA AlFpstejol dtal, 7 Rd] HAAWMISE mappingdt=H WA
BEE SHE 9 o]& Fo3tqof drt

Fig. 5201 #A<l& By, By, B9 $1A ] 9314, By, By, BolA 37kl o
3 vl E3dEL 23 -order centered AEHOE FAIT F Ui, 4 5309
Stokes drift =& otgfig 2ol EEE F Ut

(u ) = (Bz)i.i+1.k - (Bz)i,j,k _ 1 (By)i,j,k _ (By)i_;,kﬂ
S/i.i.k Ayxi,j Dxi,j, AO'k
(5.42)
(Vo) = 1 Boijx— Bijkrr  _Bolitrjux— (Boijx
S/i.i.k DYi,j AO'}( AXYi,j
(5.43)

(Wedijx = (Byi+vin = (Byijk _ (Byij+rik— (Bolijk
o Axi'j AYi'i

(5.44)
A7), ayx%t Axyie A 5109 4 5991 FEo] gtk A 532%-H
4 5347129 ol Fol A% F3 FFFF vlRIIAZ Stokes drift & E9]
BolE 4 5458 Aty £E7F obd R FEFES AAdSAh

dyx; ;Dx; (us)ije  AyiiDyii(ve)ijx A A dyi(ws )21’0:

(5.45)
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z
N\
Y\J_
]
>X

Bx(ij*1k)

By(ijk) o wiijk)

By(it1,jk)

Biiik) g

BZ(i’IJ,k)

Bx(ijk+1)

Fig. 5.2 Locations of velocity (u, v, w) and vector potential (Bx, By, B,).
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Stokes drift &x° & FHFFFE (t, t+ATayg) AIE 70 o H
& o] t+ATayg ATt BEHE E2FAT. FIFHRDoA 23
WAl AAE A< Eulerian 23 9% %7 Stokes drift 3%
%g sl 134 4 Lagrangian 33 B3 F$3E #8924 540 A&
gt RS RdoA U we A o 1AM H e
B#& @ Eulerian #A} 3 3$3FE 24 540 X &k

3. it FHAFAEd 74

oA e AA interfaceE, §4 FEJFELE dF FA &3,
AWl module® TAINAUT. AT HEA 2-HEAES AL 52
SFRdS AfMs FANIE] H A EFEC A FAHLE i "ok
w2bx @A interfaceE 53 FHUHGE D subroutinesZ HYTF T
grdg FA3, olF £ AFY 1ARE BAM(FAH, 1997 HHd
Fggstrdy AN det FAFARLE FAE F Uk

2 A3 74" 94 interfaceE Princeton Ocean Model(POM:
Blumberg and Mellor, 1987)¢] subroutines® H<¢l3}iL, o2} 373 %-(1997)
o] REFREE AAAIE  FAFANELS FANAY 3Fd =
W 93t edd POME o2 dAdsidel dFedd H-8d v ArHOey
et al, 1985; Galperin and Mellor, 1990). ¥ IFolA FAHH <4 FAF
Ao 4L i g

1) POME 54 2990 A8ate] 2 A2 HEZ A5 5L Zoja
2) A7 interface 2DFY Futo] AA A7 wet wake Ty 54
Ago] BE JUE AT AR BT BFoz 2w

3) RIYFEUL o2 AP AR o]4dte] Au) AFREFHA A
P4 £540 B S, 2UH £4 NS TP Feszde

1
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7351979 33 A3 HE kinetic 4E& £33, 3519972 373 A
FE P& o &3td EH 4 A7 kinetic A& FAAA FRALHWE
FE A-FHH EXE B j.

o

A 34 <AA interfaced] &

Al 2 A F4€ 9 interface B ¥t FAFARLAAN BHH F
28 AN FE34 € HAE8E4E AEIN Hstd 4 FAFARA
(POM + B4 432E)E oA AP L zZe 7MIHA ddsalgel &
sk 2 2d A8 Ex2 F£yqsrdl POMo] A BREAH £
del X9 AA interfaceE T3t HEEL L EHH F5FH8 FRE
o] g5t FogYtrdo] A R¥r} dvp F AXFErtE HE-HE
e el

1 7h sy Ay

2 A7oA PAHY A7 interfaced) ©l8H FEAH ZTzaPse A
$4e AESY] Adtel FAFARLL 38 LS Zojrt 100 km, FA
wrake] dolrh 10 kmola BFa)FAs F4lol FYA 10 me o FH <
Age 2 A Tol AeAT A NG §F, 2% 2 Axe
£A 9 Astm A:, FEFLS AYAAITh o Mg AHYe £ WFe=
AN £& 73, Ax = Ay = 2 km®) AAZ FAFAL(Fig. 53). £ 7}
4 gAY rAFeze FE AYAAE S My B27F As o
solew, B% SXAAE T BFt fudHE 4% v
Fig. 5391 R AMIA REY 248 d&H oz Wi, 27 pOM*
PREFRDNN AFREYAAE Fo}, 2 AHES vasHch

-
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2 2dggojr POMe] 999 27|29 FFoA -3 Woju=
d/(Z, spin-up) % 29 BE9 Aol 28€ct WA £49 WHES A
A interface 8L POM A& ¥ 28758 % H A& 1, F4FsE2
ARE e Ao AlFERrt. POMO) A+ internal mode A4t (A
tWoZ 0728 AMEsIAt RIFFRDAME FHLF o 7Y dF
atahe Fapios EQ7) dEol A 5203 A 5219 A= xS @
ZX 71 AL A (Atwe) S AHEBFjof Frh

2. v g gel g B

HA 2 M g udgAe] g Axgoen HAA = 2 =
7t A7 interface®) AFEEZ HESAUTE o1& A% FF MLBANA
z347 06 mY M £2E ARSI, 8% KAZAE T8 10 m’
sec'e &4 &9 mdAT. Fig. 539 R MM 100 kg sec's &
Hog wHslYrt. POMAAN AFHEWAAL Aty = 20729

& ol &3ty EULL
A interfacel Xl ATag = Aty = 20728 AHEE o(F, A& WA
%3, FYSSGRdEREY PRyt FFFIFRA] A BARG AL
o), T Zdo] A EAH9 BEXE A9 Aolrt YUH(Fig. 54). ol
F 2do] AFHor AAHNSE Jusrtt 53 POME 3 time level
S EEE a8 B FGE3}rde 2 time level FAAEHE ALEE
= B, Fig. 54°04 F 249 ZAAgrt & gAste AL AEHI
Aol T Bde dZ3t= dA interfaced T2 Y3rF A FH ol

A& ou gt

1) &Y <A interface

A7 interfacedl M ATayg = 18- At = 3726% = 1.03BAIE AHEE o,
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T »do] A B EXJ} Fig. 550 ¥lzEe] Utk o 2u A
interfaced] A& ¥4 %3l 2 o] Stokes drifts AF&3HA] & 1.03BA1% &
te]l HF Eulerian ZA ¥ FE#FE A&ty £33 #5388 AN
th mEr Fgstedo] FFREYFAE F W, Atwe = 10BALE
A & Qlth 28y 4] 520014 4 5219 AT WL TEA|F]7)
3l a2 & AtweE AHEEFE 4 AXE Fd LA (truncation
error)2 1#3tS Fig. 559 AHE Atwe = 05175M12H ALg3he] 7§
RAoltt, & RgUdrdor 2 time step T L EFH F£43I38 A
RE 29 AlE3sle AFREFAAS EQY. wetA POMO vlwste F
PSR EH F£52E AAtEe] 194 E3sitt. 12 POM
oA o} 189 internal mode AlZF IFA] i HFE FFdsFRdo A
g38l7] o] Fig. 5491 A$ol ustd POMel &Fste AR Fol
1/189 E3}3}ct.

Fig. 55¢ 2072 7tA 22 POMe] A4d Bheo B 0517542 2
Aoy FgFslrdo] A EHe E¥XJ) vl fASE 2HEY. U}
Z & zole Wi A R A H(Fig. 53)91A &AL, o] POMH} H A%
3ledo] AlE3slE AL AIZE HA 9 Ao ufioltt. POMOIAME 207 F
ot 20,700 kge EFo] R AHLZ FUHIT b Aite] JPH7] Ao
20,700 kg% AFHo] o|F ¢ dFHA std Fo FAAJER o] FH
o} Ay, U BAFstzddNE AN %A 0517543 B¢ 9ol
sl 186,300 kgl o] R ANAHLZE {FUHI o9 051754 &
b WF ZAxle] wFE7] uie] WUF HAAA FIGsiEde AF}r}
POMe| ZA#s} 718 & ZolE BY Futd gk, a3y W F A o9
9] AAME F B ZAAgrt v $ Z RS & F A3, HF FA
AXE Z4 HIF AdolMes F 24 HAnrt & ols Rolx {Erh
(2 A MEste AA interfaces 23 ZU 9 ¥3E &A= &
F71 B¢ EF olF e R3] Yt 24 H MdolA EEFH FF
282 AAtste Wgeloh.
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2) Z7F |44 interface

A7 interfacedl Al ATag = 216 Aty = 12.42A12HS A& o, 7 2d

o] A4re B4 B X7} Fig. 569 vl o] Q. o] 3+ A interface
e RAdY¥strdo] 24 HF Eulerian I3 ¥ uF$3Fa 4 FF
Stokes drift ¥ 345432 &8l % 12 4 Lagrangian 32 ¥ 55
Fe ARt B8 F5IALE ALdE. 2@y Fig. 559 A-$9% vt
A7MAZ StAE A4 5207 4 52D HGAE 33 Atwg =
051754178 AHE3A T &, Y43t E DA 24 time step T¢ B2 £
g3 534§ FRE 249 AHE3lY AFRELAAES EUG. wEbA
POMe] wlmete] FFgsirderxe] B3 F528 AZFLS 194 &
3tk 231 POMOIA =) 2161 €] internal mode AlZF ZtA o] dig H
S AR de] ALdy] @& POMel £33 AR %ol Fig.
542 7o HlEXME 1/2169 EFH8l3 Fig. 559 Z-Fol vlsiA= 1/129]
&)}t
Fig. 56014 POM 23 v 207wttt Wale siFfE53d e &
Fo ol g Uein, RYF3rde] Axes 24 HTE {5 I &
A9l o]F & Ueit. POME ZA7E =4 F7)d diste HEE 7 F
ol& R F¥strde] ZAHpe} ulwstoof gt Fig. 569 o B3
F 40 10 mQl A"l 2371 06 mY 24e] AsEo] Eojen

S

o)

2
| FEERdgA Y 5248 F AE3L A AL ¢ F 4
. Fig. 569 doME 134 4 Lagrangian 3342 FA3lE Eulerian
2243 Stokes drift X9 AV AY W&o, weF U}
Lagrangian Zr2be42)(4) 526) thAldl Eulerian Zxt544 (4 5.25)2 At
43, Eulerian Z+x}43%} order’} 2 Stokes drift £E7} &4 243}
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of T3, wetd 2HEALS dutd FE3A 2osteAst 2E Z
#e] HBAEE A9 24 BA € Folth

3. Mgl & B35

2 Mg d9e v gol A Aladez HASE 2y 2 2 o
A interface® AEFAT. o2 fstd @& ARAANM 227} 30 m
A M BXE AARI}AY. 7 T4FH EFY 4FE vdgHol g
$9} AR R, BE SAZAE 589 10 m sec'd HF £YL 29
3 Fig. 5391 R AAIA 100 kg sec o] 9443 B4 HHE zeshdd
o ko] vl gol 4 A HlmaiA B HAA HAE Alade 2
27 HoslaEst FAHY 30%E AASE Aol wWg BE AHold.
w}2}A POMolA] external mode$} internal modeE & w), A7k 7tA o] #
olzoF HEE FAY F o2, AFRIYANL E u], Aty = 108
ZE AT 22 ofE FIgsrdoN AFRETYHFNE F o
o= AIZF FF] FolAof ek 5207 4 521).

oY,

1D &W <A interface

A interface| M ATag = 18- Aty = 1944F = 054A17HE AFEE o),
T 2do] AXNE BAY BEJ) Fig. 579 Hlage] gtk o =W AA
interfaceol A& oM o] ZA¢AE FFEFsE o] Stokes drifte AHE-3}HA]

@3 054417 B¢te] B Eulerian 33 ¥u 43S ALL3ld 223 &
$24g At A= 28 5208 4 52108 2N Atwe =
027A2t& AMgstgith. &, FFEFE LA 2 time step ¢ 22 27
A AL ARE 2¥ A8std AFHEYHFAL EJh wHA POM
of Bt R FIFsRdre] B F42E ATl 192 E0x
T Fegerdy RPIFRds g2 A FeE E 99} b wdy
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POMe] &£3¥3te AR o] /182 AT

Fig. 579 Z#+= Fig. 559 Z¢A" 182 tF2=2 POMe] AAitdt
o £X9 0277 A2 FPgstrndoe] Ay Bde X7} o)
$ FAMEE RAEY. 53 F 2d AARE 2 A7 SR AFV F
15& 23t7] A3 AA interface®] 7fEolgte FWHolA ¥

Fehe - F, 24 PF AGIA WmsY - F 2o A%t WS 2 o
Ko

i

rO
o
X,
lo

o

2) ZZt AA interface

2 HoX HAY A2 FTY5EE F40] 10 molx X7} 30%
£ AAS= 30 mel2E, A9 ndido] o7 uHdFA ol wi¢ BE
AlEadoltt. wAdBA ol A dHod A= Lagrangian drift $5& FAIE
F flenZ 1% 33 Lagrangian J3&0 2 T4 HF £4 olF & A9
31717 o} g oh(Hamrick, 1987). & <o Ao R FIF3R Ao
Eulerian ZX}<3  Stokes drift &XE¥He] o= AMdE 1x FA
Lagrangian a}&& o] &8t 24 B¢ AFREWAAE Fois AES
dEA oA FEstAth. v} Asjitelyt FF3F(Orbi and Salomon,
1988) ®=+ South San Francisco %HCheng, 1983)3} o] u|XgAdo] 73
G Ar = 123} 3 Lagrangian T34-8 o] 83 £7F 94 interface
Ao g ZAFIIRT &2 Ade Wit AgtE FAEE o)L =
W €7 interface® AH&3AHW(Fig. 5.7) =& Eulerian 2343} Stokes
drift #Xolt}’t  Lagrangian drift $E7HXE& 3283}
g
Lagrangian drift 5+ /% 1% 7% Lagrangian Ztat& Alo]9] H] A
HAo] o3l WAE=Z 23 FA Lagrangian &S A1 9] phase9t

A&t 7 A ZHrelease time)ol 913l 4 &-& wi=vl. wiElr Lagrangian

ric

24 373

o

Lagrangian %z}<4& o] -&sloof
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1 north

Fig. 53 A hypothetical modeling domain with
Ax = Ay = 2 km! R = release point.
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Fig. 55 Comparison between intratidal POM and eutrophication

model using the averaged physical transport informations

over 1.035 hours in weakly nonlinear system.
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Fig. 55 (continued.)
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Fig. 56 Comparison between intratidal POM and eutrophication
model using the first-order Lagrangian residual velocity

in weakly nonlinear system.
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Fig. 5.7 Comparison between intratidal POM and eutrophication
model using the averaged physical transport informations

over 0.54 hours in strongly nonlinear system.
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drift £52(%, 23 534 Lagrangian Zx4&) B E3HA Allste Aol 4
A g & 2AFVIRG &e Addd st FI3E JAREE 083
= 24U FA interfacex 22+ $4 Lagrangian J3&Rt g&F oA &
. 28y FPggRdy Y rde 2 AR RFeE E A%
st} W A4 interface® A3 EF FFAE ANFH FH9F
2do] £¥3E AR FE 1/10 - 1/20 A= E94FE &3 dA @
¥ ol th(Fig. 5.7).

