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ABSTRACT _

KIM, S. and CHEN, J. , 1999. Bottom Stress of Wind-Driven Currents Over an Inner Shelf Determined from Depth­
Integrated Storm Surge Model. Journal of Coastal Research, 15(3), 766-773. Royal Palm Beach (Florida), ISSN 0749­
0208.

Bottom st ress from wind-driven current was explicitly calculated using the SLOSH (Sea, Lake, and Overland Surges
from Hurricanes) model in which the bottom stress is not collinear with the direction of depth-averaged flow. The
asymptotic behavior of wind-flow relationships in a shallow ocean with a horizontally infinite extent shows that the
SLOSH model estimates reasonably the magnitude and the direction of the bottom stress over a range of the shallow
water condition. For the broad and shallow inner shelf of the Middle Atlantic Bight (MAB), the SLOSH model for
steady flow for a semi-infinite ocean resulted in reasonable est imation of bottom flow under the high wind conditions
of typical extratropical origin.

ADD ITIONAL INDEX WO RDS : Bottom stress, wind-driven current, inner shelf, coastal circulation, storm surges.

INTRODUCTION

In th e inte rmediate water depths over an inner shelf, com­
parab le to th e Ekman layer thickness , th e flow behavior con­
tains both rota t iona l deep-water boundary layer and collin ear
sha llow water boundary layer flow struct ure s. Detach ed sur­
face and bottom boundary layers over an outer and mid sh elf
become mergin g over an in ne r she lf. LENTZ (995) gave a
dynamic definition of an inne r she lf as a tran sition region
characteri zed by a cross-s he lf divergenc e in th e Ekman trans­
port du e to the interaction of the surface and the bottom
boundary layers. He also demonstrated that the inner-shelf
circulat ion is se ns it ive to th e eddy viscosity profile . In the
bottom boundary layer, the eddy viscosity is related to bottom
friction velocity , ll ' h ' whic h in turn is a function of th e bottom
stress (Ampt Th ) = P ll 'h2 whe re P is wate r den sity ). The bottom
st ress of the wind-driven curre nts is known to determine th e
diffusion and the flux gra dient of sus pended sediment con­
centra tio n and thus has a critical role in coastal morphody­
nam ics te.g.; WRIGHT, 1995).

Th e SLOSH (Sea, Lak e, and Overl and Surges from Hur­
rican e) model was developed for real -t ime foreca st of coas tal
storm surges (J ELESNIANSKI et al., 1992 ) and ha s been being
maintain ed as an operatio na l model by th e US National
Weather Se rv ices (NWS l. Th e SLOSH model has been also
success fully applied for extra t ropical storm surges (e.g. , KIM
et al., 1996; BLlER et al., 1997 ; KIM et al., 1998 ) by rep lacing
it s unique param etric storm st ruc ture with synoptic scale
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wind s from va riable globa l a t mosphe ric models such as the
Avn and th e ECMWF models. Th e SLOSH model is not sim­
ply a verticall y ave raged two-dim en sional model but instead
it is ba sed on a flow st ruct ure assumpt ion. The flow structure
is primarily controlled by bottom st ress which is not collinear
with depth-averaged velocity (JE LESNIANSKI, 1970 ). J ENTER
and MADSEN (1989), (J M hereafter), examined the bottom
st ress of wind-driven flows in a coasta l sea using a depth­
resolving model (J M model hereafter). Th ey demonstrated
that th e conventional drag formulation would be unlikely to
pr edict correctly th e bottom stress direction given depth-av­
era ged velocity . In th e sa me context, DAVIES (1988 ) pointed
out that, for wind dri ven flows, th e bed st ress determined
from a vertically integr ated two-dimen sion al mode l was sig­
nificantly different from th at computed using a fully three­
dimen sion al model.

