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SPLASH !
_(SPECIAL PROGRAM TO LIST AMPLITUDES OF SURGES FROM HURRICANES)
PART TWO. GENERAL TRACK AND VARIANT STORM CONDITIONS

Chester P. Jelesnianski
Techniques Development Laboratory,
Systems Development Office, NOAA, Silver Spring, Md.

ABSTRACT. Part one, an operational computer program, has been ex-
panded in part two to accommodate storms with generalized motions
of not too great complexity. Examples are storms that move along-
shore, recurve, remain stationary, accelerate, and landfall (exit).
Also, storm strength and size are allowed to vary in a continuous
monotonic manner with time. Surges generated by these generalized
storms are complicated in space and time, and they can occur on an
extensive coastline (hundreds of miles).

Five track positions (spaced at 6-hr increments on the storm path)
and simple meteorological parameters are the meteorolegical input
for the program. Detailed meteorological phenomena such as ex-
plosive deepening of storms, violent changes in storm track, and
sudden accelerations of the storm are not considered.

In part two, we discuss--in a qualitative and heuristic manner--
several strange dynamic phenomena generated by the storms with
generalized motions. Several special examples are computed by
the program and then interpreted for forecasting.

I. INTRODUCTION

In part one (Jelesnianski 1972, hereafter known as SPLASH 1), operational techniques were
developed to predict tropical storm surges on the open coast. Storms conveniently were re-
stricted to strike the coast after/before traversing continental shelves, on a straight-
1ine track, with constant speed, and with strength and size invariant with time.

In this follow-up report (part two, hereafter known as SPLASH 11), we remove some of these
restrictions. The prediction scheme is extended to accommodate storms that travel along
coastlines, do not necessarily landfall (exit), follow curved tracks, recurve, become near
stationary or slow moving, gently accelerate in speed, and vary monctonically with time in



1y great to warrant the effort required to develop a stable finite-difference scheme for the
resulting equations.

The natural surface of the basin is distorted into a rectangle; on the rectangular basin,
we use a cartesian orthogonal grid system in our computations.4 Because we assume gentle cur-
vature5 for the natural coast, our model basin6 approximates the natural one only for small
distances on either side of station. Therefore, we accept surge computations in the neighbor-
hood of station but remain suspicious of computations at large distances from the basin's
center. The depths in the basin vary in two dimensions and are read from marine charts.

B. Storm Tracks

Storm tracks are not always representable with simple analytic curves. If the track on the
shelf is near normal to the coast, then it can be represented with a straight line.7 If storms
recurve or move alongshore, it is difficult to represent such a track Tinearly. Note:

1. For storms traveling linearly and near normal to a straight-line coast, a small varia-
tion in storm speed is more significant for surge values than a small variation in storm di-
rection. Consequently, a mildly curvilinear track on the shelf can be represented by a
straight 1ine; however, the position of the storm with time--that is, storm speed--must be
accurate.

2. For storms traveling Tinearly and near parallel to a straight-1line coast, a small vari-
ation in storm direction is more significant for surge values than a small variation in storm
speed. Thus, we must specify accurately the natural curvilinear track in space but less so
in time (i.e., the storm speedsis not so critical in this case).

3. For intermediate Tinear tracks between normal and parallel to the coast, a small varia-
tion in any component of vector storm motion can affect surges significantly. Hence, for re-
curving or erratic storm tracks, we accurately must specify the natural curvilinear track--
both in space and time.

4We desperately need an orthogonal curvilinear coordinate system in our surge model that
conforms to the natural coastline. This would be a most interesting future research pro-
ject.

5By "gentle curvature," we mean smaller curvature than the size of the tropical storm.
6The "model basin" is a subbasin (600 mi x 72 mi) of the ocean.

7The average shelf width is about 70 mi; the track turns very little during shelf tra-
verse, except in the case of a recurving storm.

8an exception occurs here if conditions are ripe to generate a kind of resonance phenomena
(Jelesnianski 1970). The surge forecaster must understand that distance of the storm from
the coast, relative to storm size, is an important factor. If the distance becomes greater

than, say, one diameter (twice the radius of maximum winds), then the surges on the coast de-
crease rapidly with increasing distance.




4. For a storm track of sizeable length on the shelf, which is truncated and initialized
on the shelf (all for computational convenience), there will be strange and fictitious surge
phenomena with which to contend. This complication and others are discussed in appendixes II
and III.

In our storm surge model, only a segmert of the entire storm track is used. A curvilinear
track on a weather chart must be described in space as a function of time (i.e., stonn speed
along a track); there are many ways of doing this, depending on the precision desired. We
have devised a simple and direct scheme--at the expense of some accuracy--for the use of weath-
er forecasters:

1. Isolate a small coastal section9 for consideration; on it, select one of the 30 stations
(fig. 10) nearest to the section's center.

2. Consider a segment of track for 24 hr of storm motion and locate its midpoint more or
Jess abeam to station. Call the beginning of the segmented track TO to correspond with real
time. Note: it is not required that the storm be exactly abeam to station at T12 hr or that
T0 be off the Continental Shelf either on land or sea; alsc, Ty, need not be meteorological
map times of, say, 00, 06, 12, or 18 hr. In fact, T12 can vary between 01 and 24 integer
hours.

3. Ascertain latitude and longitude at 6-hr intervals on the track, beginning at T0 and ter-
minating at T24; figure 1 shows these five points.

SPLASH transforms the points TO...T24, located on the spherical Earth, onto our model basin.
This is done by orientating the plane surface of our model basin tangent to the spherical
Earth at station and then projecting the track points on the sphere onto the surface of the
basin;]0 details are not given here. It is possible to fit a quartic through the track points;
however, no two people will read identical coordinates on a weather chart. Instead, the pro-
gram fits a cubic curve--in the least squares sense--for the five points on the plane; the
details are not given here.

Conceivably, track information could be required before T0 or after T24. To blindly extra-
polate the truncated track is dangerous; instead, the program extends the cubic curve tangen-
tially at Ty and T,y (fig. 1); the details are not given here.

On the cubic track and its extrapolated extensions, the program interpolates for hourly
storm positions and computes the Tinear distances between hourly positions. The storm is

9By "small coastal section," we mean 100-200 mi in length.

10The plane is a polar stereographic projection. We have used a Mercator chart to position
our model basin; the distortions from sphere to polar stereographic and to Mercator chart are
small even at the ends of the model basin.



allowed to travel with linear vector motion along these directed segments at hourly speeds
equal to the segment distance.