A44d Qo R oz FHA
1. 2.

ZAe] Al ARl o FHYES FF3HA 2] sl

t FYgsnde] 2RA0Z xuyrdolojol grh. 2 Wk, FIY
drdzs 2odte NEH 299 EAL s $E9 F FHAY
LPEHY FFy] T4 olFE YT o Edo] ¢ Ak £
A7-9 2Ad T E 2UEREQ] F YRR DA FFAHA EHH FF
288 AASte, ol& XUEEQ R gt Hedt= A interface
Z AT B dFeAE uAgge] o At gEer & 24F
7] B¢te] i Eulerian 3A4&3 HF Stokes drift =& Adste &3¢
A7 interfaces}t Bl|A o] Fd detslg Loz o 1A AR T %
 Eulerian 3242 AGsle £3F 94 interface® FA3kd, 33
FEggrde POMd AR s Stokes drift #E&
Longuet-Higgins(1969)4+ Feng et al.(1986a and 1986b)e] A el3}x
Fale] oty A% MA(F, ¥y € AFY BE)S VEA AJE
(Hamrick, 1987)& A48l AZFRE Fostqot.
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p 8

1

+
2
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B g 7AE A interfaceE 22U 29829 POM(Blumberg
and Mellor, 987)9] subroutines® #{&ta, olg £ A7 1adxE 23
(BAER, 1979 $EFIRde dAANA 99t FAFARDE FAA
=3

FA% A interface’t POMI} ¥4 %32

AEs] ] o 4AA AFe e /HEA

1%
o

AgsA QA=A E

o AWt FAFARLS

2

Aas9. uAEAe] od AladexE 2y 2 27 974 interface F.
=7} POMOEZEEH Bad 4280 #d JBE Bggsude ot

A AgHs AL B & Atk ZUu 27 A7 interface®) B, F
gypds Rgsrds 2 Ty AN ¢Z02 F 9o wasRe
W Beawdoss BdH £4548 ANFl F 110 AE B34
9. adm sedsrdeiy YJesudd Agsy] Add st
Xpe 3% T wdg pe A4 pHez E Wst wmstde o, o
VI0GEW 9A) - 1/100(E7 aA) A= gastach. wagdel 3@
7%= 24 B# Euerian %43 Stokes drift £x=9 &< 13 #3
Lagrangian RA&02E A8%e 249 o 2 B¥XE el¥ + gtk
el Aeele o 1N7 AE Fe] FF Eulerian IAEEL o 43
2 A7 interface® AFEEoF BTk o] ASelE WA S end)
pgosrde 2 Ul AN #A0E F ds wZHRES W, $IF3
SadAe Beld S4%e ANDel o 110 AR BHeL, FASHE
wo] Ayl Askd Fdendel Fdst Ane FE o 1/10 A=
oA E3arach

2. ko o] A

2 A7Y 1AEEA 87, o £8H, 94
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2 ABsse 2349 FALURFER FHY R $ARAL 74
FATHBARE, 1997). BARAWNAE o RAYFEUNAN AgdE
kinetic 453} o|Ze sgol 4WHol Ux, E FIYRRLo] Fg
kinetic WHE¢ Wabo] Wl oA WgseAs W U ol
Bojobstrdos FAAYUSEA et AYREYHAL E ), oF
2 Rt J@ 298 $42480 Be Anst W8Sy, B BuAd
49E A7 interface’t $UAREARRE o] FRE st RJY3
2dd AL GHA H5-5ES Bests FegsEdy o Zds
2E Rogosizdel WaT S= ANE 2¥s: AA interfacest olE
o g5t FAJURFE A - BNHY RIS RestE 2GR ol
2o Oyt 35 RUE T4 B

Feggudes vegnaAsY FARRELAT 53 2ol s
obd 1 e AT UX BIHE WEITo EASL, FIRHT DS
0% B kinetic B EY e st AdsA A F@ch w2 7
zte] mug Agel HEW wolt FHaA %A RAE WERESL A
37 et mdl By 2 AZo] WiHo|h(Park, 1996). S sz ulel
8% 2 322 AAAL A5Y A4, 45 L GREY £09 REd B

¥ #EAE7F BFH oA (Park, 1996), FEFsEEe BAY H HFE ¢

e B A7 1IAEE BIAN(BAFF, 1997) 4% d9E 2L #ZFA
g27F "dasith E3 Rggsirde ¥ UE kinetic FAY EAA

ANxde #F7] BEe 2ese mdolng, o de gAY
AAAE Bz B FHE ARS} ol AT §@ £38 A8 B
sstth @A $ARAZ2aY A= Lol Tz FEaA FAE A
2EL PR dY A Agol W £38 Ro|h

2 A7 IAYE ¥ 2AdE 238 aHHoE BEeY] A5 go
2 Fgstelol @ AAE Se7 Bl Be 54 AdGe vz
AFARLE Agse Rolth. FYAA A2 B4 Sstol

L
olo
o
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ANGAor & A WA HAE FeggRd ¥ Pgsirde Hgol o
2% 2R F3oln, ok RUFG|N T& /T BEAEE F
Aoke AN Fwstelol wrh Fedurds R»JHrds 42
JaAAE - B8, FPFRRde] [E AAAE - B AFEd A
Re o Amst westnz NBY 49§ 2u JEY AR
2. BASL, BEW BEARE HAdd, JES FYshe AFVEE A
Astedol @t BE BEARC TANA %3 54 A 8w
FASFARDY ARE 2 guig A & Aok BAFQ9N 4
9 BEARE 0§35 54 AAAY] std BA R AFY £35
Apde 1 dde £3 Beg FE gHln B EF ¥ ¢
% ek
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Sotel] YA, A xS Hd Eit, A4
B whgko g o 40 km ZHol, A
oF 10 kmel £ Ad WA WH(AW2 dFE A

B o] & EFo] UTHEAH, 1997).
Fo fge] Ay, ¢ JFE B FY-FE}E= =
7} golain, we) FErt A AP olojr RAFH o
£4¢ Aol gt wFA o] Yol diF FHAS xdo] ALEAT
o] Relo] ggoz HFu g &AL FABEM 7T AHolH, °]
2de g2 Yuddx g 715 Aotk Yolrt of 2l ASFAHIY
AZ3 AMo] o]FolATYE o] RAEL Ad Py FAdZo] AETT
B A3 olgdold ¥AY T FAY AFo] &8o] sHsE Aolth w
A Agu o gt 423 2AATE B3 o] g9 AFEAE »A
S 9% = 71&9 AMLe] 33 Lo

a2 ZA JPZEQ AMEe a£E27 4FHE Fd $5H dFT
Fdul e FEEF EAFE ol ol WiTE AP el Eojd Aol
Ag el AFwt g A3 AFFA 290 01]*&%1:}. olF 24

o Agelng A Tekaly] et A F3 APl Fehsojop

B}
£& 9%4 N, P, Sit 8% 4dAE AdslE ux FFLY 4B
JNxAMd WA 288 Ao oF AFAFE AFNEY FYA
$ob Hrzre AUz F5F0 QAN F/1E2 B8, 4718 2
Az A2 oA £33, HAE 39 Fr18hs A AAG golw,
HHEe) 27 £4RE0E TIFE 45 AFFE BAT] A5
JFYFE TH HH FA ALY



7180 F4=ol o o1F f7IEe] Hinte] frAHA A3t
23 550 AgEse, vAA PP A2 g, A
Ex 2Ry vtd §497E @k AGBR FdE B

fo
&
P
o ol
1o

o

i

24 71&

u&

AAFY Ao s 2PN EE FAAIY, AAF o]
theke] 23 §99 o) g FFL3LE oI At FHKEI(Red
Tid) & A/ E @ 0@ of= % F2ede BUHPE
L% S U £2 JUEdY B¥e ¢3HFE gt Wl
1=

HEze B JFPL Ao A$ FArd (nitrate, NOs), oFZEATH
(nitrite, NO7), ¢ RYolej(ammonium, NH)Z EAst, A& ¢
H:PO.", HPOZ, PO 59| <4tel(phosphate)2 EAJ8H , 79 B+
FASIOH)e FHZ siFFd EA8y BAFgH oz &Y. o5
gokd gl i YA, 5F, 1E Bl 58 T AEFEH LHI
#Bdd £844, 349 HEFe] T R Adg 2HI FPA IF
& HE RHEAF A5 £F L gAY /KVE T AheFEE B
o FAA A 3 AT HCOD), YA F71ad4F (POC) &
= 223439 sote 98 JIFEFS @A RAMEHE FFolth

_'::.
T
o]

Al2d As R TH
1 AdY 37 AgzAs A

AP E ZANAE AIAIES T Yo, AFhe] FEUF
F2g o 7TAF, LH ¢ ave] fFgdtE AFY 1A R d&FY
N12Ao2 AH4E AR &5 2 1AH 5 F 9N FHAA ALE 4
o] A7 ZAIS AASAHFig. 6.1, Table 6.1). Z AL ZAY A=
FE¥E= GPS (Magellan model NAV 5000D)S AHg&-3ted of#f et o] A1z}
dxe Aya gYsiA 2R A
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AL B A= AE
B 9 = 3 = B3H 9 = 3 E
1 136 36'0"N| 126 24"0"E| 6 |36 B5'0"N|126 27"30"E
2 |36 34'0"N|126 B"0"E| 7 |36 5'30"N|12%6 30"0"E
3136 3200"N| 126 26'0"E| 8 |36 21"00"N|1%6 29" 0"E
4 136 29'30"N| 126 26'0"E | 9 |36 “18"30"N |16 5 0"E
5|3 27"0"N| 126 27" 30"E

ARE A7) ZAFE 19979 3¥€ 1590 ALE AL 69 28¥9 E3E
ZAL, 89 11¥49 9FE =4} 109 31¥Y 71&E XALE AASIAEY. BV
ZAAlE T, S, DOE A<M A3 siFAsE AAAT AFA
8¥ van Dorn AF7|2 22 $£Hs 1 molA, A& sAE ¢ 1 mel
A ABE ATt

AHE N2F 24EIF (S9), Si, NOs, NO; NHi, PO, Chiorophyll
59 4L A% AEE 045m et X2 Ay ZHFE A
A oggAct. HAHEY F8tE AreTH FAHE AT 23 HIE
A8+ Van Veen grabl.2 233},

19973 3¥ 15949 EF XA A ol Ao 3
S 9% AAT ojFo] Y HAHo M HF 47/ HAH(FAL 2, 3, 4
& Aure] Ho] Erhssdld AlmAFHY A HAG 1997d 10¥€ 314
o] Az AN E NALEIE Hgo] Fete] Apwh upRE HH 99 A}
7} Eobssld v e & 8/ AF AlEw AFAs AT

3L O,
oM =

743

H B
=T
%4
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|

36" 20'00"N
|

Benthic
90 Chamber

126" 20'00" E 126° 30' 00" E

Fig. 6.1 Map showing the location of sampling stations in Cheonsu Bay.