Th e objecti ve of this st udy is to investi gate th e SLOSH
model bottom stress formulation by comparing it with the JM
model for steady wind-driven currents in coastal waters. We
will explore the usability of th e SLOSH model bottom for­
mu lation for near-bottom flow cha rac te rist ics, whil e acknowl­
edging th e inh erent weakness of using cons tant eddy viscos­
ity. First, a n ocean of infinite hori zontal exte nt was used to
study th e asymptotic behavior of th e nearshore steady wind­
dri ven flow. Th en we applied both models for the se mi-infi­
nite ocean-simplification of the Middl e Atlantic Bight
(MAE) off the North Ca rolina coast. Tr an sports a nd bottom
st resses were si mulate d during th e one-month peri od of Oc­
tober 1994 . Th e observat ion data from th e bottom boundary
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THE SLOSH MODEL BOTTOM STRESS
FORMULATION

measurement tripod of th e Virginia Institute of Marine Sci­
ence (VIMS) during th e sa me peri od was compa red with mod­
el simulations .
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J ELESNIANSIK et al. (1992 ) int roduced a slip boundary con­
dition at the bed (z = 0) with slip coefficient (s = 0.000 9 mI
sec) so that T = swlz ' o- Th ey elim inated the bottom st ress
term by using a convolution method. Th ereby, the tran sport
equa t ion becomes

(1)

wher e horizontal velocity is

We use the vertical coordinate , z, and the horizontal coor­
dinate, Z = x+ iy, such th at u and v are velocities in th e x­
and y-directions of Ca rtesian coordina te, respectiv ely. For a
linear, homogen eous water column, the complex notation of
momentum equa t ion ie.g , WELANDER, 1961) becomes

ino a( aw )- + i{w = q + - v-at az az

where we define transport as the depth integrate d horizontal
velocity

and horizontal pressure gra dient is

q= -gC: + i:). (3)

Here, i (=-v=l) denotes th e complex number; 1) is water lev­
el; g is gravitational acceleration; (is Coriolis paramet er ; and
v is eddy viscosity. If we integr ate equa tion 0 ) over water
depth, we ha ve
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Here , T, is surface stress, Th is bottom stress, a nd p is wate r
density. The solution of equa tio n (4) depends on bottom stre ss
term, T, which is difficult to obtain from th e depth integrated
transport. PLATZMAN (1963) assumed constant eddy viscosity
( v = 0.0225 mvsec) and introduced a time operator

One should note t ha t all the coefficients become functions of
th e water depth, th e eddy viscosity, the Coriolis param et er ,
and the slip coefficient. Th e choice of the values for v and s
are based on th e calibra t ion for the high wind. Th e complex
coefficients, A , B, and C, effectively includ e the bottom stress
te rm. From equa tio ns (4) and (1 2) , we can calcula te the bot­
tom st ress term given transport, pr essure gradient, and sur­
face wind stress

W = r"w dz = U + iV.
JZll

Surface stress term is defin ed as
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bottom stress term is
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and gradient t erm is
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For steady cur rent , equa t ion (12 ) gives transport
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Th en, the bottom stress term in equation (19) becomes
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THE JM MODEL BOTTOM STRESS
FORMULATION

Th e JM model is based on a more realistic bil inear eddy
viscosity
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where K is the Von Karman constant and U*s = V [Amp(Ts)Yp
is surface friction velocity and U*h = V [Amp(Th)lIp is bottom
friction velocity. The mid-depth wh ere the eddy viscosity is
continuous is defined as

(28)

wt = A h(bers h+ ibeish) + Bh(k ersh+ ik eish) for Sh < Sbm

(27)

w; = A,(bers s + ibe iU + BJkert + ike iU for L > Ssm'

(29)
.q*1 = t -r ,io; tb '=~h() f

Here, A h , Bb , A" and B; a re the complex constants to be de­
termined from bounda ry condit ions .