The program determines the closest approach of the storm to station to the nearest hourly
storm position; it initializes computations 12 hr before and terminates computations 6 hr
after the closest approach. For convenience, computations are limited to this 18-hr span.
This limitation should be understood clearly, and the surge forecaster should not accept com-
puted surge values on coastal segments adjacent to a component]] of track motion that is not
used; the only track used in the model is the 18-hr segment.

Because the curvilinear track is represented by a cubic, there are restrictions. We insist
on civilized tracks; by this we mean no cusps, circular gyrations, or other tortuous motions.
The user readi]y can determine (by eye) how well the discrete track points will describe the
natural track. For exotic or uncivilized motion--say, for some unusual historical storms--a
much more detailed description of the track is required (i.e., hourly storm positions); this
can be incorporated in future models if such accuracy is desired.

C. Meteorological Parameters
A storm spending considerable time on the Continental Shelf may suffer changes];n storm
strength and size. There are many ways of representing variant storm parameters = in our surge
model, depending on the precision desired. We have devised a very simple scheme--at the ex-

pense of some accuracy--for the use of weather forecasters:

1. Ascertain (observe or forecast) the pressure drop of the storm (AP=POO - PO) and its size
(R) at point TO (fig. 1).

2. Ascertain (forecast) the pressure drop of the storm and its size at point T24.
The program fits a cubic through these two points so that:

1. The rate of change of AP and R are greatest at T12'

2. The rate of change of AP and R are stationary at TO and T24.

3. The rate of change of AP and R are monotonic with time.

4. The parameters remain constant before T0 and after T24 to avoid Targe changes if extra-
polations are required.

]JFor a track normal to the coast, the component of the track on the coast is a point. In

this case, the entire track is represented on the coast, and we accept surge computations
throughout the entire coast of our model basin.

]ZIn SPLASH I, we used the most simple procedure of invariant storm parameters.

6



Admittedly,
variable meteorology for the storm, but it is
consistent with meteorological forecasting
accuracy. A much more detailed description
of the storm parameters--say, hourly values--
can be incorporated easily in future models

if such accuracy is desired.

Qur storm model uses the storm parameters
and track to compute driving forces on the
sea's surface. Because the natural basin was
translated into a rectangle, we translate the
driving forces onto the model basin in like
manner. This distorts the force fields, ex-

cept in the vicinity of station.

III. STORM SURGE ENVELOPES
AND COMPUTER DISPLAYS

Before discussing the computer products of
SPLASH II, we should gather some experience
on possible forms for coastal surges.

A. Idealized Surge Envelopes

One of the output products of SPLASH II is
a coastal surge envelope of highest coastal
waters. The envelope can be more complicated
than any computed by SPLASH I for Tandfall
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storms. To acquaint the reader with several envelope forms, we conceptually have formed sev-

eral ideal situations for:

1. A landfall storm with its track perpendicular to a straight-line coast [fig. 2 (A)].

2. An alongshore-moving storm [constant abeam distance of the track from the coast (B)].

3. A recurving storm [non-Tandfall (C)].

Storms Reaching Land

These landfall storms generate a surge profile that grows with time. A surge profile is a

snapshot of coastal surges. The position of the highest surge on the profile remains sta-

tionary with time; eventually, it reaches peak surge amplitude at approximately the time of

landfall.



For conceptual purposes, we can view the coastal surge profile at the time of peak surge as
a string held or plucked by the storm at or near the time of landfall. Of course, things are
not quite so simple as the mechanics of a plucked string; but the illustration is informa-
tive. Note that there are negative surges to the left of the storm. With passage of the
storm, we now view the profile as a released string that forms two waves moving to the right
and left, respectively. The form and speed of propagation of these two waves depend on the
input meteorological parameters and basin used. To portray a convenient end product of this
phenomena, we consider the envelope of all high water heights on the coast and call it the
storm surge envelope. The form of the envelope along the coast represents the observed high
water heights, irrespective of time of occurrence.

Alongshore-Moving Storms

The coastal surge profile at any given time can be viewed as a plucked string. Unlike
landfall storms, however, the string cannot be released because the storm does not Teave the
coastal area; consequently, the profile moves along the coast with storm speed. The times
Ti (fig. 2) are for abeam positions of the storm as it progresses along the coast. If the
storm and ocean depths are invariable along the storm track, then the envelope of high waters
is a Tine of constant surge height. We tacitly have assumed that the surge profile has
reached a steady state, which of course does not happen readily in real life. For example,
when a storm enters a continental shelf, there are initial and transient phenomena that take
time to dissipate; also, there may be resonance phenomena with which to contend. These com-
plexities are discussed in appendix II. On the extremity of surge profiles (behind the
storm), we have drawn resurgences; this is to remind the reader that complicated dynamic
phenomena can occur with alongshore-moving storms (see appendix II).

Recurving Storms

These have envelope features reminiscent of landfall and alongshore-moving storms. Surge
profiles moving with storm speed along the coast sometimes act as a released string and at
other times as a plucked string; the profiles can be more compiicated than those portrayed
in figure 2. The envelope is more elongated to the left because a storm moving toward
shore generates Targer surges than the storm moving away from shore.

The three idealized situations in figure 2, however, rarely occur so neatly in real life.
Remember that all coasts and storm tracks are curvilinear to some extent, that the storm
itself is not invariant with time, and that depth contours can vary considerably within
basins. This means that all sorts of complicated envelopes occur with SPLASH II, and one
easily can visualize complicated envelope forms when tracks and coastlines are other than
those shown in figure 2.



B. Using the Computer To Display Coastal Storm Surges

SPLASH IT is designed to display surges in space and time along a stretch of coast. The
mechanism for running the program is described in appendix I. Note: SPLASH IT is accessible
for use in operational field forecasting.

To compactly dizplay surges on the coast (without confusing the surge forecaster with reams
of printed output) is desirable. To do this, we print out:

1. The envelope of coastal high water heights.
2. The coastal surges against time.

The two displays are slightly different from SPLASH I because we now consider arbitrary
storm tracks and storms that vary in strength and size with time (i.e., we display time-
history surges on the coast).

Displaying Storm Surge Envelopes by Computer Output

Figure 3 is an example of one part of a programmed computer output for SPLASH II. The
graph (indicated by a Tine of stars) is an envelope of computed coastal high water heights,
generated by a curvilinear storm track and achieved by utilizing variant storm parameters.

Here, we remind the reader that storm tracks crossing coastlines are admissible in the pre-
sent model; however, if the track is not excessively curvilinear, if the angle of attack to
the coast is not too acute, and if the parameters of the storm do not change drastically with
time while the storm is on the shelf, then we recommend the use of SPLASH I. Note: SPLASH I
is a simplified version of SPLASH II; furthermore, it is easier to run, use, and interpret.