Circles = seawater samples; square = benthic chamber.
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2. Benthic chamber?] A|Zt3 A X
1). 713 Benthic chamber?] A3}

o] A7 3ty A1 AEeA AL3AT F22¥ benthic chamber
o Ade M xS WFAdol B Ze PVCE AHEd AFd
chamber’} &= 2 FElE Fig. 629 2o AFYPe EQL AE
o FgPoz A FYY 2uE WA ANA HERS FuY 5 A
£ 34 259 73 PVC AZZ ARsYc. £ Tygon tubed AM&38}]
clip2 2 /MHsAD AFT&E APt PVC pipe?t stop-cocks o 4} 8}
WTAE Eola FFFYo] B3 EE /M8 Y R, chamberd vz = 3

& o2t £ 5 cm 7Y Gil(wing)E ¥ 3 Ee HHE 9o dxg
W AFE AAE A F A=E A

Z1 2t 2 benthic chambers AFAWIA AZo o8 v He GHF
< &733ta, chamberd ol 89 FAZFE AAHE(nternal volume)
& 5433, valved] ZFAR, X Fo] QY T APea, 50 m =
ZH2E FAZIE AFRS AR AFH 2o AL AFAY WA Fa A
A8t o}

2) Benthic chamber?] %]

Chamber®] @F4AE {7 dF 27 W(EZ7)DE 93149 199%64 8
€ 10458 8¥ 154714 6U7d ZA FF 2P ZFYe] B2 dsgA
3822 F/4¥ SCUBA teamg Tt A5 7+ 95 FH HFU|FA
23 69 717 AAYE mudd Aol MFH 9] benthic chamberg A X313
. AA 8 benthic chamber 23 F(scuba® & weight)E Al-431H9
E5° 2R FE=F A dd] nFHATH
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BENTHIC CHAMBER DESIGN

50 ml syringe
for sample collection

uj Valve
Opaque PVC Body
e s s S K s
PVC pipe 20 cm
openn»iggm.v,

/ stablizing wings
oS

50 cm 80

Fig. 6.2 A schematic diagram showing the design
of the benthic chamber.
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3) Benthic flux 3§ Al&313

&7l Benthic chamber® 233 SCUBA teame 54 64 F¢F Ao
HEHA chamberW 9] & ATAEZ AF3Ach. AXFF A
FHEe] 7Hggted 4] 27k S AT AZF ANEE AFAU
Alg AFH z27)dE vl 2~3A12 3Fe2 AlEE AF3Jev 25 Hxt
ANzZE AL WS 12~24A7 HE 22 chamberdld) 152 3 6Y7H144
Azhel @A AzdEE AASA A A5 FHD A 52
F& A&t chamberd] AEHE $¢oZ HAT F ojite] Qo
Z Aol 50 m &Fe) Feraq FAUIE FFFo AAs valveE
o] 20~30 m¢ B & 3 AFF ¥ FAAStY hand vacuum pump@t
0.45im & =9 on-line filter2 dFA FHsld Fet2rg Ho Yu AL
2 238 ¥ air-tightshAl YB3k ZA] ice-boxo] Wl APAZ £
g BMAZR BE Rasgch

oL,

3. Shaha 24

D a2, 48 2 &34 (T, S, DO)

i

T, S, DO= @& ¢lA Water Quality Monitor (TPS Model 90FL)el &
28 T-S 2 DO electrode® FA AT, @A AFd sl A&
G g LL=AES VI8t &EAAE LAHAA HYL=R
&7 ¥ EHRIMVEFoE fEd Q2= HASE Winkler AL
2 EENLTE 2

ZA3l31 (Parsons et al, 1984), @& olA DO Sensor®
39 @I vty

2) 3sHH A% (COD) 2 HAE A48 7%(SO0D)

S

0

29 Mxe7EF ¥ FH=Q {5 COD £ HAE
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L%

SODT B2 EFAANEH(FAHE, 199)9 we}t A8 AL F
3 FE oA 08T 7t /78S AT F AR E
3 FElE REE8 HOHIUEFLE A 337 id4r 87 FE A
At |4 HEYH2 g F ARYPE SASACD 2Y o WRL
A7t vinz & ALz LA Utk weEbA o] AFxE HA
AYEE FAANT7) Y8 +001 me AEYEE MR digital buret
(BRAND Burette Disital )& A}-&3l ).

o
o

lo

rl

3) &= yote} A4 (NHY)

A& 50 mil°l phenol, sodium nitroprusside® & 7}3F % alkaline
reagent®} sodium hypochrorite-8°}2] & 3-8 9 (oxdizing solution) 2.2 4k3}
A7l & WA A spectrophotometer (Milton Roy Spectronic 1201)2 343+
640 nmol A FFEE SASIE Y (Parsons et al., 1984).

4) A4t A4 (NOg) R obaAte 24 (NOp)

8l A& 100 mlE cadmium-reduction columnol] FIH}AIA HAAL L
ofdMdes LN ol EMAGFe=  sulphanilamide &3
N-(1-naphthyl)- ethylenediamine dihydrochloride-£ -8 7}aiA] A1
% spectrophotometer® % 543 nmolA EFEE Z2A3HY. =3P F
# =& cadmium-reduction column®] E&2 BAH3YH G} ofAAY 9
ol SAH Yt (Parsons et al, 1984). Al&9 IR E FH3l9 cadmium
columng FHAIFNA &3 Yo 22 Wyez AHshd otAwvwty] ¥
=7t SAHY, 49 @3] Aol A w7 ALtd

5) 44 (Total Nitrogen)

FAsE gEVold Ak, e A4 % ojAAH Aad Foz A
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AN
6) YA A(POs)

A 20] ammonium molybdate, ¥}, EBlEA ¢ElRY ZES JPsla
ascorbic acid2 FYA|A BAAZl F spectrophotometer2 3 835 nmell
AN F3= 33U

o 7h¥ 31]-’?-1\]3 100 ml9]l ammonium molybdate, 34}, potassium
antimony] tartrate®] E@-8&4& 7183 ascorbic acidZ FHEAIA EHA 7
% gspectrophotometer2 T3 85 nmelM FFEE FHsd §&HE &

At BE 924 AAde ¥EE A3t} (Parsons et al., 1984).

s

7) §&4-a (Chlorophyll a)
4 500mlE 3~5 W&o MgCOs &4 7H8te Fadf AAA=Z A

2 & JAHE 0% HHELE =9l ¥ spectrofluorometer2 43t th
(Parsons et al., 1984).

8) ¥4 &4 (Suspended solid)
ulg] AXAA TAE &A3% GF/C filter paper (pore size 045 m,
diameter 47 mm) £ AFAE 18HE 3¢ F, GF/C 9FHAE 106C
A 2 A+ ARAIZ ¥ desiccatorol A WAAA FAE FHAT

9) Benthic chamber A&

SCUBA team©] Benthic chamberolA A|ZtE 2 AFF dHFA 8=
hand vacuum pump®t 0.45m &=¢] on-line filterS Ab§3led @golx o
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F5o) E22Y B air-tightdhA 2L F WAHC APA2 $AA &
Z22(DO), NO,, NOs, NH,, PO, Si o tsted Rajsigiom, BAuye
99 A5 BAYD 5L

A3d A% g E
1L AR Z71zA
D A&E A 23 (19974 3€)

19973 3€ 1599 dEFxAAME A5 S5 dgd A9Fo &
S AA T ojFo] B QoA ¥ BEHE: 4] BH (BAH]L, 2, 3, DA
= ANBAFAZL Brtssiden, UnA 57 AH A8 A4 ZIA= Table
6. 1ol AA FAck

FE 57 FHE vnHA FHEA(SS)S FH 99 EZoIAM 1620
mg/ L2 AAAE Bola HED HAH 69 EF A 4140 mg/L 2 H X
£ B3It (Fig. 6.3a). 1997d9] 3€e] 57 AAHAA ZALE o] E/REZFS
1996 2€0] 97 M EFoJAM ZAE 856~3650 mg/ ¢ WAL Fhol H]
sty A3l F7he grelth 38hE AtAL. 7 RHCOD)Y E¥+= BH 59
AZolM 345 mg/ L2 FIXNE BYT FH 89 HFFA 048mg/L 2
HAAXNE Bo Bt (Fig. 6.3b). 19963 #A-&ol FAlE COD. ¥¥+ 5
Zo 2 & Ho {7 LYEY Fa Fddo] W EFA &S
AAbslg o, 19973 39 XA A& whe] EFo U3t AXdE A9F
o] AAF ojFoz <A A& AF7F BAEEAG o] AL ARA &
F AT §84ae) REE A we A9F wse 54¢ A »
oA &%} (Fig. 6.3c).

AALY, oA, R ol 5 AAiA UG E¥XE By, obFAY
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oxygen (¢) in Cheonsu Bay in winter (March 1997).

-226-



AANO)E B 59 E2oIH FHBG So|shA Fof 0028 mg/L 2
AE YT, ol FA 59 FRAME 199649 29 ZAIAE SolaiA)
e ol YERE Az nFe] 294 A odde] EAY s
ol Atk LAE 499 FsAel ¥ oY F2 YT AW A
A 79 AFAME 0020 mg/ L2 Eol&A ¥ & BT (Fig. 6.4a).
A2E F2NO)E BHT] 2 A8 Bolx= Yot AW 59 KA
o4 0503 mg/L 2 FHIXNE BAUT (Fig. 64b). =Yooty FAA(NH)E
37 59 A4 89 A2oIM 02 mg/l O BOE FSIHT je L L
RAL, HaAE 19969 28 AR @Az % 92 3 9o e
o} (Fig. 6.4c).

Aed £AL(IN)G 80% ol4e A2y A7) FAsm, FE1io}y
Axrt o 15%F AXSNUG. DA FPxe PEAFES Iy A
(NO»®l BZol o8 95k $34= F4 59 A2oH FuAE B
AL AW 89 AFAME FRG SolahA & e BAT (Fig. 65a).
QAL (POHS X T vl2ZF ] HAH 9oA 0063 mg/L 2 HIAHPS B
At} (Fig. 6.5b). 97'd 3¥9 UAY HAFEE 0042 mg/L 2 963 2¥€ 9
BE 0075 mg/ Lol W] @A 2 grolth E ue] BEoz B4E
QMY FEs AR BaGE B¥E 969 29 BEE ¥ guge
Aol FAIE L A 89 EFOA 034 mg/LlE Eo|3A & %k-%
RAL AA 59 B2 sF @tk FAYe AUE 293 o@sR
2w BEAM YEoR THE WA 278 AFE %7 Ui
(Fig. 6.5¢).

al
=
Ix

2) 83 A 2% (1973 69)
Aol N BA 239
6291 A5

o]
ol AdE F3

FI¥E 2 #E B A
FEAS HF 137 mg/L 2 ALE HTF 260mg/ L
g/ Lol Hl&l ZA Zistgen], Y3t &
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Fig. 64  Distribution of nitrites (a), nitrates (b), and ammonia (c)
in Cheonsu Bay in winter (March 1997).
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Fig. 65 Distribution of total nitrogen (a), phosphates (b), and

silicate (c) in Cheonsu Bay in winter (March 1997).
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Aol7k f10l 108~163 mg/ L8 ¥EE B, 964 299 141~414 mg/ ¢
Aol Hste] Wste) Fol Wl FobMch CODE 0.32~7.814 meg/ L 2 ¥
A9 2XZE BYR, 29E 499 Asdel we oYY F2 YT
AAT A 79 BFIAM Fangtol VEMT (Fig. 6.6b). 971 A A COD
W 414 mg/lv A9 BEY HF 216 mg/ Lol wste o 2w Ax
S7HeE grolth. £&42Y B E odd) upisixz Ad wE A9z
Wste] EAS A9l nolx gstt} (Fig. 6.6¢).

Ao A4d J¥de BEE BU, obdyH FANO)E HEEe
B AFHT BEo n$ e ¥EZ 2Ws9N FukEE: tho
THEA A 69 EZA 0050 mg/Lolga wHel BEE(FFE 123 b
AE(FA DAAM vy A el (Fig. 6.7a). 4td AANOs)= A
69 EZNA 0366 mg/L 2 HULBEEESE REFT, AA 5 79 EIME
Bl ¥ Zg Jerdx, 90 AW HF 0115 mg/L oAt} (Fig.
6.7b). o1& 97d 299 BT F5 0503 mg/ Lol ¥ W Fe FFol
o, 9% 59 HT 0261 mg/09 o 1/29] sh@ste ol FRujoby
AANH)E AH 19 EZoA 0659 mg/l BEZ A =L e B
R, 9 AH HT 0225 mg/L = A FANO)E S7)18E grolth
(Fig. 6.7c). A3l FelA gRYole) A9 7[99 F2 SR A §U5
© ©¥A4 EZ(fecal materia)olt} A PEE Box dRUoly AAirt A
12914 040 mg/L AEE ¥ #E BRAY AME=Z nj2o] w B
AqrfEel dgsA K3z, Frr|E AFsod B s o9
12 #2494 FdE LS AAStn gtk o8 edYes

al

Ae 4BAFE GF TEHE AN AB AT EA wrs(pdE, 29
A
T

2)e FRFE 44T F 9e Aol
AFRAAN ABHOE FAL(ING LA Fo] Qabe) Yool 94

FESE A%E 29, 509 o7 6959 W2 LIAFL Solah
= Rty A4t 4GH TES AXAD (Fig. 68a). ol Fvslo]

B o 294 EZE g B A AB AT @55 HF2 A%
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Fig. 6.6 Distribution of suspended solids (a), C.O.D.(b), and dissolved
oxygen (¢) in Cheonsu Bay in spring (June 1997).
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Fig. 6.7 Distribution of nitrites (a), nitrates (b), and ammonia (c)

in Cheonsu Bay in spring (June 1997).
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P
Lo
o
hiAA
9,
i
rO
i

29 Fads Fol HEY AA

A7 P& Aoz WAL ANF(PO)S A ABATF

Fol A 29 XZFoIA 000049 mg/L 2 HnFE HAL

b} AR HE 5EY 24 o] =HE geoldtt (Fig. 6.8b). TAEE

AEE Bdo 39 vha7bA2 AF 1,29 AFA 035 mg/ o139 =
& He BYT W g5 A 9dA HAAE BYTH (Fig. 6.8¢).

4

2,
o,
4 2o
A
K,

o
PNy of
2
2

3) AFE A A3 (1997 84)

(0
of2
0%
u?
e
ri

= d AR AAW EXE Table 6391 Al
o] gitt. RERFEAE AFZ & o7t UMY FAH 19 EZF
Vel Hu%E 1725 mg/L £ 9 BH S BF 147 mg/ Lol Hdhe] ozt
L ol (Fig. 6.9a). 3183 A28 FFHC.OD)ES FE 49 FFAA
674 mg/L 2 HAAE BY3, HF 59 69 AFA dEAH3I ¥ g2
Bt} (Fig. 69b). §&4A9 X & whe EFi & o= I5E Gt
Zasts Aol UYebgI (Fig. 69¢), TXE AA 29 EHAA 1004
mg/ Aot
ALA FU9EY dF5FE EXE By, oldig Aae ofFAdY i
AT 0020 mg/L 2 AIE 53 BT 0008 mg/ Lol w& 3 s7e @&
S YeElylt (Fig. 6.10a). F4teg) AaE H 0308 mg/L 2 YEIRT 2
BE FY49 7tsAe]l & AT F2 T HAAT A 79 2F9
A 0483 mg/L 2 FAAE BEI HH 19 BIFAAME 9¢ =4 vy
om, AQ 99 AM2|A 0045 mg/LE HAANE B Huxg HAA}
108} 7H7ko] WAt (Fig. 6.10b). R Yoty AAE i FHdA
EZHRT AZAA ¥4 Jelgten, Huge 0464 mg/L 2 AL A9F
I R AAE ZA 39 £E3A T (Fig. 6.10c). J52S 2L FXEBF
2 A GRYol/t FEFFALH 1 FEHIE o 329 H&E BA
tH(Fig. 6.10d).
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Fig. 6.8 Distribution of total nitrogen (a), phosphates (b), and

silicate (c) in Cheonsu Bay in spring (June 1997).
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Fig. 69 Distribution of suspended solids (a), C.0.D.(b), and dissolved

oxygen (c) in Cheonsu Bay in summer (August 1997).
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total nitrogen (d) in Cheonsu Bay in summer (August 1997).
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O] A
Ly

POy T=E AA 1~39 AZ)A 0.087~0.095 mg/¢ W
CES #E HYen, LY9E AU JMsAdel B 2AYY FE YT
AT AH 79 BIAAE Aol 2 $EE BAT(Fig. 6.11a). %62
5= FAH 1~39 HZFolA 0.091~0.119 mg/ L2 ¥& gto] Uehytd
AR W Fo], FF T BF QA FFU] EATE nAEY F
FLL olvt FAurio) WRE M ABATF €539 Rgesd 82U A
oty FAEE QAEH wINAEZ AFH 1~39 AZFAM 0.062~0.071
mg/0 WA £ $e BAT Fig 6.11b). F229 a= A4 153 A7 7
o] BEoAM E=A Jepgton, o] 27 Aol w2 K57 F9E F U=
Aol st FHeltt (Fig. 6.110).