At the bottom, no slip boundary condition is applied(23)

(22)

U*h-h
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v = {KU*Jh - z ) for z > Z'"

KU *hZ for Z < z;

Equation (1) is rearranged for steady state

d ( dW*)dz v dz - ifw* = 0

wh ere

(24)
At the s urface , wind stress is applied
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wh ere <I> is the wind direction. At mid depth, velocities and
shears from surface and bottom layers are equatedw* = w + i f{r

Introducing new length scales

Z
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From equat ions (27) through (30), we have a set of simulta ­
neou s equati ons
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Th en the solutio n becom es wh ere
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Th e trans port becomes
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Th e solutio n requ ir es an it eration for U*h' Th e bottom stres s
term becomes

and

U * s ' sm-y - - -
U*b Shm

(3 7)

- ShmAh(ber'Sh", + iber 'Shm)

+ sh",B h(ke r'Shm + ike r'S hm)} - Q]. (39)

Th e steady solut ion depends on two length sca les - bottom

J ourn al of Coasta l Resear ch, Vol. 15, No. 3. 1999



(0)

/
/

/
/

/

Bottom Stress Calcul at ed by SLOSH Model

(b)
o

-90

~-180
0>
C«

-270

-360

769

Figure 1. Bott om st ress in an infin ite ocean; (a) th e bot tom friction velocity, Ll ' b' norm al ized by th e surface friction velocity, Ll., and (b) th e angle of
bottom st ress dir ect ion counterclockwise from th e surface st ress dir ection. Horizont al axis represents non-dimensionali zed depth Ll,j fh in whi ch th e lower
valu e represents deep wa ter and weak wind and th e highe r va lue den otes sha llow wat er and st rong wind. Solid line rep resents th e SLOSH model while
th e dashed line represents th e JM model.

roughness, Z bO, and a small length from th e sea surface, z,o.
JM tabulated th e range of the bottom rou ghness length scale
based on the bottom sediment type. GRANT and MADSEN
(1986) sta ted that ZbO is controlled by th e distributed rough­
ness, the wave-current interaction, th e movable bed effect ,
and th e suspended sedime nt concent rat ion induced st ra tifi­
cation, LENTZ (1995) show ed no sensit ivity of Z sO in two-di­
mensional eddy viscosity model. We took Z sO = Z bO for simplic­
ity in this study. The solution of th e JM model involves an
iteration procedure to converge to a value of bottom friction
velocity, u.b •

ASYMPTOTIC BEHAVIOR OF A HORIZONTALLY
INFINITE OCEAN

JM took the ocean of infinite horizontal extent without geo­
st rophic current to show the stress-velocity relationship.
They demonstrated that th e bottom stress and depth-aver ­
aged flow are never aligned. They also showed the depend en­
cy on bottom roughness. Th e SLOSH model was te sted for
th e same setting in which q = O. We assumed zoJh = 10- 6

which is for sandy bottom in the depth range of 10 to 100 m.
We also assumed U ' s=1 cm/s. Using WU's (1982 ) formula for
drag coefficient for surface winds, the wind speed of 10 m/s
at 10 m above the mean sea level results in u.,~ 1.2 cm/s. We
investigated the results over a non-d imensionalized depth,
u./fh, which is the ratio of th e surface Ekman layer depth to
th e water depth.

Figure 1 shows the bottom st ress respon se to th e surface
stress. At the shallow depth (high u ,/fh ), the bottom stress
approaches th e surface st resses both in magnitude and di­
rection. As th e water depth increases (lower u,/fh ), the bot­
tom stress magnitude decreases and it s direction veer s to the
right of that of the surface stress. Th e SLOSH model and the
JM model agree well for high values of u./fh. For shallow

water , th e bottom friction becom es identical to the surface
friction (for u./fh ~ 10, U ' b ~ u's), For deep water , no bottom
friction effect from sur face winds (for u./fh ~ 10, U ' b < 0.1
u.,] . The magnitude and direction of the bottom st ress from
both models deviate for u./fh < 10 which corr esponds to h >
100 m. Thi s lower limi t is not consi de red relevant becau se
resulting sediment t ran sport in such deep water or from such
weak surface wind s would be negligible.