Returning to figure 3, we find that the printed message (beginning the output) is a resumé
of some storm parameters selected by the programmer.]3 Near the résumé, the ordinate or ver-
tical scale of the graph is 20 ft. If the peak surge exceeds this, then the ordinate is re-
scaled to 40 ft. Meanwhile, the horizontal scale of the graph is only 320 mi long,]4 it rep-
resents the coast on a straight line. The dots on the scale are 4 mi apart. On alternate
dots, the highest local surge heights are printed in feet. Just above, and on the middle of
the scale, is a symbol~*-"; this represents the center of the basin's coastline (note: it
does not represent a landfall position, even if the storm does reach land or exits). Left
and right of %~ , and below the dots, are linear distances in miles; below this are select-

]3The track positions and other storm information are printed separately; this informa-
tional output is not discussed here.

14we use a 600-mi coastline for computations but truncate the output to 320 mi so as not
to confuse the surge forecaster with possible spurious waves at the top/bottom boundaries.
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ed cities as they lie along the coast. The center of the horizontal scale is tangent to the
natural coast; as such, it distorts and compresses distances en the curvilinear coast. This
means that the printed distances away from the basin center are smaller than the actual curvi-
linear distances along the coast.

Within the envelope, only positive surges are printed; negative surges are displayed on the
following output.

Below the cities are three special messages. These give storm positions (abeam to the
coast) defined by:

1. STRT STM, for the storm initialization.
2. MATR STM, when the storm reaches maturity.
3. END COMP, when the computations are terminated.

These three messages are staggered; otherwise, they would fall on top of each other for a sta-
tionary storm or for a storm striking the coast on a track normal to the coast. In figure 3,
the three messages are for a storm traveling up the coast; they reverse for a storm traveling

15 on the coastal stretch between

down the coast. The computed surges on the coast are valid
messages 2 and 3 (sometimes the storm travels so rapidly that none of the three messages will
appear); on this stretch (at least), times to the nearest hour are printed for the occurrence
of the computed peak surge on the coast. Variations on "time" printout for peak surges are
discussed in appendix III; this is an important procedure when evaluating the importance of

astronomical tide on the meteorologically induced surge.

At hourly increments beneath the displayed graph is a printout of astronomical tide levels
for selected stations for 12 hr before and 12 hr after the storm makes its closest approach
to the center of the coastline. The stations correspond to the cities listed on the graph.
The tides are predicted in feet above MSL (mean sea level).

By "above MSL," we mean the tidal computations--for the rise and fall of the tide plus the
annual variations of sea level--are with respect to a zere datum; thus, the computations can
be added to any other datum. The datum used in the tide tables for the east coast and gulf
coast stations is MLW (mean low water). The datum for contours on terrain charts is usually
geodetic MSL; this does not always coincide with local MSL. For practical purposes, we can
assume that the difference between geodetic and local MSL (unlike that between MSL and MLW)

151his is not so for a landfall storm or for a recurving storm if the track of the mature
storm begins and ends in deep water. In these cases, the diameter of the storm or the com-
ponent of the significant track on the coast is a measure of coastal length affected by

surges.
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is very small; hence, our total tide--meteorclogical pilus astronomical--can be compared di-
rectly with Tand contours for a measure of inland inundation.

We use a tide program developed by Pore and Cummings (1967). The specific application
here was developed by Lt. R. Garwood, NOAA Commissioned Corps.

In principle, we could combine astronomical and meteorclogical tides for a total tide en-
velope. Although this appears to be a sensible procedure, such an envelope would be mis-
leading. A display of this nature is meaningful only if we have an accurate knowledge of the
storm track in space and time and an accurate knowledge of the meteorological parameters; we
just cannot forecast meteorological occurrences to the accuracy required. Furthermore, it
would not be meaningful to display envelopes including highest and lowest expected values for
a range of meteorological accuracy with time; the range between the two envelopes could be so
large that the information would be almost useless.

Displaying Time-History Coastal Surges by Computer Output

The envelope of highest surges on the coast can be misleading if transients are a problem
(appendix II), that is, a near stationary storm might give envelope surge heights that are
objectionable because of fictitious initialization phenomena. A time-history chart of coastal
surges (fig. 4) is useful to interpret surge transients computed by the model.

Ideally, the chart should be contoured as in figures 13 and 17. nowever, not all instal-
lations have curve plotters to automatically contour such charts; but all installations do
have a printer, and we output accordingly.

Figure 4 is a compact time-history chart of coastal surges output by printer. If so in-

clined, the user can draw equal height contours by hand!6

The printed messages beginning the
output are informational warnings to alert the forecaster to possible problem areas. The
abscissa is a time scale incremented at hourly intervals. The coastal surges are printed at
0.5-hr intervals for a total of 17 hr; whereas the vertical scale--an exact replica from
figure 3 for the coast--is orientated so that water is always to the ri3b§,17 The computed
surges are printed--in tenths of a foot--every 8 mi on the coast; at 0.5-hr printings, they

have a 4-mi stagger.

The storm--abeam to the coast--is characterized by $ signs; because the printing is dense
and compact, the storm position can be off by as much as 8 mi. The printed messages ending
the output give pressure drop, storm size, storm distance abeam to the coast, storm speed,
and maximum wind at each hourly interval.

]6This is an ordinary and normal procedure, at least for veteran weather forecasters with
experience in drawing weather maps.

17For the uninitiated, the orientation on the western coast of Florida may be confusing.
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IV. EXAMPLES AND SPECIAL CASES

In this section, we discuss several examples with real storm situations. Also, we consider
some special cases that the surge forecaster may encounter. Note: the model cannot consider
all conceivable situations; the surge forecaster at times will have to compromise or fit the
meteorological situation and storm track to severe constraints imposed by the model.

A. Examples

The three examples that follow are of historical interest. For an effective test of the
surge model, the metecrological data, storm tracks, and high water observations Teave much
to be desired.

To help interpret some weird oscillatory phenomena that can occur with generalized storm
motion, we suggest that the reader recall or familiarize himself with possible forms of
transients on the coast (appendix II).

Hurricane Helene, 1958

Here, we discuss coastal surges generated by a storm moving up the coast (fig. 3), which
is in contrast to a storm moving down the coast as depicted in figure 5. (Note: the orient-
ation is always with water to the right.)

In our presentation, we do not make comparisons with measured surges because--to date-- no
studies or compilation of data has been accomplished. Although this is not a test of the
model, it does provide an illustration of the type of surge forecast made by the model for
this type of storm motion.

