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Abstract

The discussion has tried to focus on the elements of meteorological forcing to storm surge modeling. The difference of tropical and extra-tropical
cyclones in the dynamical aspects as regard to storm surge modeling is compared. Specific experiments for storm surge computations are presented to
illustrate the impact of the various kinds of meteorological forcing. The weak link of surge modeling to tropical eyclone predictions is specially

analyzed.

1. Introduction

Apart from the daily astronomical tides, there are two types of
weather events that generate additional water level changes, referred
as storm surge, or sub-tidal water level: mid-latitude extra4ropical
cyclones (EC) and tropical cyclones (TC). The prediction of
astronomical tide at a tide gage can be made very accurately,
sometimes to a few centimeter where the gage record is long. But,
even the skill in predicting storm surge has been improved greatly
along with the advancememt of weather forecasting, and the
numerical models have replaced the statistical methods, the accuracy
is no match with astronomical tide prediction.

‘The reason is dueto the definition of the surface wind and pressure,
the primary forcing for stosmn surge generation. Today, the extra-
tropical cyclope’s development, EC cyclogenesis, can be very
skillfully predicted by Numerical Prediction Model [INWP),
evidenced by many recent events i the U.S, East Coast. The storm
surge predictions also show their consistency with the NWP's skills.
They will be illustrated here. The prediction can be put in the routine
basics as NWPs operation, The lessons learned are very informative
to the surge modeling problems.

The study of the TC dynamics and the track predictions have
progressed significant in the past two decades, Only recently, the
track predidtion by dynamic models started showing promises for
fiture advancement. A 24-hr forecast of TC's position has a RMS
error of slightly under 100 NM, by many models, today. However,
the demand of high precisien in the }ocation of the tight, strong wind
band near landfall of TC makes the surge forecasting very difficult,
50 is applied to intensity. Consequently, the methodolegy for TC’s
surge prediction must follow that of TC forecast operation. This trend
will continue.

Inn the past, the engineering tools are nvented; the TC is deseribed
by an analytic formula with a set of simple parameters, called
parametric wind model. In the hindcast mode, the surge model has
shown its capability to reproduce the observed surges, even
quantitatively. The accuracy is by no means comparable to EC's
surge verification. For TC, even post-storm verification can not
rectify the errors from the contributing factors: meteorology input, or
ocean dynamics, or observations, or all of them. In U.8.’s East Coast
and Gulf coast, significant TC surges are in the mean of 3 m, while
EC surges are 1 m. The error in EC surge forecasts verified at a gage
is of order of 1010 15 cm; the error of post-storm verification for TC
is only n 20 %.

The forecasting constraint on TC is so great that one lends to use
the fleast regret' forecast in real time for the general public. We may
also use surge model as an assessment tool for likelthood forecasts, or
the worst and best scenario forecasts. The sensitivity study of surge
model with respect to a large sct of hypothetical situations can he
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hetpful for the evacuation decision and other environmental
analyses.

2. Oceanic Respoase: bathymetry and coastal
geometry

The surge characteristics are complicated by coastline peometry
and basin depths (bathymetry). Even a simple open continental shelf
and a deep ocean respond to the forcing significantly different. In
the deep ocean, because of the large 'external' Rossby radius of
deformation, A, ={gD)"*/, the cyclone’s momentum generates mostly
currents and mternal (baroclinic) waves, excluding surface waves.
The water levels, an external mode of motion is, hard to be excited..
On the shelf where responsible for storms surge generation, the
barotropic mode dominates. A relative small baroclinic response
from TC can last weeks in its wake, since the 'mternal’ Rossby radius
of deformation, A =(3p/p)A. , is small. Hs effect do not penctrate into
the shelf as illustrated by a two-layer ocean model (Bunpapong, ot al
1985 for Gulf of Mexico). The storm surge on the open shelf is
generated by two kinds of forcing: cross-shelf wind and long-shore
wind. The forced convergence of transpotts induced by cross-shore
wind onto the sloping depths and against the coasts is typical for the
TC storms. The surge is transient, lasts normally less than a tidal
cycle. Severe EC cyclones, northeasters in the East coast, are large,
slowly moving systems, on-shore surge gradients are nearly in
balance with longshore currents. Their coastal impact is
characterized by the long duration. surges coinciding with the
astrenomical high tide, and larpe waves.