Th e tran sport (Figure 2) shows better agreement between
two models in both magnitude a nd direction over all th e rang­
es of u./fh. The lin ear relationships between !Wl/u .s and u./
fh are ma intained for u./fh < 10. JM explained that th e large
u./fh limit is th e turbulent Couett e flow limit (u .; = u.b)

wher e a cons ta nt st ress profile is approach ed. Both models
clearl y show th e shallow water limits (high u./fh) of th e col­
lin ear transport with the surface stress a nd th e deep water
limits (low u,/fh ) of the typical Ekman transport in the right
angle to th e surface stress. Th e see ming ly good agree ment
betw een th e SLOSH and the JM models in thi s test should
be interpret ed with caution. JM showed th at for u./fh > 10
the dependen ce of transport on bottom roughness increases.
Decreasin g bottom roughness increases IWl!u.sas well as th e
veering a ngle. Th e higher value of IWl!u .s from th e SLOSH
model suggests th at both models would ha ve better agree­
ment for th e lower roughness len gth than zoJ h = 10 -6 •

SIMULATION FOR A SEMI-INFINITE OCEAN

Th e met eorological respon se of the morphodynamics over
the MAE inn er she lf off North Ca rolina du rin g October 1994
was describ ed by KIM et al. (1997 ). To test both model s, th e
simulation included th e same period of th e VIMS bottom
bounda ry measurement tripod deploymen t. Th e study a rea
has a simple long coastline and a broad shelf wher e the iso­
ba ths a re nearly parallel to th e coastl ine (Figure 3). Th e
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Figure 2. Tr an sport in an infin ite ocean ; (a ) the depth-aver aged velocity, IWI, norm aliz ed by th e sur face friction velocity, U" and (b) th e angle of th e
depth- averaged flow direct ion counte rclockwise from th e su rfa ce st ress direct ion . Horizontal axis represents non-dimensionalized depth u.jfh in which
th e lower value represents deep water and weak wind and th e higher value den otes sha llow wate r and strong wind . Solid line represents th e SLOSH
model while th e dashed line represents th e ,JM model.

Figure 3. Locat ion map for Duck site and the Middl e Atlan tic Bight.

steady flow assumpt ion is rea sonable with the large-scal e ex­
tratropical meteorologi cal conditions prevailing over the
MAB betw een fall and spring. We set the positive x-axis as
th e offshore direction. Th e positive y-axis is aligned with a
coastline which is 20° counterclockwise from true north. We
ass umed a semi-infinite ocean of 20 m depth in which both
the cross-shore transport term and the alongshore pressure
gr adient term approach zero. The net zero cross-shelf trans­
port ass umption has been accepted by many and is less ques-

tionable (e.g ., LENTZ, 1994 ). The second assumption of aT! lij
~ 0 is not really supported by measurements (e.g., LENTZ
and WINANT, 1986 ). Steady solution requires iteration for
both models. We first assumed a value for the cross -shore
pre ssure gradient. Th e models then calculated Wand T. With
upd ated Q, the model calculations were repeated. The con­
vergence criteria was given by U ~ O.

We took one month an emometer data at 19.5-m above the
mean sea level from th e US Army Corp of Engineers Field
Research Facility (FRF) at Duck, North Carolina (Figure 4).
LENTZ (994) showed that the observed wind near the coast
may be lower than th e surface wind in th e deep water be­
cause of large gradi ents in wind stress magnitude near the
coast. Thus we ad opted Wu 's (1982 ) surface drag coefficient
at lO-m above sea sur face (CI O = (0.8 + 0.065 X Uw;nd) X

10- 3 where Uwind is wind speed ) which gives slightly larger
dr ag coefficient, Co' For an unsteady flow, JELESNLANSKI et

al. (1992) not ed th at weak turbulent mixing associated with
low wind did not allow sufficient tim e to mix down to th e
bottom. Because of thi s transitional effect , they used higher
CD(= 3 X 10- 3 ) . HEAPS (983) also pointed out that the wind
drag coefficient depends on the st ate of development of the
sea surface waves thus many surge models use higher CD
values than tho se suggeste d by air-sea interaction studies
such as Wu (1982).

