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Major Problems in Coastal
Modeling

A (1) Discretization

A (2) Sigma Error

A (3) Difference Schemes

A (4) POM Capability

A (5) Air-Ocean Coupling

A (6) Severe Weather Effect

A (7) Velocity Data Assimilation
A (8) Turbulence/Wave Effects
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Diversity in Discretization

A Finite Differences
A Z — coordinate (MOM, ...)
A o - coordinate (POM, COHERENS, etc...)
A s- coordinate (SCRUM, ROMS ...)

A Layered/Isopycnal coordinates (NLOM,
MICOM, ...)

A Finite Elements







Problems of the “Staircase
Presentation”

A Difficult in simulating coastal flow.

A Example: Japan/East Sea (JES)
Simulation (Kim and Yoon, 1998 JO)




JES Circulation Model Using MOM
(Kim & Yoon, 1998)

A 1/6 deg resolution
A 19 vertical level

A Monthly mean wind

stress (Na et al.
1992)

A Monthly mean heat
flux (Haney type)

Bathymetry

(in meter)
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Layered/Isopycnal Coordinates =5 5a
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A Pro A Con ___H
A Horizontal mixing is A [t requires an evident 7
exactly along the layered structure (not
Surfacgs of constant suitable for shelf
potential density : :
circulation
A Avoids . .
inconsistencies A Some difficulty in
between vertical and modeling
horizontal transport detrainment of ocean

terms mixed layer
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Sigma coordinate models
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Sigma Coordinates

A Pro A Con
A Realistic Bottom A Horizontal Pressure
Topography gradient Error
A High Vertical
A Applicable to Shelf Resolution in Shallow
and Estuarine Water (Shelf) and
Circulation Low Resolution in

Deep Water




Horizontal Diffusion

A The second and fourth terms in the
righthand side are neglected.
Diffusion of tracer fields in Sigma coordinates

The horizontal mixing becomes
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Uses a coordinate system which is scaled with the depth
_2=¢
H+ (¢

Makes use of coordinate surfaces which are located below
the bottom depth in Level models.

g

Aspect ratio Ocean mosphere

Ahtopography ~ O(1) K 0(1)

Hdepth

e Atmosphere: Hybrid (o, p) models are common.

e Ocean: p and o:surfaces may intersect at large angle.



Pressure gradient in Sigma coordinates

apP — apP
Oz |z=const ~ Oz lo=const

(1)

Pressure grad
along o-surfaces vertical component
in (1)

In case of large slopes:
0(2) = 0(1,

1)+ < (@) V(2
Thus, truncation errors may be significant.



Seamount Test Case
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FiG. 1. The seamount geometry. The grid is stretched so that the
resoluton is highest at the center (after Beckman and Haidvogel 1993).
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Reduction of Sigma Error

A Smoothing topography

A Subtracting horizontally averaged density G
field

A Using generalized topography-following
coordinate system (e.g., S-coordinates in

ROMS)
A Using high-order difference schemes




S-Coordinate
Generalized Topography-Following
Coordinates (Song & Haidvogel, 1994)

s-coordinate models

— /Ei'

:A

0 50 100 150 200 250 300 350 400 450 500

Uses a general vertical coordinate scaled with the depth
using a nonlinear transformation. More flexible than tradi-
tional sigma coordintes (e.g., allows for high resolution in
bottom and surface boundary layers).
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20.DAY = 30.00

CONTOUR FROM -.0000275 TO .0001075 BY .000005 CONTOUR FROM -.000085 TO .00Q085 BY .00001

c). WIXI = 20,DAY = 30.0) d). RHO(XI = 20,DAY = 30.0)

CONTOUR FROM -.000003625 TO 000001125 BY .00000025 CONTOUR FROM -.00032 TO .00002 BY .00D02

F1G. 1. Cross sections through the center of the seamount: (a) the alongshore velocity; (b) the cross-shore
velocity; (c) the vertical velocity; (d) the density change relative to the initial conditions. Units are in m s~ for
i, v, w, and in kg m~* for p.







High-Order Schemes

A Ordinary Five-Point Sixth-Order Scheme (Chu and
Fan, 1997 JPO)

A Three-Point Sixth-Order Combined Compact
Difference (CCD) Scheme (Chu and Fan, 1998 JCP)

A Three-Point Sixth-Order Nonuniform CCD Scheme
(Chu and Fan, 1999, JCP)

A Three-Point Sixth-Order Staggered CCD Scheme (Chu
and Fan, 2000, Math. & Comp. Modeling)

A Accuracy Progressive Sixth-Order Scheme (Chu and
Fan, 2001, JTECH)
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%
Why do we need high-order schemes? TS5

,ﬁcﬁ
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A (1) Most ocean circulation models are
hydrostatic.