For a semi-enclosed shelf comparable to the size of a r:yclone,
such as Yellow and Bohai seas in Asia; or, a wide strait between
Taiwan and mainland continent, the storm surge distributions are
complicated by ateral geometry and depths. Post-storm re-surges are
common due to reflections, as free oscillations, such as edge waves,
coastal trapped waves, natural mode of escillations for semi-enclosed,
or bays and estuaries coupfing, etc. They may also interad with the
wind-induced dircet surges (Qin,1393),

3. Extra-tropical Cyclones: lessons learned

Today's storm surge model for EC direcily wses the lowest level
wind and pressure from the numerical weather prediction (INWP)
model, due to its high vertical resolution capability.  The
development of unstable baroclinic waves, as EC cyclogencsis { EC's
‘eold-core' structure, in contrast with TC's warm-core) has been well
reproduced by NWP. The EC's cold-core structure is characierized
by strong vertical wind shear (thermal gradient), streng surface



pressure gradients and winds behind the cold front. The scale of EC is
in the order of 1000 km; the typical life cycles of EC are several days
o a week. The progress of forecasting U.S. Atlantic coastal EC
cyclogenesis are very noticeable in many major events of recent
vears (e.g, super storm in March 1993).

3a. A quasi-stationary case: 1991's Halloween
storm

See Fig, 1 for the bathymetry and computation grids for a
operational EC’s surge model for Eagt Coast of U.8. (Chen, e al.
1923; Kim, o al. 1995). It uses the global operational model
(AVN) cutput winds (.995 sigma level, roughly 30 m above MSL)
(90 % values for sea surface) and surface pressure, in 1 degree
resolution {from 126 spectral modes), (Fig. 2).  This storm was
initially merged with a TC in the Atlantic, then drifted westward and
battered the coast. After three and half days, EC repacked the
conrvective energy and turned into TC, made a loop and moved NE to
Canada. The wind field contracted and left weaker wind on the shelf.
Fig. 3 shows the hindcasted surge histories as compared with tidal
gages data. The slow rise and the sharp drop of surge are well
reproduced by surge model. Throughout the event, this region were
dominated by N to NE winds; majority of the coasts experienced
steady off-shore and slighily long-shore winds. It is worth to notice
that in this case the local winds at a coastal point do not correlate to
the local surges (Fig 4), at Montauk, N.Y. The computed surges
responded according  to the storm’s structure changes at the outer
nid-Atlantic shelf.

3b. A transient case

The rapid EC cyclogenesis developed in 18 hour was in the forecast
(Fig. 5). The surge forecasts in three consecutive forecast cycles
showed consistencies in ampliludes and phases as .the observed,
credited to the NWP's forecasts. The coastal low pressure
developments are common phenomena in the East Coasts, normally
exiling to sea or along the cossts. Winds are transient casterly, in
contrast with north-easterly for case 3a. Sometimes, the predictions
suffer more from the temporal interpolations of the field variables.

3c. An approaching low center from ocean

This case is similar to TC's prediction. The surge forecasts are
shown in Fig, 6. The forecasts of first two oycles, from 22/00Z and
22/127 of Dec 1994, failed to produce the phase, because the storms
were predicted too close to the coast.  But, at 23/127, the model
made a final correction for a vseful 24-hr forecast. In this case, both
time and space imterpolations are crucial.

Using the saved analyzed wind/pressure fields (12 hr cycles) for
two days, the initial state of ocean is produced by the model spin-up
and warm-up from a no-motion state. Closer intervals than 12 hours
are desirable (important for transient cases), but not implemented at
this time. No true data assimilation is used for the initial state. Then,
the model provides 48 hours surge ferecasts along with NWP. This
process repeats twice daily at 00Z and 127 in 2 routine bases. The
statistics for the 24 hr forecasts, m 1994, with the sub-tidal water
level analyses at the gages have shown a root mean square error of
10-15 cm on the East Coast pages, and a comrelation coefficient
around .8.

The initial water levels at cach coastal gage may contain variations
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in longer periods, such as seasonal change. Since they vary from
location to location, a simple barctropic surge model can not
reproduce such variations by spin-up from rest. In practice, Jocal
users can make such an adjustment by removing monthly mean from
the realtime gape data.

4, Tropical cyclones: area of difficulties

For TC surge predictions, the greatest difficulty is predicting the
storm, the motion and intensity. It is the problem of storm forecast,
unanswered by surge models. Although the surge modeling effort
has a long history on EC (over 40 years in Europe), it can not extend
the experience to deal with TC meteorclogy. This is the weakest link
of TC surge prediction to meteorofogy. In U.S., dynamical surge
model was applied first for TC then later for EC; modeling the storm
for TC has been the primary concem, with very little help from
NWP’s advancements, '

4a. The primary and secondary circulation

In a mature TC, the primary circulation, the tangential winds, is
highly symmetrical near the core region. The deep, lower-
troposphere circulation is close to barotropic, in contrast to upper
troposphere, where heating is take place, being barocline. This TC
structure is by no means close to EC, a barocline wave, The
difference lics on the secondary circulation being the primary role in
supporting TC .