4) 7H&E A 23 (19974 109)

1997'd 10¥ 31de] P 713 FFTALE 7o g3lE s 5o
Betedx A ugE A 99 AEAAE T8 ¢ UR 8 AAY
Ag AFASET. AFBaA e SHE 449 € £3 d59 &
A8d BEXE Table 6491 AJA o] Ut}

FHEALS AAHN & 3t Qo] HT 1566 mg/L 9 £XE BYn
(Fig. 6.12a), ol Y% 7}&H9 {8 BT 222 mg/L ol ws) 4 &
olzl Ztolth. CODE AA 4579 HZolM 55~63 mg/L ol &L 3%
S By, AH 2789 AZNME 43~49 mg/L Y BHEFH ¥ FE
JERIR 3L, 2 Ul 87) B9 BEatol 3.86 mg/ Lol en (Fig. 6.12b),
ol MUE 7}12E HTF 586 mg/Lol H3 o #A2F gold. &84
&9 EXE A4 6,89 ¥ e Adstne Ao e gy o
EA4E Rolx &}t (Fig. 6.120).

ol AANNOJ)e & 5F UF<9 33 1~-3 74AE 0.035 mg/L
ojgte] W g Holthyl AR 4% H ERoR2E AV w7 F7H8ke
% 0.06 mg/¢ FEQ %S & YA} (Fig. 6.13a). oF2ate F49

e
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Fig. 6.11 Distribution of phosphate (a), silicate (b), and chlorophyll a (c)
in Cheonsu Bay in autumn (August 1997).
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Distribution of suspended solids (a), C.0.D.(b), and dissolved
oxygen (c) in Cheonsu Bay in autumn (October 1997).
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olid BX 5L AdE 9¥dE FAR ddoz AL F, 19%
d 999 ZAARE BY W% BE HH 1~4 AXE opANY i}
0026 mg/¢ oldte) e e Bgow AW 5 L 1 YEAME 1 5
b o 004 mg/L 2 FA Z7HAT. obhare Aael oldd BE PgL
Wi EYSA Yebd AoE S=dd

A%y AE2NO)E 2FE $99 7H5Hel e 0P F2 T
A A% FA 79 AelA FART AA3 B 0114 mg/Ld FE
Bglon g/ WA HRHE 0038 mg/LolQe™ (Fig. 613b), o= A
WE BT 0512 mg/Lol Hste] 110 oIz pad gl dEucty
ALNH)E Te) BB0N GEoz 252 U3 pass AL Bgo
o, 870 AH) FEL 0050 mg/L oIt (Fig. 6.130). FALTNY A9
M RE gL O AddE 22 248 IANOS B o8 FE
fou, 97d e AelE A AA9 FEuel AANH)} o] FE 7
Fo] o 459 W &2 AW ZHE TALUT (Fig. 6.13d). AAA(POY
S W 0502 mg/LS) FEZ FA] T ol Yo} e BZA
dEoz BHE o zasts AFel molw W 89 EZelA 0564
mg/L2 FART ok e @l 2FSUCH QNG FEI e HE
N gEoz YHZsE U PAHE A AUE A2E ZAlA:
Hg sl vehden o7dE Agd #7 A4 § ANdY T
o @ HEW] EAGIL YLE A, dER A4 AB AT &5
o @A BFHEC) W B AW Bl F/12 FFo] ¥ HIYSY
Aoz AU FALE B2 A AW 1, 2 304= o 032 mg/l A
E2 3 O R @& HFAME 2 024 mg/L B 74y, Adxe)
SUSA e BEAM Eu @EA Lolx: AP BUY (Fig
6.14b). 2229 av 2B /| FHNAME =3 v HHAME ¥A veE
£ 5 A97 B¥e B4 sote & AU (Fig. 6.140).
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Fig. 6.13 Distribution of nitrites (a), nitrates (b), ammonia (c), and

total nitogen (d) in Cheonsu Bay in autumn (October 1997).
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Fig. 6.14. Distribution of phosphate (a), silicate (b), and chlorophyll a (c)
in Cheonsu Bay in autumn (October 1997).
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2. Benthic flux &3
1) Benthic flux F39 ¥4

A2RAE PR A 1A= LT FHLE A HAFH A
3 A5t d¥E FH2E FAHNAY AIAIE A7l AR
Benthic chamber®] A3 45& /M3t ¥ E Y Benthic chamberg 2
ANz Azsad

Benthic chamberE& A% XWo| X3 A& o, HHEY %7 £4%
gol FPde] wet f71Ee] Bafsty F¥EL AFESt Ho T3S
et fFez Filste HAE-dSF AWE AY chamber £2 o
A Bk old AZH)el we} Chamberi®] ¢1oje] 3}3t HEL chamber
el FA=HA Hol TxO)e A F7Htt7t E#(Ce)oll =234 €
RolH, 1 FES A7 Atelg BAE oty Aoz FIEH

C=Ceq-ae™ 6.1)
d71 C = ¥E (g/m), t = A (el a, bE FFolth.  olu Cet
“H2432 Y3 (asymptotic equilibrium value)22 HHE U §71E3
¢ Alolo] FFE E3 wrge “dF HIFF(in situ equilibrium value)
o] 47& JepdTh

g A9 dAEFSF (do/d)EFEH Aatd =04 WY 3% (de/dth-o &
chamber7} HAHE £7F (£, chamber AX Ao zAde])e] A7kl
OE TEF7HES JEhdt g HA BN AFFR2 FeE fluxs,

F = (dc/dbt)x-o (V/A) (6.2)
Z Fojxn olu, F = flux (g/m’ hr), V = benthic chamber®] RN%8%
(m®), A = benthic chamber®] ®}=te ¥ (m%)eltt.

2) d<499 Benthic flux

A23PA 2ol = Benthic flux 8¢ 95t B5 T A7 24 33 6

-246-



Bz AMZ ojFolx & A U] Benthic chamberE ¢ 647t AXstx
NEE AFAY. 4R FAF chamber W9 {8 EHFEo] 7letd7| &
71tde AAFE 178 22 AHE At HAXF 684 (14A12H9 .
ANAAA F 83 AA AlRE AFH3ATE. Chambere] o8 &2
TEE Az mE Table 659 A7 Zo] W3t o] (5 & EU2
Zk o] distd AW 3t F A g4(best-fit equation)E T8
At

A2AAES Qg Ame] Wl TR HHVF(Fig. 6159 EP52
2E 23d" PO benthic fluxy 375 g/m’ yr& Jebgth o] #e Al
AEEQ] 1996 10€0] TET WwRHoZ A HFdA dojxl EH29
FAAA 913 g/m’ yrel o 41%°] sFahe ghelvh (FAF, 1997). wEhA
o] FAjel AY FANA Alxdtes AFTY Ui FATE modeling?l
AHEE 914FE Y] benthic fluxe A1IFEdESY A2adEe FFE FH 3ty
6.44 g/m” yrel #S ALgstd g Aotk

Benthic chamber W9 FAIEE AIZF F7bel wi&t X7 F7V38 o
o] @l W& FI HATFY E=FrZRE FHE FAEES  benthic
flux: 1268 g/m’ yr2 vehgth Alpd=d 38 7499 benthic flux
£ 3776 g/m® yrol B2 ALAEES} A2AAE FHX Y BEH 2522 g/m’
yre A9 7499 benthic flux® AHE317]0] 812§ gkolth.

3. §3& A4L87% (SOD)

AFw Wl A% HAEY frE #¥Y HAxQ HAE AxeT
(Sediment Oxygen Demand)®] &7 Z3& Table 663 2t} Huxle &
o A4 2404 211 mg/g2 YebR, HAAE AH 9 0.72 mg/ge
vehgth HAE Adxe7Fe] ©o EF APENNM £& FqE Bol: A2

AR 47189 FE 4990 BEA AT AAE, LGBIY FY

fu o e op
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Table 6.5. Concentration of nutrients and dissolved oxygen as a
function of time in a benthic chamber deployed on the

muddy sea floor of Cheonsu Bay (August 1997).

Time PO4 Si02
(hour) (M) (M)
0.29 0.24 10.29
2.83 0.3 11.96
16.20 0.55 15.75
26.63 0.6 2227
32.54 0.75 40.31
49.28 0.66 55.67
66.79 0.95 62.95
144.04 0.83 67.15

Table 6.6. Chemical oxygen demand of sediment samples of

Cheonsu Bay in August 1997.

St. No. | 1 2 3 4 5 6 7 8 9
C.0.D.
1.24 | 211 | 1.03 | 1.42 | 0.88 | 0.80 | 0.76 | 1.43 | 0.72
(mg/g)
Mean 1.15  Maximum  2.11 Minimum  0.72
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Fig. 615 Concentration of phosphate (a), and silicate (b) in seawater

within the benthic chamber as a function of time (August 1997).
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%91 7hsdel B& 0AY £29 P AN AW T4 wng 57
29 COD7} R& AL oblE H2 o] Ao ojola B3 AWFA B
FAY AUFAZ A% o 4UW 471F AP e EAZ} AAW
o Boigly] W Roz FRWL

A4 2 8

A 1AEE olo] FUF AFEE S A&t HFUd 943, s
AE HHE Aol B4 £&& 71 st AFH Wl LEEF A
Ad 29d BEXE gotsr] &AM FE 2 d79 AR A S
T8t &9 27 g AT

D 199743t 441 24 ATl 97 A A NO;, NOz, NH4,
PO, Si(OH)s & F¥E BE, FHEZAZ, 334 Adx 27%, &4,
EXE COD § F8& 3 #d JuE FS5IHAUh

2) 4%gel Ay BEE w9 A5V BE FPoIN R
d%oz B4 WA pasts AT R, oF 4¥PY FFAo|
%0 EARL ST Atk FARTNG A8 REE F2 2
A2NO)® £Xo] 93 FEHUOW, 2AAE FEuols P
d JANE 4B 9T TE AT vyt

oS
£ o K

r-{m

3) Az A%3t AAHY mudF: Aol Benthic chamberg 4
AB3 AGEZ AFsd BAG AFZRE A5} FAe] benthic fluxE
FAs AT A2apdEd A Aol A JAE (PO 735 benthic
fluxe 375 g/m® yr ©lQ3, FAE(S)Y benthic fluxE 1268 g/m’ yr=
FAEAY. ARIEY AR Aoy Ao PFFe ity A&

-250-



644 g/m® yrol3 FAE FaE 2522 g/m? yr2 Zo} At} o] benthic flux

g F3Ae AL W A< ATE 9 228 A2 AleE 5
At
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M7 & 2x/3AH 29| iy

A1 A 3%d POM 8 Egng9 &4

POM E92 1977d %8 Alan Blumberg 9 George Mellor 7} 3502
Mg AR FARDZH, A28, NOAA 283 Dynalysis of
Princeton Atel FF7HZEeltt. £ dA3B 1AM 4304 7143 Blumberg
and Mellor (1987) ¢ ¢32lF g wyo2 IA=3d T2 aPdozxn A
http : //www.aos.princeton.ed/ WWWPUBLIC/htdocs.pom &3 0| x| 2 2§
Z2O9S Ge2E S F Utk B dFRIAM A 4F4A R 33
¥ FXE¥L Blumberg and Mellor (1987)¢] &¢17]&&¢ B dAFge =
AXRoZ 33 FAREoR F&3sln AEHo0T HANL AYzZ= o

POME dxA o2 Public domain o] & T2
e 2= B2 ¥ X0 2 FARYGS 2dS gd@er)

2 dr"el A 2=t Ag 1099d
ME(HZA, 1987) 33 FAEH S ¢98tam gon, =8 g A}
€& 913 Public domainol $lE POM E®& ¢F3sted =
Basted WPALLstn rh 2 duFo uge B F FARY
S0 tha Aolrt doy, B AFR s Mg 33d gy
TE, 82 A 2y wgn 249 98e A

Folx, &9 st

o = ICERERE
AEE AEHAT. A% Public domain®] POM 28L& 9o o)

gl 9@ A5 FERe OFUA, Bax A8A} FRAndsslE B
#33 Uth webd A Ade POMeRE 2 47A 339 Fadg
233 44 W@t $9594 FRAW, 3RIEAE B2P 34U FET
Z& ol§3e] 43 wnst AYHD Yot

POM ®2e 548 A 4 oA 718 & A7 ALEA 334
GGy gnelFol A FUsict
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A EFAFE FAH3N AW 23 BUHE GHUZRZES AE L
Ao 3 ZBAE Aav HIAE AHESH
o ¥ o2 Curvilinear orthogonal X AE Al43l3 Arakawa CHr

A
dAE 2HEE AHEY.

o POM 292 AFEHEL 3 E3H, &2 time step AT F Uth
Zdo] external = A = 2x3¢ola CFL 273 9{ 3 £%4 oz
o9 &L Az AL A FTE 22y intemal REXE CFL 23
I s APEE FAZY 1 ARE HFH-E AFR L

o AT FHH HZo] 7M.