The calculated u -; values were nearly identical in magni­
tude from both models (Figu re 5). Th e directions of th e bot­
tom stress also were comparable for th e high winds: The
agre ements between the mode ls and th e estimation from th e
log-fit of the observ ation data were reasonably good during
th e high wind peri od. Especially during the 3-day period be­
tween 10/10/94 and 10/13/94 with constant strong northerly
wind s, the model calculate d value of U ' b was in good agree ­
ment with th e observ ation. All the peaks of bottom friction
velocity in th e order of 1 ern/sec wer e ass ociate d with strong
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Figure 4. Surface winds during October 1994 record ed a t th e FRF pier ; (a) th e magnitude and (b) the dir ect ion clockwise from north (00 is alongshore
toward north, 900 is offshore, 1800 is a longshore toward south, and 2700 is ons hore directed , respectively). Hori zontal axis represents th e day in October
1994.

alongshore (~ 180°) and small offshore « 180°) components
which appear to be related to downwelling wind-driven cur­
rents. The abrupt shi ft in the flow direction coincide with
rapid wind speed changes, which shows that th e st eady flow
assumption cannot hold especially for the ra pidly deceler at­
ing wind s.

Around the storm peak for 10/16/94, the modeled bottom
friction is still dominantly alongshore with weakly offshore
component whereas th e observ ation shows weakly onshore
variation. Considering the error of up to 5° in th e electro ­
magnetic current sensors, we cannot be sure about th e dis­
crepancy between th e modeled and observed directions. The
underestimation of the modeled value of U ' b is also appa re nt
during this period . With increased wind s, also wave activity
becomes dominant. GRANT and MADSEN (1986) demonstrat­
ed the increased U ' b and Zo by the wave-current inter action.
In the JM model, th e constant bottom roughness , Zo = 2 X

10 - 5 m based on zoJh = 10- 6 with h = 20 m, certainly is an
underestimation for a condition of high wave s. For th e
SLOSH model, th e slip coefficient, s = 0.0009 m/sec, may be
also increased under this situati on. MASTENBROCK (1992)
showed th e role of the waves on the storm surges . Th ere wer e
counte r-interactive effects of the wave ages by enhancing th e
effective sea surface roughness and th e rad iation stress of

slow-down of th e surge buildup. The swell in sha llow water
also enhanced the bottom friction, which may be the case
around 10/16/94.

SUMMARY AND CONCLUSIONS

The SLOSH model, bas ed on const ant eddy viscosity and
slip coefficient, reproduced reasonable steady bottom flow be­
havior of the wind-driven currents over an inn er shelf. Com­
pari son of th e SLOSH model 's asymptotic behavior to th e JM
model with more reali stic bilin ear eddy viscosity showed th at
th e SLOSH model predicted the same beh avior for shallow
water (high u./fh ). The depth limitation was more relaxed
for th e depth averaged flow, which impli es the success ful
storm surge prediction by th e SLOSH model.

For th e simple linear coastline such as in the MAB off
North Ca rolina , th e steady flow solution for th e semi-infinite
ocean was adequate to estimate th e bottom stress from th e
wind -driven flow of ext ratropical origin. The inability of han­
dling rapidly deceler ating wind s resulted in unreali stic dir ec­
tion variations. The additiona l wave effect by increasing sur­
face and bottom rou ghness should be resolved by incorporat­
ing bottom boundary layer dynamics.

The bottom stress calculation showed the domin ant along-

Jo urn al of Coastal Research, Vol. 15, No.3 , 1999
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Figure 5. Steady flow simu latio n for a semi-infinite ocean with 20 m water depth driven by the FRF winds; (a ) the bottom friction velocity, U' b' an d (b)
the bottom flow direction clockwise from north (0 0 is alongshore toward north , 90° is offshore , 180° is alongshore toward south, and 270° is onshore
dir ected, respecti vely). Horizonta l axis represents the day in October 1994. Solid line represents th e SLOSH model while the dott ed line represents the
JM model. One should note that both models give nearl y identical U ' b' The open circle denotes the estimation from the VIMS deployment.

shore movement of the near-bottom flow. Under cons istent
norther ly winds typical of extra tropical meteorological con­
di tio ns in the MAB, the secondary offsh ore components ex­
isted. Th e complications of th e cross-shore t ransport direct ion
of the near-bottom flow were caused by the approaching sys­
te m with increa singly onshore-di recte d win ds.
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