To illustrate the coastal surge for this storm, we compose the data deck of figure 11
(appendix I) and Tet SPLASH II print out figures 3 and 4. The storm parameters and track
were assembled from the report by the Weather Bureau (1962). The track starts in deep water
and then recurves while on the Continental Shelf (see the inset of fig. 3); this is an ex-
cellent situation for initialization, providing the storm is mature before it enters the
Continental Shelf.

The storm decreased in intensity as it moved up the coast; meanwhile, the computed coastal
surge generally decreased. We remark that two-dimensional depth patterns--as opposed to
one-dimensional--play a significant roll in coastal surge generation; this can account for
significant variations (bumps) on the coastal surge envelope. The upper surge at Cape Fear
is due in part to:

1. The local, shallow ocean depths.

2. The short distance from the cape to the storm track.
12
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Figure 3.--Computer printout for the computed envelope of high waters on the open coast, gen-
erated by hurricane Helene, 1958. The storm is moving up the coast. The inset gives the
storm track (Weather Bureau 1962). See also figure 10.

3. The initialization phenomena.
Note that the storm is constrained to reach maturity on the Continental Shelf shortly before
passing Cape Fear; hence, it is possible that the very first computed transient from initial-
jzation may be too large. The time-history coastal surges (fig. 4) give the appearance of a
wave packet (appendix II). The transients in this packet .are suspicious at the beginning of
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Figure 4.--Computer printout for time-history surges on the open coast for hurricane
Helene, 1958

computations but not so at the center of the basin.

The astronomical tide was high just before the storm passed Cape Fear and low when the
storm passed the basin center; thus, the addition of astronomical tide can be an important
factor in coastal surge forecasting.



Although the storm decreases in intensity, the coastal surge shows a rise as the storm ap-
proaches Cape Hatteras (similar in scope to Cape Fear). The computations are terminated be-
fore the storm passes the cape; therefore, the coastal surges and their envelope cannot be com-
pleted beyond the termination.

Note: high waters lead/lag the storm. Usually, high waters lead a storm moving up the
coast and lag a storm moving down the coast. In figure 3, the nearest approach of the storm
to the basin center was at 15 hr, and high waters occurred there at 14 hr; hence, high waters
Tead the storm by 1 hr. The Tead/lag time is a function of storm speed and storm size.

Our model, however, is designed to compute surges at the center of the basin's coastline
and a small distance (no more than 100 mi) on either side. If the user desires to complete
the surge profile for longer distances on the coastline, then several runs must be made on
advancing the storm track to neighboring basins in the model. Recall that our track is for
18 hr only in real time, for which about 4 hr are set for initialization. Consequently, at
worst we can have only 14 hr of surge activity on the coast.

Hurricane Donna, 1960, Along the West Coast of Florida

Here, we discuss the time of high waters and coastal surges generated by a storm moving
down the coast (fig. 5). This is in contrast to a storm moving up the coast as depicted in
figure 3.

We must avoid disorientation when dealing with the east and west coasts of Florida (fig. 5).
Meteorological orientation of storm tracks on compass North is not good enough; we also must
orientate on direction relative to a coastline. For an alongshore-moving storm, try the
following orientation scheme. If an observer has land to his left and sea to his right,
then a storm track that:

1. Strikes the observer in the back is traveling up the coast (figs 13)s
2. Strikes the observer in the front is traveling down the coast (fig. 5).

Thus, an alongshore-moving storm passing Florida in a northerly direction is moving up the
‘east coast and down the west coast. Do not permit confusion by this orientation or by SPLASH
displays (in SPLASH envelope outputs, the observer is at sea and is facing land).

Consider the track of Donna, 1960 (fig. 5); the entire track along the U.S. coast runs
from the tip of Florida to the New England States. To compute surges on all this coast re-
quires an extraordinary computational effort; this is so because the SPLASH II model is re-
stricted to segments of the U.S. coast with basins separated at 100-mi intervals. We show
one computational effort on the western part of Florida where observed high water marks are

available for comparison. oh
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Figure 5.--Computer printout for the computed envelope of high waters on.the open coast, gen-
erated by hurricane Donna, 1960, on western Florida. The storm is moving dovyn the coast
(water always to the right). The inset gives the storm track and measured high water marks
from poststorm surveys (Harris 1963).
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Let SPLASH II print out figures 5 and 6 (pp. 16 and 17). The track and storm parameters
were determined subjectively from data from such sources as bulletins and advisories; they
may disagree from other available values.

Before discussing the surges from the abbreviated storm track, we should indicate a few
significant differences in surge generation for a storm moving up/down the coast:

1. A storm moving down the coast can generate Targer surges than one moving up the coast.

2. High waters lag a storm moving down the coast but lead a storm moving up the coast.
Note: a Tlarge storm moving slowly has a significant lag/lead time.

3. A storm'moving down the coast is most critical for surge generation with a track
slightly seaward (an abeam distance less than storm size), whereas a storm moving up the
coast is most critical for a track slightly landward.

4. A storm moving down the coast has negative surges along the coast in front of the storm,
whereas a storm moving up the coast has positive surges along the coast in front of the storm.

At the coast center (fig. 5), the peak surge occurred at 1900 LST, whereas the storm was
abeam to this center at 1600 LST. Thus, high waters lag the storm by about 3 hr; this large
Tag time is due to a slow-moving storm, 10-12 mi/hr (fig. 6).

The printed times XXXX LST in the display serveto warn the user that the computed surges
are unrepresentative because of initialization; a message to this effect is given at the
end of the printed display. These times were not shown in previous figures such as figure 3,
but they are used in operational outputs of the SPLASH II model.

At Everglades City, the computed surge of 16.9 ft becomes 16 ft with the addition of the
astronomical tide. At first sight, this seems to be in serious disagreement with observed
high water mérks of 8.5 (and 9.7) ft at Everglades City. This city, however, is about 5 mi
inland from the coast--across tidal flats--where we expect decreasing surge heights. As fur-
ther evidence of this decrease, notice the high water mark of 6.2 ft about 10 mi inland and
abeam to Everglades City. In fact, all inland high water marks--relative to coastal high
water marks--appear to show a rapid decrease with distance inland. Perhaps, an alongshore-
moving storm has less potential to push water inland as compared with a storm landfalling
normal to the coast.

The high water marks on the coast between Cape Romano and Fort Myers agree more or less
with the computed values and agree sufficiently well for forecasting.

Notice that the storm passes Fort Myers far inland; thereafter, the computed surges are
small. Warning: secondary effects such as sea-level anomolies, breaking wave setup, tilt
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of sea within bays/estuaries, and local effects inside broken coast features are not consid-
ered by the SPLASH model. These plus the astronomical tide must be supplied by the surge
forecaster from any available source.