GHRGRES 29 4ZE Mellor-Yamada®] Level 25 modelg AH&
Fot. POMOA Ag3ta Qe GROHRES EF3HE AlEdol4s
719 FET AYEES 23 e 222 HA Utk ARGl FH 3
A AY AR 29 FAFRFE AEE ANAE Aot ZF A} 5 F
ot % E3Z3H AFZAZTAAM L Zo] FRAX & ®E £
3t7] A= desdtrt. AT SAAPRSIE o) FHG Foju AFH
9 Aol vl$ WEI APole RdAR EAFH e Aoz B
Ho], #Zo & multi-block grid & POM R & ¢4 AHL3E A% Ut
(Ly, 1997). _

POM =& g A & AedZHL oA AA¢ POM
oA gd2 wE F o, AuFAL B dFRIAM A 4 F
o] AuitA A} F Y3t

POM E#9 AAHEAHEL HESI H3td £ dFdA = Public
domain®] POM EB22HH ¢4 94& Aoz Agstn 4F FAx
1S FARYSA & d7AIYEY 8% 9 FARE A AFuG
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Az ge] Feadct S AolME POM 2¥e) ANAed AAE AN
i, olgel FARHA o8 AEW A B #57F WE Jojol
A @ 3t 4%E ANR

2. 334 POM 2d¢ A5 a9 5§

X 7led 334 POM 239 A& Bog A AT &y
o HEaHt & o g HE 2dL 1AIE BIX Y 47 440
ANE 337 21& ad2 ALstETh POM SA44 ddsge 4
S AN¥HoE 65FL2 UFsoey, AlEHAGAE FA U3 H(AMAE
ZA AAA)H FAERA dAHF) Ao dis] o 15438 £/FE
ANEGolA3INL. £ R 9 29 EXE FEARYHR JdAY FHIYYRY
o] AL AXFeEHN, B AFAYAAA FX L e A84 2d9
$4E Y8 dAADvGY 2l ARE ofjydoldste e EEFTE
g ¥Hoz FFsted 1 FXE F3 vk @i POMe &) AEE
49 3z FAYstEd A PGPLOT 2P doig o83t =W
3} Hgen, A7t we d4d EEL oydold $EZIZ RS o f
3ted PCAlM AH F3de BEAY AU AdAM FHole ZFTXE
F A Tt Fig. 7.1 323 £ 98282 POMS AFT g
23l 92 ZARE dxv) IR FHEH AR B Fd ASAF
E BEXE v 3A0g AAGE AoEH, b 1AZeie] {E¥SE of
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Fig. 7.1 Time sequential plots of tidal currents at surface and at
bottom layers for a tidal cycle in Cheonsu Bay. The currents
are simulated using the 3-D POM model. Animation of these
plots can be seen at http://www.kordi.rekr/ ~surfkim.
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Fig. 7.1 (continued)
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Fig. 7.1 (continued)
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0 A -
at(B;;”)Jf_ X f—H (UB)dZ_Q (7.2)

3 (uB) n d (uBu) n 3 (uBw)

ot ox 0z
__B o , 9 _ou 9. Ou
T o Ox T 8x(A"B ax)+ az(A’B 3z) (7.3)
—g‘z)— = —pg (7.4
3 (sB) 3 (sBu) 3 (sBw)
ot + ox + 0z
_ _0 _0s. _0 _0s
= 5. (K.B5 )+ - (K.B5-)+ S (7.5)
A7 t = AZF, g HodHoZHHY dHFE ¥, u & w = FHEF
! ] X5 I
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]
+
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e
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1}
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fo
® ol

7} S FEd
JrrUE 53 B n3e o Mg
EHo F&3e v@geEHLE z = ( oA

pAzg—‘Z’ = Cyp.Uyl Uyl (16)

o) olRWA at F71Y ARl AFHH, U, & A% 10mlHY F&

oltt.

. W43
A4%L Fohol 24 mBe gokn ARk
AFgde duAoz AgSE z = —HIA
rp = Az = C, U,| Ul )
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AT, 1, = ARAGEY, U2 vitezie 344 S04 §
olth.
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oh 4FAHY Az
2 HYF AAMEL x = 0 22 ¥
249 o] WAL AT APeT 2B & AU o|RAMY WEHF

1 e 23 U Ao AR

e
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A71A Qe UERFE, As THHH. oA & Us F4iol &
& FF2 VRSN, diAoE ML FEel AgHe XEY ¥
A Y AFELE A9s7] WEo FRAARNGANMY 4L 0 22 F=

o},

3 8% AR

A8E AAW (x = D HF TR Ay Feo 5P wie
2545 G4 2= AR DS o) AAY Av2 JHYP

4 @59l da ANHE 9 FEPRNE WS} Bk olg 93
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a( cB) d (cBu) 0 (cBw)
ot ox 0z

(K B <)+ -2 " (K,B—‘;%)+Bse+,Bsi (7.10)

0471& c = §F B —‘?—%%’é ¥E, S, = AAWAN FHAAHE
24%, S, = 438 Bl sl AF WRN AN £= gaHE
FFoltt.

2e%w w, K,, K, € g4 AFF £98 25 78
W, Zt7ke] M2 e BASY o7, F 5L 4 (754 AAE drn
AL e

B A7AM B2 53 332 809 45 @AY 2d=H, AREY
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(N3), fr7]1 AQAE(PL), F7] AAH(P2), CBOD g i DO Folth. =E
Fda4e Wate 4 (71009 s Mupom, Bx N2 GE Se 9 Si
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g 1AEE wRA0 AM3 A= ok

gAeaRdy ¢4 Ba AARAE FAG%RYY FAzAN
FABICE @A SEEURAAE vt A go] g8 F7] Fo] oz
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4. 229 FARE Y APLF
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Y4 FATAEYL G 7 AP FAARYPLE AEF e
s W3}, 539 ¥ gy 4 23 vx9 WIE AEHolAAY
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(c) nlEgE (g} 7T 5).

(@ AF 2 daAADAAY 87tx $d 84 (DO, Chl, CBOD, N1, N2,
N3, P1, P2)¢] BF ¥E.

(e) 874 #2849 HY & v|HY F35

(f) 9499 A flux ¢ SOD.
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(h) Bl FHAE.
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F Atk oy &2 Foixl A dF @] RUHHE dted 9¥
218 Fo| AEANRE FMNF o2 FA A F+ Ae FHe] Aok Fig.
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T
10  Salnity (bps)

Sainity (mso

Fig. 7.2 2-D simulation of time-varying water quality in an estuary

showing snapshots for salinity. Time sequence of surface
elevation is on the top panel, and arrows in the middle

panel indicate the direction and magnitude of the flow.
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Fig. 7.2 (Continued). 2-D simulation of time-varying water
quality in an estuary showing snapshots
for Nitrite and Organic N.
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Fig. 7.2 (Continued). 2-D simulation of time-varying water

quality in an estuary showing snapshots

for Inorganic P and Organic P.
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Fig. 7.2 (Continued). 2-D simulation of time-varying water
quality in an estuary showing snapshots
for DO and Chlorophyl.
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375 dAE FORE 49N LPRHFL W] B FFoA
44 2UEY ¥ 5 QAW BRI eJ9% S AR oW
da% asel BaFe FAY + lojok v,

7} dedde 9 52

D ueEYd 22

FA9 dZ7 HIME YA - 1EHQQ NEY AZFBEA (mass
balance equation)< t23} Zt}
,
E-ds _yds _xs—p (7.12)

dx? dx
Hdedde x =0 o s T=2 WEHYE, s= s, at x=0,
s=0 at x=*o00 otk q7]x Ex 24 & E&AF [L?/T]
2H 2%, 95 9%, 283 3 2 £33 4% =4 o) W vz
4 45 U=Q/A o7, Qe €5#/%F (2FF: L°/T) olth

A (712)9 R =

s= sy exp(jx) x<0 (BFF) (7.13)
s= sy exp(jzx) x>0 GHF%) (7.14)
o)l11

2

j1.==—%%7(1 + a)

j2= 5 (1—a)
24, s0=—QV%, a=\/1+% (7.15)
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4 (7.16)°] W 3=

s= sy exp(—%—x) , x<0 (7.17)
s= s, , x>0

(7.18)
Sg = %

ZH, BEY B2L SHREQME 98 s= %z&i ARFF ge §X

A, ARZozE A we AFHez Fago

Z47bo] S0 W3 Fo AEZRE, 3+ SYHE FEo Jd% o
HEZY FEe 47 o] 98 AoE F UL & F Ut F 2
25 Kol 8 7% vEE F33 Fadte 3, % U 24 89 5

E 2A3te Wy, 28 LgYe wiE#E Wo 93 vhdo] e

4 (712)& DO°l W3] thA] 29,
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Lo=
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i) 3¢ =+ v COD 58 €ole .
i) Fedde weERe 7 F

i) 5% 943HA 3t {FE F7H7IE WH
v) Edolg F7FU7 §& AHESd 58 URAAA 7] AFY HH.

W skl Ale) 2NERAS 33

Srld Fae TRAE
HEGAGE Lol BTk o] ¢

33l7] HaiME 4 (7.12)9 EAFS] &

3 34 UHES oy ig=d

m{m
£ -‘.}h



) ZNEEHA ] FHAZ GRS AL
ii) 379 Y& FEAOA daitdygoez 34,
i) frustel GRAVBAE o148 S w4

AR ()HELS 4 (71D AHgste Aotk & wdE AAE x =
0 == 9&€ 44 ¢ & A& BAHE A x =0 22 Feoh. &
o] E¥7te F& ¥ AUFRY ¢ #oE HgYPr aXo2RE 3}
T AREeE BE AHdA FES AoAM 2o wdAd AE x F
HES y 522 E83} ¥k & 4 (1109 F¥e] 228 FHay,

n—S- = ()x (7.22)

K

ol Ho syl d# s9 ®¥e UEE €712 @ & Ug ¢d
A3d EE AdE & Ut

7}

SRR (i) WHe YR8 242 HESd 9 e AU B
% 249tk Aol B 929 WY SEE (Diachishin, 1963),
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olm, Me WEd Y A%eldt. 2w

= V2ET
(7.24)
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shrolAel §9 2 24e AdaFd FA43e A8 Bas,
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BEA FEE AEA7 dF, 9439 37 B FF ZF 9
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EU = k,c— K v+al V food (7.25)

ANA o =AY FEe
I=9o] saxag - A0

A
K = A9 Wz}
k, = A &
A (7259 s a3 Zr
k,c+al k-
y= —uCT a2 Vid () _ oK'ty (7.26)
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F44E e e g3 ol des] Ar.
k.c al Vi
v = — + g
K K (7.27)
= NyC+ g Vi
oq7|AM g = ‘Ir(I’ = Biomagnification factor
k, . )
N, = K = Bioaccumulation factor (BAF)

Am]

otk @ 4% EYAE - Q $E EYAE -Q AL A -@ 2 2
q719 487 HoAE e 2E A2delA dF] HolglE FE co g@
7 FHE AY FEE BeR Lol 2 Yok

D AE =ZH3E vi = Nyic

@ T8 £93E ve = Nwc+ ga v
® e £17) vy = Nwct+ gz v
@ & i) vi = Nwct+ g4 V3

= Water Uptake + Food Chain Transfer
E}Q'F Nw1= Nw2= Nw3= Nw4= Nw,

g3 = 8x = ga = g = 7P,



vV, = NWC
ve = [1+g]Nc
vy = [1+g+ 8?1 Nyc
vy =[1+g+ g®+ g*1N,c
24 7 244 AW BE SHFS [1+g+ git g¥ ]2 BAHE ¥
o] 9u]dtE Food Chain Accumulation®l 23} F718e & 4 Uth
Fig. 7.11 ¢ o] vlma 7rg3t 2¢bA B olAlsd] 23 AjzhH 3zt A}
EAUW 23 FE FA0 AT 2Fo] FAHJUL
Level 1 o] AFREWAHHL,
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(7.30)
o] 1, Level 2 Al
dv,
g = ke cw®+ an I vi = (Kot Koegea G2) vy
(7.31)

o] ©th ZE9 FHL Azte] @t ¥EE AL FHELIA, LHEHAL A
Zroll wel Wy, ol E Ao FASA FAHo A} vEE %
tx 7HA Fok(Fig. 7.12).
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Level #1
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Leval #2
Large Figh 1000 gm
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Small Fizh Water Lone.

Fig. 7.11 Time variable two level food chain bioaccumulation model.
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Fig. 712 Concentration of dissolved material in water.
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Fig. 7.13 Predicted concentration in Level 1 and Level 2 of food web.
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PROBE SYSTEM
(Probes for Real - time Ocean & Benthic Environments)

AAZHeH 2 2 A BADLE YA A

3D Numerical

Water Quality Model
(= X2 S35}

Fig. 8.1 Outlook of PROBE (Probes for Real-time Ocean Bottom

layer Environmental) System.
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Estimation of Velocity Profile in the Bottom Ekman
Layer on' the Inner Continental Shelf

Chang Shik KIM

Coastal Engineering Division, KORDI
Ansan P.O. Box 29, Seoul 425-600, Korea

Abstract . Two numerical models for the Bottom Boundary Layer(BBL) in the ocean have been assemb-
led based on existing theoretical works : the near bottom model for a wave and current combined regime
and the full bottom Ekman Layer model.

The models predict the near bottom velocity profiles and shear velocities in the bottom layer from
inputs of wave, current and bottom conditions. ‘

A few test runs of model indicate the importance of non-linear interaction between the wave and
current in increasing the mean stress and hydrodynamic roughness. The Ekman Layer model was found
to be useful for estimating the bottom velocity profiles where observed data are sparse.

The BBL models are ready to be verified with the field observation of near bottom flows, which
is planned for consequent field experiment.

The developed BBL models are expanding to include the influence of stratifications and are coupled
to 2-D and 3-D ocean circulation and wave models for better prediction of bottom environmental parame-

ters.