A (2) If keeping the same physics, the grid space
(4x) should be larger than certain criterion
such that the aspect ratio

0o =H/Ax << |



A Hidden Problem in Second
Order Central Difference Scheme

, A Local Hermitian

S iyl — Qi-1 .
. = Polvnomials
¢ 2Azx Y

Di;conrinuity of the first derivatives of the Lagrangian
Polynomials at each grid point.

YA

A Both @’ and @’ are not
continuous at each grid
point. This may cause
some problems.
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Three-Point Sixth Order CCD
Schemes

A Existence of Global Hermitian
Polynomials

A First Derivative Continuous

#
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A Second Derivative Continuous
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H'(x;) = H' (x)=H/  (x;)) = (5 f)
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Error Reduction Using CCD
Schemes (Seamount)
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(a) Peak error velocity.

Figure 11. Peak error velocity propagation in 20 days for the SCCD, second-order,
fourth-order, sixth-order ordinary, and sixth-order compact schemes (all staggered).
The formulas for the compact schemes compared are listed in the Appendix.







Accuracy Comparison

1 REVOLUTION 4 REVOLUTIONS 20 REVOLUTIONS

ANALYTIC | ANALYTIC

2ND ORDER DIFF 2ND ORDER DIFF 2ND ORDER DIFF

4TH ORDER DIFF 4TH ORDER DIFF

6TH ORDER DIFF 6TH ORDER DIFF




(4) POM Capability

Chuetal 2001, JTECH




Evaluation of POM Using the South China %:w\
Sea Monsoon Experiment (SCSMEX) Data %Mfg
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T-S Diagram from SCSMEX Observations
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Two Step Initialization of POM =55

c:fi:.\-ﬁ:?
(e

A (1) Spin-up
A Initial conditions: annual mean (T,S) + zero velocity
A Climatological annual mean winds + Restoring type
thermohaline flux (2 years)
A (2) Climatological Forcing
A Monthly mean winds + thermohaline fluxes from COADS (3
yvears) to 1 April
A (3) The final state of the previous step is the initial state
of the following step
A (4) Synoptic Forcing
A NCEP Winds and Fluxes: April 1 to June 30, 1998 (3 Months)



Two Types of Model Integration

A (1) MDI:
A Without Data Assimilation
A Hindcast Period: April-June 1998 (3 Months)

A(2) MD2:
A With Daily SCSMEX-CTD Data Assimilation

A Hindcast Period:
AMay 1998: No data Assimilation in May
A June 1998: No data Assimilation in June




Skill-Score

A Model-Data Difference

alsf 2o Y = ahy [ o +) H ( ~ +)
AY(z;, y5i2,t) = U (2i, 5, 2, 1) — U (24, Y5, 2, 1).

A

A Mean Square Error

MSE(z,t) = 33  [Av(z . 2,6
A Skill-Score (SS)
MSE(m, o)
MSE(c,0) °
A SS > 0, Model has capability

S§S§=1-




Scatter Diagrams Between Model and
Observation (MD1)
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Temperature (°C) , Salinity (psu)
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Scatter Diagrams for MD2 (with
Assimilation)
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Comments

A (1) POM-SCS has synoptic flux forcing.

A (2) Without data assimilation, it has
capability to predict temperature, but not
salinity.

A (3) With data assimilation, it has
capability to predict salinity.




(5) Air-Ocean Coupling

A Coastal Atmosphere-Ocean Coupled

System (CAOCS) for East Asian Marginal
Sea (EAMS) Prediction

AChu et al. (1999, JO)




Necessity for Air-Ocean
Coupling

A (1) Sparse Meteorological Observation
over Ocean

A (2) Uncertain Surface Fluxes

A (3) Nowcast/Forecast




Uncertain Atmospheric Forcing

The track of the tropical cyclone Ernie 4-18 November, 1996
(from Chu et al., 1998).

Tropical Storm Emie (1996) Best Track
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RMS Ditfference Between
NSCAT and NCEP Winds

Temporally varying root-mean-square difference between
daily mean NSCAT and NCEP winds over the whole South

China Sea (from Chu et al., 1998).
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Temporally Varying RMS Difference Between
POM Model Results Under the Two Wind

Forcing (Chu et al. 1998, JGR)
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A Velocity
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Temporally Varying RMS Difference Between A
POM Model Results Under the Two Wind u‘%

Forcing (Chu et al. 1998, JGR)
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CAOCS Components

A Atmosphere: MM5-V3.4
A Ocean: POM

A Land Surface: BATS




CAOCS for East Asian
Marginal Sea Prediction

Chu et al. (1999, 2000)
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Distribution of Vegetation




Area for Ocean Model

MODEL GRID




POM-EAMS
Model Topography and Lateral Transport 0.1sv
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CAOCS Numerics