The special message MINOR SRG at the times position occurs only with storms moving down
the coast. It alerts the surge forecaster that surges may be minor (i.e., if the projected
track continues far from shore and secondary effects are not significant). At END COMP and
beyond (fig. 5), the computed surges are negative for the computational run; they cannot be-
come positive until the storm passes. Whenever the message MINOR SRG occurs, it means that
the computed surge has remained negative for the run and we do not know what the positive
values will be when the storm passes. The surge forecaster must evaluate the possibility
of surges becoming significant at a later time (i.e., making another run by extending the
track into another basin).

The 1944 Storm

This storm is a severe test for SPLASH II, for there are storm accelerations along the
curvilinear track, exceptional storm celerity, huge and dramatic changes in pressure drop,
and large changes in storm size with time. The computed surge envelope and time-history
coastal surges are shown in figures 7 and 8. The meteorological data for this storm were
assembled from the report by the Weather Bureau (1960). We remind the reader that, in the
operational model, storm parameters and storm motion are varied with time in a continuous
manner; hence, rapid fluctuations in a short time span are not accommodated.

On figure 7, the messages STRT STM, MATR STM, and END COMP do not appear; this is due to a
rapidly moving storm (30-35 mi/hr) whereby initialization and termination of computations
occur outside our area of interest. The observed track of the storm is displayed in the
inset; notice the detail in space and time. Our model just cannot fabricate all the detail
with the five points TO...T24. Because the pressure drop decreases as the storm moves along
the coast, the envelope of coastal surges decreases accordingly. The storm is initialized
in deep water, but our computations compel a growth to maturity while the storm traverses
the Continental She]f;18 this means that the initial transient surge may be too Targe.

In figure 8, we insert three tide-gage readings--less astronomical tide--for comparison
and explanatory purposes (Harris 1963). For our area of interest (the coastal neighborhood
at the center of the basin's coastline), there are no observations of high water marks. The
computed surge leads all three gages; this occurs in part because:

1. Our model track does not reflect the details of the observed track.

]SWe could compel the storm to reach maturity before traversing the shelf if the basin
is extended to accommodate a long track; but then, the action of the track with a curving
coastline is not properly accounted for in our modei.
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Figure 7.--Computer printout for the computed sur

ge envelope of high waters on the open

coast, generated by the September 1944 storm.

The inset gives the storm track (Weather
Bureau 1960).

2. The model storm size decreases monotonically and continuously with time and does not
reflect the details of the actual storm. [We remind the reader that the observed meteoro-
Togical values are best estimates from available data; we do not know how well they represent
actual meteorology.

There are strong objections to the extreme initial size and pressure

drop of the storm given in the report by the Weather Bureau (1960).]
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Figure 8.--Computer printout for time-history surges on the open coast for the September 1944
storm. The three insets compare observed/computed surges at three tide-gage stations; only
the Atlantic City gage lies on the open coast; the other two are within bays.

The gage at Portsmouth is on a tributary within Chesapeake Bay; it does not lie on the open
coast. The computed time-history surge abeam to Portsmouth has the same character as the ob-
served surge but is out of phase about 2 hr and has a drastically different amplitude. We
should not be startled by this because:

1. The initial, computed transient surge on the coast may be too large.
2. The mouth of a bay is not an open coast.

3. Surges within a bay can be significantly different from the open coast surge, and it
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takes time for the coastal surge to move into the bay.

4. The coastline is curvilinear, and Portsmouth is more than 100 mi from the center of the
basin's coastline.

5. The storm strength and size--abeam to Portsmouth--are excepticnally large, and small
errors in meteorology can mean significant errors in computed surge on the open coast.

The gage at Atlantic City is near the center of the basin's coastline and lies on the open
coast; we expect useful results in this region where we have designed our model to be most
functional. The gage became inoperative between 1600 and 1700 EST, and we do not know exact-
1y how high the waters were. The initial high surge computed at 0900 EST is due to initial-
ization phenomena with an exceptionally large and powerful storm growing to maturity while
on the Continental Shelf. We emphasize that small changes in storm track and parameters can
give significant changes in the computed surge; moreover, by juggling the meteorology and
storm track slightly (all within observational accuracy), we can compute surges that agree
with observed values more closely than shown. Note: the computed surge Teads the storm by
about 1 hr.

The gage at Sandy Hook Ties on an extended spit near the entrance of a bay. The coast
takes a sharp 90° turn at Long Island. This dramatic curvature of the open coast warns that
our model computations may be suspect. We qualitatively can explain the smaller computed
surge values as:

1. The pressure drop of the storm abeam to Sandy Hook may have been too small (the model
changes pressure drop monotonically with time and ignores complicated detail).

2. The curvature of the coast--an inside corner--generates larger surges than a straight-
line coast.

3. The details of the storm track are not present in our model track.

4. Sandy Hook is more than 100 mi from the center of the basin's coastline.

For a more comprehensive computation of surges on other portions of the coast besides the
neighborhood of Cape May, we suggest the track be segmented about coastal points of interest

(i.e., several computational runs in several basins). An example of this is shown in the
next section.

B. Slow-Moving Storms (Special Cases)

For fast-moving storms, we compute surges only on a segment of coast affected by the storm;

but for slow-moving storms, we must improvise and compromise to compute surges on a comparable
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coastal segment. This is so because our model is Timited in real time.

To discuss the mechanics of the model for stow-moving storms, we manufacture a hypothetical
storm with the following properties:

1. The storm traverses the Continental Shelf at a slow speed (less than 8 mi/hr).

2. The storm's closest approach to the coast occurs near Miami, Fla., where the Continental
Shelf is almost nc’mexisten‘c.]9

3. The storm's strength and size ( AP=100 mb and R=15 mi) are invariant along the track.

Note: we do not use a historical storm, simply because no adequate meteorological data have
been analyzed; we do not know how well the model will work in real Tife, but it does present

a severe trial with property 2. Note also that it is the nature of surge generation to be sen-
sitive to placement of track relative to the coast; hence, published tracks based on operation-
al weather charts may not be adequately precise for our model. A much more exhaustive analysis,
utilizing all available data after the fact, will give a more representative track.

The upper part of figure 9 shows three computed surge envelopes generated by the nypothetical
storm. The bottom part shows the storm track on the sea. The coast has been straightened
for convenient display. It takes more than 2 days for the storm to traverse the hypothetical
track. Our model is Timited to 18 hr of real time (Tess growth time to storm maturity);
hence, we segment the track into three areas of interest:

1. The first segment, A to B, about Matecumbe Key.
2. The second segment, C to D, about Fort Lauderdale.
3. The third segment, E to F, about Vero Beach.