Key words : 314 7 A% (Bottom Boundary Layer),

FEBFE(Velocity Profile), 33-38 J338&

(Wave-current interaction), A% Ekman 772 (Bottom Ekman Boundary Layer), #1#]
A2 (Bottom stress), T2 3 (Numerical model).
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Fig. 1. Schematic figure showing the bottom boundary layer st-
ructure in the ocean.
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Table 1. Model parameters(inputs and calculated) for case 1 in the wave and current BBL Model(Numbers

in parenthesis represent the related equations).

Near Bottom, Wave & Current Model.
Input wave Parameters :
uy (4) =0.100000E +02
Input Current Parameters :
/Uy =0.100000E +01
% (22) =0.000000E +00
Input Bottom Parameters :
ky/Ay =0.240000E +00
Calculated Model Parameters :
U,/ s =(.100001E+01
wol Uy =(.157985E +00
v (@) =0.201988E+00
ko/ Ay (20) =0.240000E + 00
k (23) =(.178300E +01
wad/uy (20) =0.937665E—01
0u/As =0.193276E + 00
ku/ ks (20) =0.701926E +01
z/As =0.800000E — 02
Dimensional Parameters :
uy (4) =0.100000E + 02
Ur =0.100001E +02
Ura (21) =0.241595E+01
ue(3) =0.937665E + 00
u8,) (17) =0.289743E+01

A22) =0.250000E + 02
2/ A =0400000E +01
# =0.000000E + 00
a (6) =0.134093E +01
fw (22) =0.870563E ~01
Unal s =0.241595E+00
kel Ay =0.168462E+01
2/ As =0.561541E~01
As =0250000E + 02
2,(19) =0.100000E+03
2,(16) =0.200000E + 00
2. (16) =(.140385E +01
By =0483190E+01
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Fig. 5. Estimated velocity profile in the wave and current bottom Fig. 6. Estimated velocity profile in the wave and current bottom
boundary layer for everyday wave condition. boundary layer for a storm condition.

Table 2. Model parameters(inputs and calculated) for case 2 in the wave and current BBL Model(Numbers
in parenthesis represent the related equations).

Near Bottom, Wave & Current Model
Input wave Parameters :
u, (4) =0.500000E +02 A, (22) =0.120000E +03
Input Current Parameters :
u/ s =0.100000E +01 z/As =(.833300E +00
r =0.000000E + 00 :
Input Bottom Parameters -
kb/Ab =0.0355
Calculated Model Parameters :
o/ us =(.100000E +01
o/t =(473314E+00 & =0.000000E +00
V: (4) =(.625399E +00 a(6) =0217065E +01
k/As (20) =0.355167E—01
k(23 =0.231463E+01 Sor (22) =0.269640E —01
uwe/ 145 (20) =0918239E—01 Uno/ s =(.171069E +00
0,/ As =(.136856E +00
kol By (20) =0.902887E+01 k/As =0.320675E +00
z/As =0.118389E — 02 2o/ Ap =(.106892E —01
Dimensional Parameters - .
u, (4) =0.500000E + 02 As =0,120000E +03
%, =0.500000E + 02 z,(19) =0.999960E + 02
Ueo (21) =0.855347E +01 2,(16) =0.142067E + 00
us(3) =0.459120E +01 2. (16) =0.128270E+01
u(8,) (A7) =0.292654E+02 %, =().164227E +02
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in parenthesis represent the related equations).

Table 3. Model parameters(inputs and calculated) for case 1 in the bottom Ekman Layer Model(Numbers

Ekman Layer, Wave & Current Model
Input Wave Parameters :

uy (4) =(.100000E + 02 A (22) =0.250000E +02
Input Current Parameters :
w/ Uy =0.100000E +01 z/As =0.400000E +01
é =0.000000E + 00 flw =0.250000E — 03
Input Bottom Parameters :
ky/As =0.240000E + 00
Calculated Model Parameters :
) Uy =(.100003E+01 & = — 408040E — 03
wa/ws =0,157195E +00 é =0.231392E +01
% =0,120484E+01
V. (9 =0.200848E +00 a(6) =0.133884E+01
ka/As (20) =0.240000E + 00
k(23) =(.178291E+01 S (22) =0.870978E—01
wa/uy (20) =0.935239E—01 UndUs =0.241465E+ 00
8u/As =0,193172E+00 8/ Ay =0299276E+03
ks (20) =(.703474E+01 b/ As =0.168834E+01
2/As =0.800000E — 02 2u/Ap =0562779E—01
Dimensional Parameters :
us (4) =0.100000E +02 As =0.250000E + 02
u, =0.100003E +02 z(19) =0.10000QE + 03
Uan (21) =0.241465E +01 2 (16) =0.200000E + 00
us (3 =0.935239E+ 00 2 (16) =0.140695E + 01
u(8,) (17 =(.288352E+01 o, =0482929E+01
u(0) =0.168741E +02 [ =(.748191E+ 04

in parenthesis represent the related equations).

Table 4. Model parameters(inputs and calculated) for case 2 in the bottom Ekman Layer Model(Numbers

Ekman Layer, Wave & Current Model.
Input Wave Parameters :

u, (4) =0.500000E +02 Ay (22) =(.120000E +03
Input Current Parameters :
w/uy =(.100000E +01 /A, =0.833300E +00
@ =0.000000E + 00 flw =0.240000E— 03
Input Bottom Parameters :
b/ As =0.000000E +00
Calculated Model Parameters -
w/ us =0.100001E +01 é =~ 338323E—03
U/ s =0.472317E+00 ¢. =0.355718E+ 00
. . =0201675E+00
V2 (4 =0.623977E+00 a(6) =0.216770E+01
ks/ Ay (20) =0.355167E—01
E(23) =0.231448E+01 S (22) =0.269848E —01
UnUs =0.917549E—01 Uso U =0.171019E +00
0,/As =0.136815E +00 O/ A, =0.305850E +03
kao/ By (20) =0.903816E+01 ks/As =0.321006E +00
2,/Ay =(.118389E —02 2o/ As =0.107002E — 01
Dimensional Parameters :
uy (4) =0.500000E +02 Ay =(.120000E +03
ur =0500007E +02 2 (19) =0.999960E +02
U (21) =0.855095E +01 2 (16) =0.142067E+00
us (3) =0458774E+01 2. (16) =(.128402E +01
u (8,) (A7) =0.292282E +02 & =0.164178E +02
u (6,) =(.101208E +03 A =(0.367020E+05
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Fig 7. Estimated velocity and veering angle profiles in the bottom Ekman layer for everyday condition.
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Fig. 8. Estimated velocity and veering angle profiles in the bottom Ekman layer for a storm condition.
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Abstract - A two-dimensional tidal model using finite difference method in frequency domain is presented
with no-normal flow at land boundaries. In order to compare the performance and sensitivity of the
frequency-domain model with conventional time-domain models, numerical experiments are first conduc-
ted in an idealized basin with varying values of water depth and bottom friction coefficient. The experime-
nts show that both tidal amplitude and phase lags are sensitive to bottom friction and nonlinear terms.
The distribution of phase lags shows an excellent agreement among the model results, however, differences
in amplitude between frequency-domain model and time-domain models are approximately less than
5% when an identical bottom friction coefficient is used. The model has been applied to a real topography
and compared with the results of conventional models to demonstrate the prospecting use for the conti-
ngent action plan.

Key words : Frequency-domain tidal model, Time-domain tidal model, Finite difference method, Tidal

simulations, Linear and nonlinear models.

Introduction

During the past decade, numerous papers have pro-
posed to apply numerical methods to tide simulation.
Real topography and coastal geometry are approxima-
ted by finite difference grids or the finite elements.
It is usual that tidal elevation and tidal currents are
obtained by solving a set of discretized equations in
sequence of discrete time steps. Advantages of the
conventional (nonlinear) time-domain method are
such that it can handle not only nonlinear effects such
as the M, tide, slowly-varying residual sea-surface
elevation and currents but also non-periodic pheno-
mena such as storm surges. Disadvantages of the time-
domain method are such that it requires a large com-
putational time for a very fine grid system because

time step should be small enough to fulfill the well-
known Courant-Friedrich-Lewy stability condition for
explicit finite difference schemes.

Anocther approach to tidal modelling is the harmonic
method which assumes sinusoidal variation in time
of dependent variables and takes the finite number
of observed harmonic constants at the coast as boun-
dary condition. The harmonic method of tide is a useful
and simple method in studying tides in frequency do-
main provided tidal observations at coasts are sufficient
to specify boundary conditions. In the conventional
harmonic method, one can obtain a complex partial
differential equation for sea surface elevation, tids: co-
nstants are determined by solution of Dirichlet boun-
dary value problem of sea surface elevation(Kang and
Choi 1987). Application of the conventional harmonic
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method, however, is very limited if tidal observations
in the coastal area are scarce, and it can be used only
as objective interpolation technique even though exte-
nsive tidal data exist.

In this study, a harmonic model which can handle
no-normal flow condition at land boundary is defined
as a frequency-domain model. A significant work on
a frequency-domain tidal modelling has been done
using the finite element method(Peason and Winter
1977 : Le Provost et al. 1981 ; Lynch and Gray 1987 ;
Westerink et al. 1988 : Lynch ef al 1992 ; Walters
1992 ; Suh 1993, 1994) because early time-dependent
finite element models required a large computational
time. In the finite element method, no-normal flow
at coast is treated as a natural boundary condition,
a pre-processing of an optimal spatial discretization
is required, and the conventional sparse and banded
FEM matrices which are complicated for coding should
be solved.

In case of accidental events such as oil spill and
search-and-rescue, we might need to disseminate the
information on tidal flows at the accident site to act
for the contingent plans. Water depth data will be avai-
lable relatively easily once digital bathymetric charts
are prepared. Tidal elevations along the open bounda-
ries could be obtained using the objective interpolation
method (Kang and Choi 1987) or using the tidal charts.
A comprehensive review of tidal charts adjacent to
Korean peninsula which could be useful in specifying
open boundary elevations can be found in Choi and
Fang(1993).

The need for predicting the tidal elevation without
much efforts at any coastal region has motivated deve-
lopment of a frequency-domain tidal model using the
finite difference method. Snyder et al. (1979) have de-
veloped a frequency-domain tidal model which can
handle nonlinear effects using the finite difference me-
thod, but their elliptic equations are slightly different
from the present study. This difference seems to be
important for the treatment of the land boundary con-
dition. This will be discussed in the later part of this
paper. In this study, two different time-domain tidal
models are used for comparison with the results of
the frequency-domain tidal model. One is a linear two-
dimensional model, and the other is a nonlinear two-
dimensional model. Intercomparisons between freque-
ncy-domain tidal model and time-domain tidal models
are carried out in an idealized test basin. In addition,

-326-

the performance of the model has been demonstrated
in the application to a complex real coastal region,
its result is compared with a linear time-domain two-
dimensional model result and a nonlinear time-domain
three-dimensional model result.

Governing Equations

The depth-integrated two-dimensional tidal equa-
tions of momentum and continuity including nonlinear
advective terms are

wtuntou,—fo=—gl—F",
vt uv.t ot fu=—gt—F v
G H B+ Dul A+ + Dol =0,

where subscripts denote partial derivatives, ¢ is time,
x and y are eastward and northward directions, » and
v are east-going and north-going components of de-
pth-integrated barotropic velocity respectively, { is the
elevation of sea surface, f is the Coriolis parameter.
g is the acceleration due to gravity, & is water depth
below the undisturbed surface, (F*, F*) are bottom
friction components.

Assuming that tidal elevation is negligible compared
to water depth and nonlinear advective terms are
small, the equations (1) are then,

W _ﬁ’__. “g§:" 4,
vt fu=—gt—w, (2
&+ (hu) o+ (ho), =0,

where 7 is a linearized bottom friction coefficient.

To solve the linearized tidal equations in frequency
domain, we assume that %, » and ¢ vary sinusoidally
in time. That is,

ulcy, ) =Ux y) exp(ict),
vy, )=V y) exp(iat), (3
oy ) =Z(x y) exp(ict),

where w is the angular frequency of tidal motion, ¢
is imaginary number(=y/—1), U V and Z are com-
plex amplitudes. By using (3), the equations (2) be-
come

(Gw+NV+U=—gZ, (4)
iwZ+ (U + (hV),=0.

After algebraic manipulation we can get U ard V
as follows -
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U=— Got+ZA+1Z,
Gw+7)*+f

Ve Gw+9Z,—fZ. ®
(ot +f

Substituting U and V into the continuity equation
in (4) gives

hZ)+ hZ),+CAhZ).— hZ) )+ CZ=0, (6)

where C, and C. are constants defined by

. ot 7)o
oy S P o Dl i
iwt+y g w+y

(N

Boundary conditions are as follows ® at land boun-
daries the component of depth mean currents normal
to the boundary is set to zero, and along the open
boundaries tidal elevations(or complex amplitude of
elevation) are specified, thus

Lam=a cos(af—¢) in time-domain models, (8a)
Zom=a exp(—i$) in frequency-domain model.
(8b)

In equation (8b) the amplitude @ and phase lag
¢ are given by

aCe, y)=(Z+ID", ¢z y) =tan"(~Z/Z), 9

where Z, and Z; are the real and imaginary parts of
Z(x,y) respectively.

Numerical Method

To solve the equations (1), (2) and (6) numerically,
the finite difference method is used. The nonlinear
equations (1) are solved in time domain by using
an alternating direction implicit method on the Ara-
kawa-C grid system(Fig. 1). A detailed description
of the numerical scheme in the time-domain model
could be found in Lee et al.(1996). A linear bottom
friction law is applied at the sea bottom.