A MMS5V3.4

A Resolution
A Horizontal: 30 km
A Vertical: 16 Pressure Levels

A Time step: 2 min
A POM

A Resolution
A Horizontal: 1/6° * 1/6°
A Vertical: 23 o levels

A Time Steps: 25 s, 15 min




Ocean-Atmospheric Coupling

A Surface fluxes (excluding solar radiation)

are of opposite signs and applied
synchronously to MM5 and POM

A MM5 and POM Update fluxes every
15 min

A SST for MMS35 is obtained from POM
A Ocean wave effects (ongoing)




Lateral Boundary Conditions

A MM5: ECMWF T42

APOM: Lateral Transport at 142°FE




MM Initialization

A Initialized from: 30 April 1998 (ECMWF
142)




Three-Step Initialization of
POM

A (1) Spin-up
A Initial conditions: annual mean (T,S) + zero velocity
A Climatological annual mean winds + Restoring type
thermohaline flux (2 years)
A (2) Climatological Forcing
A Monthly mean winds + thermohaline fluxes from COADS (3
years)
A (3) Synoptic Forcing
A Winds and thermohaline fluxes from NCEP (1/1/96 — 4/30/98)
A (4) The final state of the previous step is the initial state
of the following step




Simulated Surface Air
Temperature, May 98

COMTOUR FROM —20 TO 58 BY 2 (x1)
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Simulated 1998 Jun Surface Elevation and Velocity Fields
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Water Elevabon {m}
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(6) Severe Weather Effect

A Response of the South China Sea to
tropical cyclone Ernie 1996

A Chu et al. 2000 (JGR)
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Tropical Cyclone Wind Profile Model
(Carr & Elsberry 1997, MWR)

ve(r) = % [Ro (E’i)x B r] a*

r 1+ a?’

uc(r) = tan(y)ve(r),

A 7 ~ horizontal distance to the storm center
A (u, v,.)~ radial and tangential velocities
Ay ~wind inflow angle to storm center

A a=r/R
A X ~ parameter

scaling factor

m)




Surface Wind Field

V =(1-¢)(V.+ Vi) +£Vyy,

AV, ~ Wind field relative to the storm
center (from the wind profile model)

AV, ~ Strom translation velocity
AV, ~ Back ground wind field
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Nov 15 1996
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Comments

A Pom has a capability to simulate
response of coastal water to tropical
cyclones.




(7) Velocity Data Assimilation




Can we get the velocity signal ~"= .

from sparse and noisy data? %
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Reconstruction of Velocity Field
in Open Domain

Chu (2000)
Chu and Ivanov (2001a,b)




Flow Decomposition

A2 D Flow (Helmholtz)
ugy =rx Vg A, +VgyA;

A 3D Flow (Toroidal & Poloidal): Very
popular in astrophysics

y
u=rx VA; +rA, + VA,




3D Incompressible Flow

A
A When Veu=20
A We have

u=Vx(r¥)+V xV x (r®).




Flow Decomposition

ov  9*d or  9*®
U=—-+ V= —

9y | Do 9z Oydz

A VY =-(, C(isrelative vorticity
A VO=-w
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Several Comments

A Reconstruction is a useful tool for
processing real-time velocity data with
short duration and limited-area
sampling.

A The scheme can handle highly noisy data.

A The scheme is model independent.

A The scheme can be used for assimilating
S




(8) Turbulence/Wave Effects

(a) Wave Momentum Flux in the Ocean
(especially near the bottom)

(b) Surface Roughness Length
(c) Wave Effect on TKE




Turbulence Parameterizations

A Bulk Mixed Layer Models

A Garwood (1977), Price et al. (1986), Chu et al.
(1990), Chu and Garwood (1991), Chu (1993)

A Diffusion Models
A Mellor and Yamada (1982)
A Kantha and Clayson (1994)




Description of waves and turbulence

The describe the effect from waves and turbulence, define

u=U+u-+u'

where

U-mean velocity,

I?t' -the wave induced (periodic) motions,

u'-turbulent fluctuations.




Momentum Flux

%
B

Equation for the momentum transfer

égﬂ__&(u'w’) s ot

o oz 0z




some simplifications (boundary layer etc)...

U A AL foe

= TS, e w3+ @w ]+ v
oiL. 0’

— .=

ot

‘3(u'w
ot

>+...=..+F[U(t, 2), i(7,2)]

where
{ } represent an average over the wave motions

<> 1s average over turbulent timescales (short)

0°U
dz*




- Wave stress in the interior

Waves are irrotational, thus, 1n the interior.
o {uw}
—=)
07




Wave stress in the bottom boundary layer

Close to the bottom, friction is important which effects the
wave velocity field

Bottom
0.5 0 -0.5

U-velocity (m/s)
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Wave Breaking & Turbulent Dissipation

A TKE Equation:

ADTKE/DT =8+ WB+B-D

A S: Shear Production

A WB: Wave Breaking Effect

A B: Buoyancy Production or Damping
A D: Dissipation

A WB =y (u,,h)%/ 27
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