From RECON data, the cyclonic (northern hemisphere) primary
flow can be shown in pgood gradiet balance with pressure
(Willoughby, 1990b). It is derived from measured geopotential
heights on an isobaric surface (e.g,, 700 or 350 mb flight level). The
Miniroom central Sea-Level Pressure (MSLP) measured by
dropsonde is considered the best indicator for TC intensity; or by the
700 mb center height which is highly correlated with MSLP
(Weatherford and Gray, 1988a). A maximum wind hand around the
center is nearly in cyclostrophic balance. These are practical slements
of TC, used widely and only measured directly by RECON.

Withowt RECON, either MSLP and maximxie wind is rarely
measured by surface observations. Engineers must develop by
empirical means the relationship for pressure and wind: 1. Analytic
pressure profifes (Schloemer 1954, Myers 1954, Holland 1980); 2.
Analytic wind profile (Jetesnianski and Taylor, 1973}, JT, depending
ot a few empirical parameters. To close the formulas, the direct
relation of peak wind speed and MSLP, WPR, is made by empirical
means:

Vi = const. (po-po )* iy
where V, is the maximum wind, p, is MSLP, p,, the pressure at large
distance (o = 644, Atkinson and Holliday 1977), Asa=1/2, V, is
relatedto V., a cyclostrophic wind in the core. Or, Vi, cant be further
adjusted to account for the latitude effect, as gradient wind, V, by

V=V /[(1 +a*)*+a]

)
a=.5(fRu) Ve

where f is the Coriolis parameter, Ry, the radius of maximum wind,
Vg near Ry, is about 2 mi/s lower than V.. Their mathematical form of
pressure profile is normalized by pa-p.,



P Po = (BrPo } P(x) 3}

and x=1/Rum, Ry, the horizontal scale. For surface wind, a reduétion
factor (frequently .8, or .7) and a constant inflow angle (eg 25
degree) are frequently chosen,

The secondary circulation of TC, mainly vertical, is in response to
condensation heating in the convective ring which is assumed under
the control of frictional induced convergence. For a given primary
circelation of a steady-state TC, the radial mcan flow in the
boundary layer, u, can be related to frictional dissipation and radial
transports of absolute vorticity,

u=-Cp V.2 /h[ r{d/dr) Ve +f] 4)

where V, is surface wind of V, h thickness of the boundary layer, Cp,
the drag coefficient. That u <0 inward, for all r outside the core
region, since the bracket term is always positive for inertial stability.
Typically, V~ r", x~5; it results that, letting V,=V, an inflow
graduaily increases from far distance inward to a maximum (at ~ 3
R if f Ren /Vim =.2) then drops toward center to zero, However, from
(4), u is very sensitiveto h.

Accountt for the radial flow, it can be derived from JT's formulation
that the maximum sarface wind and central pressure relationship,
along, a surface trajectory with a inflow angle ¢(r)>0 is

PPo =pVu'ks © )

c=| m_ﬁx)2 [sin )} de
ke & R 2/(3 Vi + 603",
Ry it mi, Vi in mph,

where the nrormatized wind speed formuta fx)=2x/41+x%), x=1/Rm, ks
an empirical frictional constant which has no direct physical
meaning, but adjusted to fit the data. The §{r) and p(r), not known,
are solved separately (sce reference). As a result, ¢ is a rather mild
function of R, a dissipation measure along the trajectory. Larger
storms have larger inflow angles at a distance; vice versa. See Fig. 7
for a range of Ry,

V= const. (pe-po)”® R c (3 Vyt60)  (6)

In addition, the maximum surface wind speed is a mild function of
radius of maximum wind. From an independent study {(Chen, 1997),
the parametric wind model by (Holland, 1980) can be extended to
have a similar result as JT, if Holland’s parameter B, is set , by
fitting, to

B = 1.5 (Rw30Y"? , Ry inmi )
then,
V. = const. (o) Rey* @

According Holland,, 1<B<2.5, a mean of B is 1.5. Schioemer and
Myers formulas, B=1, gemerally underestimate V.
comparison is shown in Fig, 8. These refinement of WPR is realistic,
according to data analysis of (Weatherford and Gray 198%a). In
addition, JTs is capable to produce a realistic surface trajectory for a
given central pressure, requiring no kmowledge of maximum wind,
This preference certzinly has something to do with the availability of

Their .
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dropsonde data at the storm center from RECON.