The complex equation (6) for tidal elevation is sol-
ved using the central difference method on the Ara-
kawa-C grid system. The elevation Z at (i, )th grid
is represented in terms of Z values at surrounding
grids by

aZap =clii-1» + el p R VAT R VAT

(10)
+C€Z(i-l.j-t)+C7Z(M 1‘1—1)+CSZ(|-1./'+I)+CQZ(1'*L;‘1)

where 7 and j are grid numbers in x and y directions

j+1 - + - + h' + hE

2 A A
i-1 - + - + - + »
y
'\ Y A
i-1 i i+l

Fig. 1. Arrangement of elevation(Z), velocities(U, V) and
water depth(%) on a staggered finite difference grid
system.

respectively, and the multipliers are given by

o=+ (dy/ax) + (W +n%) (dx/4y) —Cudxdy
c:=h"(4y/42) +0.25C, (h"—h")

=h(4y/4%) —025C, (W*—h")

a=h(4x/4y) —025C; (h*—h") (1D
es=h"(dx/4y) +0.25C; (W —h")

¢=0.25 C; (" —h°)

c=—025C, (hE—h")

cs=—025C; (h"—h")

c=025C; (KF—h")

In equation (11), 4x 4y are grid spacings, A’s are
depth defined in Fig. 1. The land boundary condition
can be satisfied approximately if the depth of nearest
exterior grid is set to zero(For example, Ui»=0 is
replaced by 4£,=0 in the multipliers). In addition,
the values of Z at exterior grid should be replaced
by the nearest interior values. At the northern boun-
dary grld (hld l,jfl):hl(‘{,j+l):h’(\§+l,;‘-I)ZO), for exam-
ple, Z value is determined as follow :

& Zip=bZi-1ptesZiriptelaj-nt
¢ Zi-1j-n T Zusri-p 12

where &=0—05C,(hf y—ht ),
&thE‘{p(Ay/Ax) —0.25 C/ h?‘. he

&=ht,(4y/4x) +025 Chip.

Since the depth and its derivatives vary from one
grid to the other, the values of multipliers in equation
(11) vary from grid to grid. The values of Z at interior
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grids can be found by the iteration of the equation (10).
More efficient convergence is achieved by the succes-
sive over-relaxation(SOR) method. The SOR iteration
formula corresponding to the equation (10) is

zi' =zt L RHS of (0 ~0z,)",  (13)

1

where superscripts (k) and (¢+1) represent the ite-
ration steps, and p is a relaxation parameter. A conver-
gence is achieved if |Z%""—Z% | < 10 ° The comp-
lex velocities U and V are calculated from (4) with
several iterations after Z values are converged, because
the spatial central differencing of the complex tidal
amplitude is less accurate. In other words, the terms
of fV (or fU) in equation (4) are calculated iteratively
instead of calculating fZ, (or fZ.) in equation (5). The
Coriolis terms, fV and fU were included in Snyder
et al.(1979)’s elliptic equation as driving force, and
the complex variables (Z, U and V) were solved by
iteration. But calculations of fZ, (or fZ.) are less accu-
rate compared with iterative calculation of fV (or fU).

Model Experiment and Results
Experiment in an idealized test basin

The frequency-domain model is compared with the
time-domain models for an idealized test basin. The
model basin is composed of 180km X60km with 4km
grid spacing. Open boundaries are located along the
west side of basin, and other sides are closed. The
open boundary elevations are specified with M. tide
of amplitude 50cm and zero phase lag ({p=0.5 cos
wyt). The value of Coriolis parameter f is set to 0.85X
107*s7'(36° N). Numerical experiments are carried
out for the cases of constant and sloping water depth
and for two values of linear bottom friction parameter
(r=£/2, 2p.

Fig. 2 shows the calculated M. tidal charts in a uni-
form water depth of 100m with y=72. Fig. 2a shows
the result from the nonlinear time-domain model
(NTM), and Fig. 2b is from the linear frequency-do-
main model(LFM). In this simple case, there was no
difference between the linear time-domain model
(LTM) and NTM. When the friction parameter is less
than the Coriolis parameter, the discrepancy in tidal
amplitude and phase lag between NTM and LFM are
approximately less than 5% in this simple case. LFM
underestimates the tidal amplitude and phase lag com-

pared to NTM. The model results show that the ampli-
tudes and phase lags increase gradually from the open
boundary to the head of the basin. The amplitude
and phase lag for » obtained by LFM and NTM(or
LTM) are almost similar in the uniform water depth.

Fig. 3 shows the tidal charts computed by two mo-
dels of NTM and LFM with y=2f. Compared with
the results obtained with y=£72, the amplitude near
the end coast reduces slightly, however, the phase
lag increases considerably. High water at the head
of the basin occurs about one hour later compared
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(a) Nonlinear time-domain model(NTM)
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Fig. 2. M, tidal charts computed by a) NTM and b) LFM
with y=£/2.
— ! amplitude(em), -+

 phase lag(deg.)

. %,

(b) Linear frequency-domain model

Fig. 3. Same as Fig. 2 except y=2f.
~  amplitude(cm), - © phase lag(deg.)
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with that at the open boundary. When the friction
parameter is greater.than the Coriolis parameter, the
difference in tidal amplitude and phase lag between
NTM and LFM reduces. These results show that the
amplitudes obtained by LFM are slightly smaller com-
pared with those obtained by time-domain models.

The effect of bottom topography is studied by vary-
ing the water depth. If water depth is shallow and
varies spatially, nonlinear terms could be important.
For this we examined a case that water depth become
shallower linearly from the open boundaries to the
east coast. The depth contour is depicted in Fig. 4.
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Fig. 4. Contour of sloping depth in meters.

Fig. 5 shows the tidal charts computed by numerical
models in a basin of sloping water depth with y=#2.
The distribution of phase lags shows an excellent ag-
reement among the model results, and amplitude in
time-domain models also is almost similar to each
other. However, discrepancy in tidal amplitudes bet-
ween LFM and LTM is approximately 10%. This may
be due to the approximation of no normal flow at
coast. Difference in tidal amplitude seems to decrease
as the basin becomes more open with broad open
boundaries. Fig. 6 shows the corresponding amplitude
and phase lag for # obtained by LFM and NTM. Ove-
rall patterns of # amplitude are almost similar in both
models.

Fig. 7 shows tidal charts calculated by NTM and
LFM with 7=2f in a basin of sloping water depth.
When the friction parameter is greater than the Corio-
lis parameter, the results from LFM are similar to
those from NTM even though the water depth varies.
Results from LTM are almost identical to those from
NTM in this case, implying that nonlinear effects dec-
rease considerably.

Application to a real topography

The developed frequency-domain tidal model] is ap-
plied to Cheonsoo Bay and Approaches(36°04'N~36°

T
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(¢) Linear frequency-domain model

Fig. 5. M. tidal charts in sloping depth with y=£72.
— * amplitude(cm), - * phase lag(deg)

(b) Linear frequency-domain model(LFM)

Fig. 6. Co-amplitude and co-phase for u component compu-
ted by a) NTM and b) LFM with r=#2.
— * amplitude(em/s), ** : phase lag(deg)
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Fig. 7. M, tidal charts in sloping depth with y=2f.
— : amplitude(em), - . phase lag(deg)

42'N, 126°07E~126°40'E) for the evaluation of land
boundary treatment in a region of complex geometry.
The Cheonsoo Bay and Approaches(CBA) is located
on the western side of Korea. The bathymetry of CBA
is shown in Fig. 8. Grid spacings in both x-direction
and y-direction are set to 375m. We choose the refer-
ence latitude at 36°30'N for the calculation of the Cori-

Fig. 8. Bathymetry of Cheonsoo Bay and Approaches.

olis parameter(f). The linear bottom friction coefficient
(7) is set to the same value of the Coriolis parameter
in this applications.

Fig. 9 shows the M, tidal chart computed using the
nonlinear 3D hydrodynamic model(KORDI 1996) with
a quadratic bottom friction. This result is used as the
reference tidal chart for comparison of other models
performance. The bottom friction is assumed to be
a constant over the whole region in this study. We
applied LTM and LFM models to CBA for model inter-
comparison. Fig. 10 and Fig. 11 are the tidal charts
computed by LTM and LFM respectively. There is
small but insignificant difference between NTM(3D)
and LTM(or LFM) because of the presence of non-
linear effects, but difference between LTM and LFM
is negligible. Better performance of LFM seems to
be obtained if broad open boundaries exist. The sav-
ings of computational time in LFM reaches approxima-
tely 40% that of LTM for CBA simulation. Calculations
show that the frequency-domain tidal model predict
the tidal elevation with sufficient accuracy when com-
pared with the linear and the nonlinear time-domain
tidal models.

Fig. 9. M, tidal charts computed by nonlinear 3D hydrody-
namic model. — : amplitude(cm), - phase lag
(deg.), referenced at 135°E
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Fig. 10. M; tidal charts computed by LTM with y=f
— : amplitude(om), - : phase lag(deg.),
referenced at 135°E

Conclusions and Discussion

This paper is concerned with the development of
a linear frequency-domain tidal model with no-normal
flow at coastal boundaries for the use as a tool of
supplying tidal information in emergency situations.
An intercomparison of frequency-domain and time-
domain tidal models was made with applications to
an idealized test basin and a real topography to investi-
gate the influences of bottom topography and tidal
friction on the distributions of amplitude and phase
lags of M: tide.

When the friction parameter is smaller than the
Coriolis parameter, LFM underestimates tidal ampli-
tude and phase lag slightly compared to NTM in both
constant and sloping depths. However, the results from
LFM are similar to those of NTM even though the
water depth varies when the friction parameter is lar-
ger than the Coriolis parameter. The results from LFM
applied to a real topography show a little difference(<5
% in amplitude) with the results from nonlinear 3D
time-domain hydrodynamic model. Two linear models
LFM and LTM, however, show nearly identical solu-
tions even in complex topography of spatially varying

12610 1

Fig. 11. M. tidal charts computed by LFM with y=f
— : amplitude(cm), - : phase lag{deg.),
referenced at 135°E

water depths. Despite its simplicity, the linear freque-
ncy-domain model is equally capable of reproducing
the distribution of tidal elevation and phase lags. The
developed frequency-domain tidal model can be more
efficient and faster than time-domain tidal models
when a very fine grid system is used.

The effects of bottom friction on the distributions
of amplitude and phase lags of M. tide are dominant
compared with other nonlinear effects. The bottom
friction coefficient was set to constant over the whole
region regardless of depth changes in this study, ho-
wever, it is necessary to consider the bottom friction
coefficient to vary with water depth for more accurate
prediction of tide. In addition, a study on data assimila-
tion techniques which use the observed tidal constants
in the numerical simulation is needed to improve the
performance of tidal models.
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On the Length Scale and the Wall Proximity Function in the
Mellor-Yamada Level 2.5 Turbulence Closure
Model for Homogeneous Flows
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Relation between the length scale and the wall proximity function in the Mellor-Yamada level
2.5 turbulence closure model has been investigated through various experiments using a range of
wall proximity functions. The model performance has been evaluated quantitatively by com-
paring with laboratory data for wind-driven flow (Baines and Knapp, 1965) and for open-chan-
nel flows without and with adverse wind action (Tsuruya, 1985). Comparison shows that a sym-
metric wall proximity function used by Blumberg and Mellor(1987) gives rise to current profiles
with better accuracy than asymmetric wall proximity functions considered. It is noted that in
modelling homogeneous flows the length scale /= 0.31}z|(1+z/h) can be used with tolerable ac-

curacy.

INTRODUCTION

An unique feature of POM (Princeton Ocean
Model) is that a turbulence closure submodel on the
basis of the Mellor and Yamada level 2.5 model
(hereafter MY level 2.5 model) is imbedded. How-
ever, its application has been mostly confined to
simulating processes in stratified situations. Only a
small amount of work has been done using the
turbulence model for the homogeneous, unstratified
flows in shelf and coastal sea regions (for example,
Xing and Davies, 1996).

Originally, the MY level 2.5 model based on the
second-moment closure of turbulence assumes that
all length scales be everywhere proportional to each
other (they said it was their greatest weakness). The
proper prescription of the length scale containing
complex correlations whose behavior is little known,
is one of the major unresolved issues in turbulence
modelling (Kantha and Clayson, 1994). Although
the MY level 2.5 model has been successfully
applied to various problems in coastal and oceanic
phenomena, no rigorous work on the length scale
has been done in the simulation of homogeneous
flows particularly under presence of wind action.

In this paper, the performance of the MY level 2.5
model with a range of wall proximity functions is
investigated through various experiments. We first
carry out point model experiments for wind-driven
and tidal currents in a homogeneous unbounded

deep ocean. Besides, the model performance has
been evaluated quantitatively by comparing with
laboratory data for wind-driven flow in a closed
channel (Baines and Knapp, 1965) and for flow-
controlled channel flows without and with adverse
wind action (Tsuruya, 1985). Special attention has
been paid to the relation between the length scale
and wall proximity functions.

THE MY LEVEL 2.5 MODEL

We briefly describe the level 2.5 turbulence
energy model developed by Mellor and Yamada
(1982). Details of the model are given in Blumberg
and Mellor (1987).

In the MY level 2.5 model the vertical eddy
viscosity K, is given by

Ky=1-q-5 1)

where ! is a length scale termed the turbulence
macroscale, q is a velocity scale obtained from the
turbulent kinetic energy (TKE =q*/2), and S, is a
dimensionless stability function.

According to the quasi-equilibrium closure of
Galperin et al. (1988), the modified stability
function (S,) in homogeneous flows reduces to a
constant; S, = 0.39327. A slight small value S, =
0.3920(=B,"") was used by Blumberg et al. (1992),
and this value is used in this study.

The governing equations for TKE and the length
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scale in (x-z) two-dimensional flow are given by
992 ;94 94 aq

a2
ot ox Mldz| By

q2
gz (Kq Ba J+Fq 2

2
d9q3l  dq?l dq? ou) _4y
a e M = Ky z B,
2
+ 2 (Kq o ) +F, 3)

where t is the time, (x, z) form a Cartesian
coordinate system, u is the horizontal velocity
component, w is the vertical component of velocity,
K, is the eddy diffusivity of the turbulence model
variables, and W is the wall proximity function. B,(=
16.6) and E,(=1.8) are empirical constants specified
using laboratory data (Mellor and Yamada, 1982).
F, and F, are horizontal mixing terms the expression
of which is given in Blumberg and Mellor (1987)
and will not be repeated here.
The wall proximity function W takes the form:

I 2
W=1+E2(—kz) @

where E,(=1.33) is an empirical constant, k(=0.4) is
the von Karman constant, L is a measure of the
distance away from a boundary, the specific descrip-
tion of which will be discussed later.