The valid portions on the coast lie between A' and B', C' and D', and E' and F' (i.e., they
lie between MATR STM and END COMP.

The first segment is initialized in deep water while the storm is traveling toward the
coast, and the storm is mature in deep water before affecting the coast. We, therefore, have
no serious problems with initial transients (see appendix II). The point B' on the envelope
relates the abeam position of the storm at the end of the computations. The envelope on the
coast is valid to B' and possibly farther to the right according to how the storm lags high
waters. We do not suspect the surge about A' and farther to the left because the mature
storm enters the shelf similarly to a landfall storm.

]9We need to investigate surge generation inside small shelf widths, contiguous to a steep
(vertical) continental slope. This would be an interesting future research project.
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Figure 9.--Three coastal envelopes of high waters, computed on overlapping segments of a
track for a slow-moving storm
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The second segment is initialized on the shelf while the storm is traveling toward the
coast, and the storm grows to maturity while affecting the coast. We may have serious prob-
lems with initial transients in this case, and the peak surge on the envelope could then be
too large. The points C' and D' on the envelope relate the abeam positions of the storm
when it becomes mature and at the end of the computations. The envelope is valid from C' to
D'; however, we suspect the surges may be too small at C' and then too large at its peak
value because the basin is in the process of adjusting itself to initialization phenomena;
also, the surges may be valid to the right of D' because the storm lags high waters and
because the storm then exits the Continental Shelf.

The third segment is initialized on the shelf while the storm is traveling away from the
coast, and the storm grows to maturity while affecting the coast. The point E' on the en-
velope relates the abeam position of the storm when it becomes mature; the envelope is valid
from E' outward to the right. We have the same problems with initial transients (as in the
second segment), and the height of the peak surge on the envelope is suspect. We do not
suspect the surges about F' and farther to the right because the mature storm is departing
the shelf similarly to an exiting storm.

To compute coastal surges on either side of a segmented track is impossible. The surge
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forecaster must realize that the ends of a surge envelope, generated by a segmented track, is
suspect; exceptions of course are for mature storms that enter or depart the shelf as a Tand-
fall or exiting storm. Note: the central region of the surge envelope generated by a seg-
mented track is not suspect unless the storm is near stationary (see appendix II). A1l this
must be taken into account when composing a composite surge envelope for several track seg-
ments.

A simple procedure for slow-moving storms would compute with a real time interjval that spans
the entire track affecting the coast. However, this may require not only a long computational
effort but also a prchibitively long coastline (i.e., a large basin). There is also the prob-
Tem of Tong-term accumulative errors from open boundary conditions. We will need to study
radiation conditions for open boundaries and apply a curvilinear coordinate system conformal
to the natural coast before performing long time computations in a basin truncated from the
ocean.

V. SUMMARY AND CONCLUSTIONS

We extend an operational SPLASH to accommodate storms that travel a]ongshore,‘recurve, re-
main stationary, or follow a curvilinear track. Also, the strength and size of the storm is
allowed to vary with time along the storm's track, but in a restricted manner (i.e., varia-
tions proceed monotonically with time).

Such complicated storm conditions can generate a weird assortment of transients that are
difficult for the surge forecaster to interpret; moreover, the coastal surge is sensitive in
some cases to even small errors in track position and meteorological parameters. An example
is a storm traveling near parallel to a coast; the coastal surge is then sensitive to small
changes in the track direction, relative to the coastal orientation. '

The peak surge generated by landfall storms is not unduly sensitive to storm size. For non-
landfall storms, however, storm size is important; this is so because the surge on the coast is
a function of distance from the coast relative to storm size. The Tength of coast affected by
surges can be extraordinarily long, if the component of track on the coast--while the storm
is on the shelf--is large; for a storm traveling normal to the coast, the component of track
on the coast degenerates into a point, and only a small length of coast is affected by surges.

At present, our model shifts the coast onto a straight Tine. This is a serijous restriction
when dealing with a naturally curvilinear coastline with strong curvature. OQur computations
are valid--at worst--about the center of our model basin. The Tength of coastline in our
model is restricted. If the track on the shelf has a component on the coast longer than the
basin's coastline, then we cannot compute for the entire coastline affected by the storm with
only one computational effort; in this case, severa] computations are required in several
basins.
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Storms that threaten a coast with surges are dangerous when less than one diameter (twice
the radius of maximum winds) from the coast; as this distance increases, the surge rapidly
decreases. This puts a burden on the surge forecaster, for he must have an accurate account
of the entire track (relative to a coastline) and not just initial and terminal points on
the track.

Meteorology is a means to an end--not an end in itself--when forecasting surges. An accept-
able meteorological forecast may not be completely satisfactory for surge prediction. As an
example, suppose a storm is forecast to move up and parallel to a coast, but in fact moves
(1) slightly to the left toward shallow water or (2) slightly to the right toward deep water,
then the surges along the coast for the two nearly identical tracks can be as different as
night and day.

Surge forecasting deals with oceanographic phenomena. Many critical situations can occur,
and these are dependent on both the meteorclogy and the geography of the continental shelf
(i.e., meteorology by itself does not tell if a critical situation arises). For example,
suppose that, in a given basin, the track and all meteorological parameters are held fixed
except for storm speed, then there is a given speed that produces the highest surge; simi-
larly, this occurs for other parameters or combination of parameters such as vector storm
motion (speed and direction). The forecaster must ask himself such questions as "What if
the storm goes faster/slower, increases/decreases in size,and changes course to the right/
left? Do such small changes--all within meteorological forecasting accuracy--take us into
or out of a critical situation? If so, by how much?" To answer these questions, he will
need to make several computational efforts and 1nvestigate the phenomena in some detail.

An alongshore-moving storm generates a smaller surge compared to a landfall storm (excep-
tions are storms traveling down a coast and generating resonance); however, a large fetch
of coast (hundreds of miles) can be affected by the storm.

Our computations are valid only on the open coast; broken features (e.g., bays, sounds,
estuaries, and intracoastal waterways) are not incorporated in the model. We emphasize
that surge values on broken coastlines can be significantly different from open coast values;
also, surges on broken coastlines are influenced differently for a Tlandfall storm versus an
alongshore-moving storm. If the storm track parallels the major axis of a broken coast
feature, then the surges inside the region can be higher than the open coast surge. We re-
mark that alongshore-moving storms generally do not parallel the major axis of estuaries,
but they may for bays.