The air-sea interaction theory of a steady-state TC (Emanuel,
1986) can gquantitatively relate the central pressure and moist
entropy, with the aid of gradient wind relationship for radial
distribution of TC angufar momentum at the top of boundary layer.
The emphasis of the boundary layer thermal budget has been
revealed in the numerical model experiment at TC's mature state
(Ooyama, 1969). Ignoring horizontal diffusion, the angular
momentum budget in the converging boundary layer (thickness h)
can be derived as:

bt (dide{Mur] = - CoVdVa -wa My (D)

wp= - hr' {@doj[ur) (10

where M, Vr + fr*/2, is the mean absohze angular momentum, u the
mean radial velocity, [V/=(V*+u™)"%, w vertical velocity, subscripts o
and h indicate z=0 and z=h, Cp the drag coefficient. The vertical
mass flux, w, is positive {upward) at the cloud base, negative
(subsidence) away from the core. This equation relates the inward
increase of the tangential winds (angular momentum) toward the core
against the frictional dissipation, downward mixing of momentum
flux. Eliminating wy, with My=M, (9) and (10) can be reduced to

ku[r' @) M] = - Cp|V Vs,

the equation (4). Independently, from JI’s formulation (see
reference), it can be derived that for all surface variables

ua[r'l (dfdl') Mo] = - (kilvo'vn = I’cn|vﬂl uﬁ) (11)

where k, is a constant in normal direction of the trajectory, as k, the
tangential, and k,=k,/1.15 Two empirical congtants, no claim to be
related to drag coefficient Cp, serve to fit the data only (Jelesmianski,
1966).

Emanuel's approach uses the gradient wind constraint at the top the
boundary laver to predid, at the center of TC, the pressure and B,
equivalent polential temperalure (representing moist entrophy). This
thermal constraint to angular momentum leads to the prediction of
intensity measure of TC as parameter of sea surface temperature T,
cloud out-flow temperature Toy and boundary layer relative humidity
in the outer core regions. The maximum wind and wind profile are
also predicted at the top of boundary layer, so is WFR. This method
may be useful, if' the central pressure measurement is not available,

In reality, intense TCs frequently possess double concentric eye
structures. They seem to also follow gradient balance {Willougby, ot
al. 1982). It is very easy to generalize JT's normalized wind profile,
f{x), Fig. 9, to fit a wind profile of double maxima for hurricane
Allen, 1980, Being consistent with pressure drop (also chanpe of
inflow angles) , the resulting surface wind speeds are quite
reasonable, roughly 80% of flipht-level winds. Both single-maximum
profiles, Ro=12 mi and 56 mi, can not be consistent with the data;
part of the winds exceed flight level winds.

#b. Two dimensional asymmetry

The boundary Jayer wind asymmetry due to the differential surface
friction from storm motion is studied by (Chow 1971, Shapiro 1984)
with the assumed circular pressure profile P(x) of Myers. The mean
radial flow of the boundary layer determined by these models are
sensitive to the boundary layer depth, h.

The surface wind analysis, based on many source of the real-time



data (from RECON, buoys, C-man stations), was produced by
Hurricane Research Division (HRD). Fig 10. showed a case
commparison with HRD's analyzed winds at 12152, Od. 4 (Houston,
personal communication) vs. a parametric wind modal (based only on
central pressure, radius of maximum and storm motion) for hurricanc
Opal, 1995. They are similar in terms of a gross sense, but
significant different m delails. Using the same surge model, the
maximum surges generated on the coast are comparable (Fig. 11).
The contribution of pressure effect, vs. wind, is not negligible for this
basin. However, the wind analysis at 1240Z { different data source),
produced a less desirable answer.

This experiment seems to suggest that the surge model is very
conservative to small details of wind distribution. The computed
surge is more dependent the integral measure of the elements of TC,
not its local perturbations.

5. Concluding Remark

The storm surge models respond to cyclones as meteorological
systems in a very conservative manner, with respect to minor
perturbations of the forcing The extra-ropical storm surge
prediction can directly link to the surface output from the NWP
models and achieve improvements with the forcing. TC storm surge
prediction, however, must continue to rely on a better engineering
technique which requires certain degree of emipirteism to accourt for
current observations or/and dynamic constraints from TC models.

TC'strack prediction is progressing rapidly, whereas the forecast
of the intensity changes remains slow. This trend will centmue, and
limit the surge prediction capability to be as good as EC surge
forecasts.
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