The boundary conditions of the turbulence model
variables at the sea surface (z=0) and bottom (z=-h)
are:

@2, 9%, 0= B u?,,0) (52)
@ 97— =B 7%, 0) (5b)

where u., is the surface friction velocity (=
NTw/Pg, Tw is wind stress), u., is the bottom friction

velocity (=V1,/p,, 7, is bottom stress), p, is the
reference water density (assumed constant).

The constants involved in the MY level 2.5
model and the boundary conditions (5a) and (5b)
are derived under the assumption that turbulent
energy production and dissipation are balanced,
which is the assumption of level 2 in the MY
hierarchy. With the assumption of level 2, the
asymptotic length scale can be determined by an
algebraic equation, '

Table 1. Summary of measure of dlstance (L) in wall proximity
function

Measure of distance (L)

Notation in wall proximity function Remarks

w1 Izl L increases from the surface

w2 h+z L increases from the bottom

w3 2| (1+z/h) L is symmetric

1
w4 |z |(+z) Asymmetry of L is enforced
NG /hP+E/E,(1+2/h)
E,-1
1=k L =031L (6)
2

Table 1 summarizes a range of L considered in
this study. The simplest form W1 was used by
Deleersnijder and Luyten (1994) in numerical
experiments dealing with the stress-driven
deepening of the ocean mixed layer. The second
form W2 is considered in this study because the
asymptotic length scale is similar to those given by
Blackadar (1962), and often used by researchers in
tidal flow modelling (Mellor and Yamada, 1982;
Mofjeld and Lavelle, 1984; Davies and Jones, 1987).
Use of W3 could be found in Blumberg and Mellor
(1987) for the response of stratified ocean due to
wind forcing and Xing and Davies (1996) for tidal
current in Irish Sea. The last one W4 was used by
Blumberg et al. (1992) in calculating the open-
channel flow to account for the effect of free surface
with new coefficient E,(=0.25). Recently it was
applied to coastal circulation by Lynch et al. (1996)
to incorporates asymmetry of the length scale
among surface and bottom walls.

NUMERICAL EXPERIMENTS AND
RESULTS

Wind-driven current and tidal current in open sea

The governing equations for wind-driven and
tidal currents in a homogeneous unbounded ocean
are

u_p_ 13, 3 |
ot = pPp ox 0Oz (KM azJ ™
Y=L O O O

at+f”' Po ay+az(KMaz] ®)

where (x, y, z) form a right-handed Cartesian
coordinate system, p is pressure, (u, v) are the
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horizontal velocity components and f is the Coriolis
parameter.

The surface and bottom boundary conditions for
the momentum equations are

du dv e 1
PoKn (3; ; gl:o =(tw, ™) (%)

(5o 3|, = D=k ) o0

where (7, %,) are horizontal components of wind
stress, (T, , 7,) are horizontal components of bottom

stress, k, is a linear bottom friction coefficient (in
velocity unit) and (u,, v,) are near-bottom velocity
components.

First, simulations of wind-driven currents were

u (em/s)

bottom

bottom ¥ L L 1
5 10

carried out with input parameters: (%, , )= (0.1,

0.1) N/, (—3%, %) = (0, 0), f=93%10° s*, h = 100

m and k, = 0.005 (m/s). In practical calculations the
vertical axis was represented by a normalized
coordinate, ¢ = z/h and was divided equally into 100
levels. Calculations are started with condition of no
motion and the time step At is set to 120 s.

Fig. 1 shows profiles of u, K, q° and //h at t=60
hours. Results obtained using W1, W2, W3 and W4
are represented by lines with circles, triangles, plus
and cross symbols, respectively. It is evident that
surface currents subject to steady wind forcing are
sensitive to the wall proximity function. Use of
different wall proximity function gives considerable
difference in / and consequently K,,.

It is seen that W3 produces the strongest surface

Ku (cm?/s)
300 600 900 1200 1500
surf. T T Y T 1
-0.2
-0.4
-0.6 -
-0.8
bottom L 4 s f
300 600 900 1200 1500
/h
0.05 0.10 0.15 0.20
surf. T T T 1
~0.2
-0.4
0.6
-08
bottom L L ' )
0.05 0.10 0.15 0.20

Fig. 1. Profiles of u, Ky, q° and I/h for wind-driven currents obtained using a point model with a range of wall proximity
functions. circles: W1, triangles: W2, plus symbol: W3, cross symbol: W4,
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currents with considerable vertical shear, while W2
produces the weakest surface current. Current
profiles obtained using W1 are almost equivalent to
those obtained using W3, and current profiles
obtained using W4 are similar to those obtained
using W2 except for the slight difference near the
sea surface.

Changing L in the wall proximity function yields
the modification of the length scale / throughout the
depth, giving significant difference in its depth-
mean value and profiles. The length scale obtained
using W1 shows a linear profile increasing from the
surface, while the length scales obtained using other
wall proximity functions show parabolic profiles
with a maximum at approximately mid-depth. It is
noted that the length scale profile computed with W4
is almost symmetric despite the asymmetric nature

u (cm/s)

10 20 30 40 50 60
surf, T T T T

T 1T 1T T 7

|
o
o
T

bottom 1 \ T L L 4:

q* (cm/s)?

bottam 4 1 J
10 20 30 40 50

of W4. Turbulent kinetic energy q° decreases from
the surface to the bottom and are almost same in
profiles and magnitudes independently of wall
proximity functions.

The mean value and the near surface variation of
the vertical eddy viscosity K,, are strongly affected
by the form of wall proximity function. It is worth
noting that K, is mainly dependent upon ! rather
than q’ (Note that I/q is an order of 10°).

In the second experiment, oscillatory tidal
currents are simulated with the pressure gradient
prescribed as an external forcing, thus,

1 (op op
-— | =, = Il=w0,, V;)cos(owt
ok J RECAOLER

where ®=1.45x 10" s" (S, tide) and ® - (U, V,) are

(10)

Ku (cm?/s)

300 600 900 1200 1500

T T 1

1 1 L _y )

300 600 900 1200 1500
I/h
0.05 0.10 0.15 0.20

surf. T T 1

bottom 1 L 1 \

0.05 0.10 0.15 0.20

Fig. 2. Profiles of u amplitude,.tide-averaged Ky, q° and //h for tidal current obtained using a point model with a range of

wall proximity function. Symbols are same as Fig. 1.

=336~



On the length scale and the wall proximity function in the Mellor-Yamada 79

amplitudes of tidal forcing.

In this experiments, T, T, V, and f are set to
zero, U, is set to 0.5 m/s (if the vertical diffusion
term in the momentum equation could be neglected,
then the amplitude of tidal current equals to U,) and
other parameters are same as those of the wind-
driven current experiment.

Fig. 2 shows profiles of tidal current amplitude,
tide-averaged K,,, ¢’ and //h. Profiles of near-bottom
tidal current amplitude are almost similar to each
other except for the case of W1. The profile of tidal
current amplitude obtained using W1 shows a linear
variation over the whole water column, while other
profiles show a sharp gradient near the bottom but
little gradient above mid-depth.

The length scale profile above the mid-depth
obtained using W1 is similar to that derived by
equation (6). Calculation with W2 shows a length
scale profile linearly increasing from the bottom,
and the ratio of / to h reaches approximately 0.16.
The length scale obtained using W3 is almost
identical to its asymptotic profile throughout the
whole water column. It is noted that the length scale
profile obtained using W4 is conspicuously asym-
metric and is almost identical to its asymptotic
profile even in the absence of free surface variation.

Results obtained using W2, W3 and W4 show
profiles of q° decreasing from the bottom to the
surface, while calculation with W1 shows an
asymmetric profile with a maximum around 6=-0.8.

The vertical eddy viscosity K,, obtained using W1
shows a maximum value of 4400 cm’/s at 6=-0.8.
Calculation using W3 shows an asymmetric profile
with a maximum value of 800 cm’/s at ¢=-0.7,
while calculations using W2 and W4 show almost
symmetric profiles with maximum values (1,600 cm
*/s and 1,400 cm’/s) at mid-depth.

Wind-driven flow in closed channel

In this part, model performance has been evalua-
ted quantitatively by comparing with laboratory
data obtained by Baines and Knapp (1965).

We consider a closed channel the longitudinal
direction of which equals to x coordinate. The (x-z)
two-dimensional model solves continuity and x-
directed momentum equation,

¢ | oHu
o ax =0 a1

Ou , ou _ ou__ ag du
ot Tu ox W F Bz (KM 82)+Fu
(12)
where
w=" ud (13a)
a z
w(z)=—§j_h u dz (13b)

In the above equation ( is the free surface elevation,
g is acceleration due to gravity, H is the total water
depth (=h+() and F, is the horizontal diffusion term.

The channel is approximated by staggered grids.
The actual calculations use a o-coordinate {c = (z-{)
/H}. Simulations of wind-driven flow were carried
out for 400 seconds with input parameters: u =
0.875 cm/s (tw = 0.78 N/m?), h=32.8 cm, &, = 0.001
(m/s), At=0.25s, Ax=0.5 m and Ac =0.01. The
motion is again generated from a state of no motion.

Fig. 3 shows profiles of u, K,,, q° and //H obta-
ined using a range of wall proximity functions. The
observed data in Baines and Knapp's experiment are
represented by square symbols. It is again evident
that surface current and the length scale due to
steady wind forcing are significantly affected by the
wall proximity. function, while profiles of turbu-
lence kinetic energy g’ are almost similar to each
other regardless of the form of wall proximity
functions.

Unlike the point model experiment of wind-
driven currents in an unbounded deep ocean (h=100
m), all of the length scale profiles obtained using
different wall proximity functions show parabolic
variations because vertical diffusion terms in q* and
q’l equation are not negligible in this shallow
channel flow (h=32.8 cm). The ratios of / to H
obtained using W2, W3 and W4 are almost identical
to those of wind-driven current in an unbounded
deep ocean.

The computed q* profiles using four wall proxi-
mity functions show little difference. It is again
evident that profiles of velocity, K, and [ are
considerably changed by the form of L, but profiles
of g’ are altered very slightly.

For the quantitative evaluation of model results,
root mean square errors (RMSE in cm/s) are exam-
ined. The best results (RMSE=1.41) were obtained
using W1, while relatively poor results (RMSE=3.
33) were obtained using W2. It is noted that benefits
of using W4 are marginal (RMSE=2.69) and still
considerable errors can arise in reproducing velocity
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Fig. 3. Profiles of u, Ky, q° and /H for wind-driven currents in wind-driven flow experiment in closed channel. Square
symbols are Baines and Knapp (1965)'s experiment data, other symbols are same as Fig. 1.

shear near the surface. The profiles obtained using
W3 (RMSE=1.67) are in a fairly good agreement
with the observed data. It is noted that a sharp veloci-
ty gradient near the surface is satisfactorily reproduced.
Pearce and Cooper (1981) reproduced Baines and
Knapp's experimental data using a numerical model.
They obtained an excellent current profile with an
eddy viscosity profile, which increases linearly
from surface and remains constant (2 cm’/s) below
0=-0.2. It is worth noting that the profile of K,
obtained using W1 is almost similar to those of
Pearce and Cooper's. Lee (1996) successfully repro-
duced the current profile using Prandtl mixing
length model with the asymptotic length scale of W
3. It is indicated that the asymptotic profile /=0.31]z|
(14z/h) is an useful alternative to q’l equation for
simple flow conditions. )
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Flow-controlled channel flow

Tsuruya (1985) has investigated turbulence struc-
ture of channel flows without and with wind action
through laboratory experiments. In his experiment,
the water depth at measuring section was controlled
to remain a constant level of 45 cm with mean
velocities of 23.8 and 30.3 cm/s. In this study, one
case of Tsuruya's experiment (mean current velocity
at measuring section A, u],=30.3 cm/s, see Tsuruya
(1985) for detailed descriptions of the experiment)
was simulated with input parameters: 7, =0, k=0.001
(m/s), At=0.25 s, Ax=0.25 m and Ac=0.01. A cons-
tant flow-rate is specified at one lateral boundary,
and a radiation boundary condition is used at the other
lateral boundary. Values of flow-rate and water depth
were chosen by trial and error in order to account for
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the condition of u|,=30.3 cm/s and H=45cm.

Fig. 4 shows profiles of u, K,, q* and /H
obtained using a range of wall proximity functions.
The overall variations of u above 6=-0.8 are similar
to each other while the velocity gradient near the
bottom obtained using W1 are significantly diffe-
rent from others. The best results (RMSE=0.69)
were obtained using W3, while relatively poor resu-
Its (RMSE=1.73) were obtained using W1. The resu-
Its obtained using W2 and W4 were reasonably good
with RMSE=1.29 and RMSE=1.21, respectively.

Unlike the point model experiment for tidal
current in an unbounded deep ocean (h=100m), the
length scale does not approach to zero -near .the
surface because the vertical diffusion terms in ¢’
and q’l equation are no longer negligible in this
shallow channel flow (H=45cm). The length scales

u (cm/s)

5 10 15 20 25 30 35 40

surf. .| T T T T T U8
-0.2F- 0O Observed
=0.41
_0.6.—
-0.81
bottom L ! 1 )
5 10 15 20 25 30 35 40
q* (cm/s)?
5 10 15 20
surf. T Y T 1

i —

5 10 15 20

obtained using W2 and W4 show profiles similar to
Blackadar(1962)'s formula which has a maximum
value at the surface.

Once again the wall proximity functions give rise
to significant difference in the profiles of / and K,,.
However, current profiles are insensitive to the wall
proximity functions (and eddy viscosity) except for
the case of W1 which reproduces little gradient near
the bottom.

Flow-controlled channel flow under adverse wind
action

As a final test, the channel flow under adverse
wind action has been investigated. The model
simulation continued for 200 seconds with same
parameters used in c) except for u,.=1.41 cm/s

Ku (cm?/s)
5 10 15 20 25

T 1 T 1

5 10 15 20 25

L/H

0.05 0.10 0.15
surf. T T T

0.20

bottom 1 L ]
0.05 0.10 0.15 0.20

Fig. 4. Profiles of u, Ky, q* and I/H for flow-controlled channel flow without wind forcing. Square symbols are Tsuruya

(1985)'s experiment data, other symbols are same as Fig. 1.
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