Some bays and estuaries are dangerous to communities if waters rise only a few feet. This
can occur even if the storm does not generate a surge (long gravity wave) of any consequence.
There are secondary effects on the sea surface that locally can produce a critical water
level (by secondary effects, we mean rise of local waters from phenomena other than astro-
nomical tide and storm surges).
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One such secondary effect is local mean sea level. Recall that local mean sea level is a
Tiving thing--not invariant and not always corresponding to geodetic sea level or land-
contoured charts. In the Gulf of Mexico, it is not unusual for local mean sea level to dif-
fer from geodetic mean sea level by as much as 2 ft (Harris 1958). The surge forecaster
should keep a running account of predicted/observed astronomical tide for several days be-
fore a storm affects his area and thereby account for an anomolous rise (fall) of the sea
level during hurricane conditions.

Another secondary effect on coastal sea level is the action of such factors as surf, swell,
and breaking waves (i.e., short gravity waves). It is well known that wave setup can occur
on the coast with a train of breaking waves. Observations and laboratory studies of these
phenomena--in the absence of surface driving forces and a forming storm surge--show that the

setup can be significant. We cannot specify how much the setup will be in localized situa-
tions or the details of its variations on the sea surface (note: wave setup in one part of
the sea implies wave setdown in another part). We remind the reader that if the surge on the
coast is signifihant, then the drag coefficient in our model implicitly may account for some
of the short-gravity wave setup on the coast (i.e., wave setup is important in the absence of
a significant meteorological surge).

A secondary effect that can occur inside a bay or estuary--but not along the open coast--
is a quasi-steady state slanted or tilted sea. An alongshore-moving storm, producing winds
predominantly in one direction for a long time duration, can tilt the sea in a closed or
partially closed basin; the tilt along the open coast is much smaller because the scale
length of the coast is much larger than the bay's major axis. The tilt within the basin can
occur even with weak winds. We cannot specify, at this time, how much the sea tilts because
each bay (estuary) has its own particular reaction to a given storm.

These secondary effects--and many others of a subtle nature--are small except for critical
situations. The surge forecaster must be aware that at times they can conspire together to
produce a significant rise of water that is not explained with available surge models.

In SPLASH I, we developed nomograms to predict peak storm surges that are generated by
storms which Tandfall (exit). Pertaining to these storms, the meteorological parameters and
storm track are invariant. In principle, we also could design nomograms for the complicated
storms and tracks of this report; however, they would have questionable value since they
would be misleading and difficult to interpret. The problem is that there are many extra
parameters and conditions with which to contend {(e.g., variant storm strength and size, cur-
vilinear track and variant speed on the track, complicated two-dimensional bathymetry with
respect to the track, and transients). The surge is sensitive to groupings of these condi-
tions, and this sensitivity cannot be incorporated directly with simple nomegrams (i.e., the
nomograms are not independent of each other). Instead of trying to accommodate so many
specialized features in a few nomograms, we suggest that each particular storm situation be
explored with the numerical surge model as the occasion arises.
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The printed output of SPLASH I gives simple correction factors for small conceptual changes
in storm parameters and landfall pesition; this is to aid the surge forecaster in planning
his surge prediction. We do not give such gratuitous information in the printed output of
SPLASH II because the surge at times is sensitive to small changes in meteorological parame-
ters and storm track (i.e., the dynamics of surge generation can change drastically).

The surge model is neutral on the user's selection of storm parameters and storm track; it
makes no protest unless certain bounds are exceeded. This means that almost any number (for,

say, the peak surge at a given coastal location) can be computed depending on meteorological
input data. Because data from past storms at any selected point on the coast are sparse or
even nonexistent, the way is open for any individual to supply processed data from climatology.
We point out that the model is no better than the quality of the data used. The user should

be careful and suspicious of broad, highly smoothed data from long stretches of space about
the coastal area of interest; these may no longer be representative of meteorological con-
ditions for particular problems under study.

The operational computer cutput engineered in this study is a useful tool. As such, it
should be considered as only an aid for the prediction of, or planning for, storm surges.
This output is not a substitute for experience and judgment. We advise that there are inher-
ent weaknesses in the dynamic model used here and there always will be uncertainties in the
meteorological input data; the user judiciously must apply his knowledge so as not to support
or strengthen these inadequacies.
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APPENDIX I. DATA DECK FOR SPLASH II

The operational SPLASH is stored on tape. We use the same procedure given in SPLASH I
(Jelesnianski 1972) for operational runs; however, the input data--the data deck--of SPLASH
IT is somewhat different.

The data deck consists of 2 title cards, followed by 10 storm data cards, and terminated by
4 time cards for astronomical tide predictions.ZO The two title cards are self explanatory,
but the form and style of the storm and time cards require some explanations.

The first storm data card uses 1 of 30 stations (fig 10). Choose that station nearest to
the center of a coastal region of interest. The station letters begin on the first space of
the card, never exceed 10 spaces, and are punched exactly as printed in table 1, spaces and
all; any spaces beyond the 10th space can be used for comments. Here, we use an A10 format.

Each of the next five storm data cards 1ist both latitude and Tongitude at times TO’ T6’
T12, T18’ and T24 on the storm track (i.e., track positions at 6-hr intervals). The posi-
tion at T]Zshou1d be more or less abeam to station. Use the first 10 spaces of a card for

20The data deck is organized with one piece of information on each card. It is unnecessary
to space the deck with so many cards; if desirable, however, we could compactly organize the
deck by updating the program. .
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Figure 10.--Selected stations on the gulf and east coasts. See also table 1.

Table 1.--Preselected coastal stations.* See also figure 10.

Gulf stations Latitude Longitude East Cst Stats Latitude Longitude

CN W) (N W)
PT ISABEL 26 05 97 10 MATCMB KEY 24 55 80 39
ARANSAS PS 27 50 97 03 FT LAUDRDL 26 07 80 06
MATAGORDA 28 21 96 24 VERO BEACH 27 39 80 21
GALVESTON 29 16 94 48 N SMYRNA BCH 29 02 80 54
CAMERON 29 46 93 19 JACKSNVLLE 30 20 81 24 -
EUGENE ILE 29 21 91 24 OSSABAW IS 31 46 81 04
GRAND ISLE 29 13 90 01 CHARLESTON 32 44 79 51
GULFPORT 30 15 89 00 MYRTLE BCH 33 41 78 53
PENSACOLA 30 20 87 11 N RIVER IN 34 32 © 77 20
PANAMA CTY 30 07 85 42 OCRCKE INL 35 04 76 01
PANACEA 29 59 84 19 NAGS HEAD 36 01 75 39
CEDAR KEYS 29 11 83 02 ASSATEAGUE 37 54 75 20
CLEARWATER 27 59 82 49 CAPE MAY 38 55 74 54
FORT MYERS 26 29 82 10 SEA GIRT 40 08 74 02
EVRGLD CTY 25 45 81 30 SCNNCK INL 40 51 72 28

*These location abbreviations are exactly as used for input to SPLASH.
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Tatitude and the next 10 spaces for longitude; use degrees and fractions (not minutes and
seconds). Al1l spaces beyond can be used for comments; Here, we use a 2F10.5 format.

Each of the next two storm-data cards 1ist pressure drop (AP in mb) of the storm at times
TO and T24. Note that 10.0 < AP < 140.0 in the program. Use the first five spaces of the
data card; any spaces beyond can be used for comments. Here, we use an F5.] format.

Each of the next two storm-data cards Tist storm size (in mi) at times TO and T24. The
storm size R is the radius of maximum winds. Note that 10.0 < R < 60.0 in the program.Z]
Use the first five spaces of the card; any spaces beyond can be used for comments. The size

can be in decimals if desired. Here, we use an F5.1 format.

For the first time card, use the nearest integer hour for TO——the first of five storm posi-
tions--from 0100 to 2400. Use the first four spaces of the card and Tet the last two spaces
be zeros; any spaces beyond can be used for comments. Here, we use an I4 format.

For the next time card, use the day for TO’ from day 01 to day 31. Use the first two spaces
of the card; any spaces beyond can be used for comments. Here, we use an I2 format.

For the next time card, use the month of TO. Use the first three letters of the month in
the first three spaces of the data card; any spaces beyond can be used for comments, including
the complete spelling of the month. Here, we use an A3 format.

For the next time card, use the year of TO' The years can lie between 1900 and 1999 for
past-present-future predictions of astronomical tide. Use the first four spaces of the data
card; any spaces beyond can be used for comments. Here, we use the I4 format.

An example of a punched data deck is shown in figure 11; the deck is set in the small pro-
gram as shown in SPLASH I (Jelesnianski 1972). The cards must be in sequence. If N jobs are
to be executed, then set N data decks in the small program; separate each data deck with an

end of record (EOR) card. Behind the last data deck, insert an end of file (EOF) card.22

2]It is doubtful if such a large storm as 60 mi can be represented adequately by our model.

223 CDC 6600 EOR card is one with the 7, 8, and 9 holes punched in column 1, and an EOF
card has the 6, 7, 8, and 9 holes punched in column 1.
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Figure 11.--Data deck inserted for an operational run after SPLASH II
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APPENDIX II. INITIALIZATION PROCEDURES AND TRANSIENT PHENOMENA

Tropical storms have a life cycle of days to weeks; during this time, the storm can tra-
verse an entire ocean. It is unreasonable, uneconomical, and (more to the point) unnecessary
to compute for such time and space. The coastal storm surge is significant only while the
storm is on the Continental Shelf; therefore, we restrict computations to this space and
time span. But even this restriction is not always practical; for example, a stationary or
very slow moving storm with an extraordinarily long time span on the shelf cannot be followed
in the model for the full time span before interference arises from the artificial boundaries.
In such special cases, we must improvise to fit natural conditions and compromise to fit our
computational capabilities.

Ideally, in our model the storm track should begin far inland or on deep water away from
the shelf; it should terminate on deep water or far inland. An excellent example is a storm
striking the coast from sea to land (or land to sea), traveling normal to the coast, and mov-
ing rapidly. The significant portion of track is that segment traversing the Continental
Shelf and small additional increments on both ends of this segment; there are no serious
problems in surge generation with this truncated track (i.e., larger segments of track do not
alter the significant surge computed with our model).

A storm track near normal to the coast traverses ocean depth contours that change with
23

that are invariant with time. Such different shelf traverses should alert the surge fore-
caster to expect significant differences in surge generation; in fact, for stationary, slow
moving, recurving, or alongshore-moving storms, we will be faced with peculiar transient
effects that are difficult to resolve. By "transients," we mean specialized or periodic
surge phenomena superimposed on a general or equilibrium surge. There are several forms of
transients depending on storm initialization, vector storm motion, storm size, and basin
characteristics--say, the slope of the ocean bottom.

In this section, we concentrate on specialized transients. We do not wish to introduce
complications due to varying storm parameters or ocean bathymetry. Consequently, for illus-
trative purposes in this section, the bathymetry of the basin will be one dimensional; and
the strength, size, and motion of the storm will be invariant with time.

We want to convey some important dynamic differences in surges generated by an alongshore-
moving storm, a stationary storm, and one traversing the shelf normal to the coast. It is
important for the surge forecaster to have a ciear understanding of these differences to
judge how to use computed results.

23We assume a nearly one-dimensional ocean depth profile off -the coast; for two-dimensional

depth profiles, the depth variation alongshore (compared to normal to shore) is generally small.
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An invariant storm in a one-dimensional basin, stationary or moving alongshore, eventually
will form an equilibrium surge under the storm.24 Everything becomes steady state after a
sufficient time transpires. We point out, however, that the term "sufficient time" is very
loose; prior to it, we may have serious complications in surge generation. The surge does
not jump at once to steady state but may, for example, overshoot or undershoot.

To reach a steady state takes time--sometimes a lot of time. During the developing stage,
many forms of transients can occur. Several examples that follow will serve to bring out
some of these forms;25 our explanations for them will be crude, for they are tentative and
hypothetical. The transients do have some similarities to special pendulum motions; but
overall, they are considerably more complicated.

In the SPLASH II model, some of the transients are realistic, others fictitious. Those
arising with rapidly moving storms are more realistic than others (e.g., those caused ini-
tially by a stationary storm in the middle of a basin). The fictitious transients are the
price paid for programming and economic convenience. Although we point out the role of
transients in the following topics for guidance, this is not exhaustive, and the user is not
relieved of the responsibility of Jjudging the output of the surge model for operational use.

A. Alongshore-Moving Storms

These can generate a rich variety of transients, simply periodic and otherwise. We want
to illustrate some without complications from a varying storm or its track with time, curving
coastlines, shelf bathymetry varying in two dimensions, and reflections from false bound-
aries. To do this--at least partially--we shall consider one-dimensional bathymetry, a
straight-line coast, and a storm that has invariant parameters and parallels the coast at a
constant speed. At times, we will ignore the coriolis force and bottom stress to bring out
certain transients in their full effectiveness.

Resonance

On the sea, there are many possible wave patterns that, for example, form, move, spread,
and dissipate; thus at any coastal point, the sea level can oscillate with timet There 1is
an interesting periodic phenomenon in storm surge generation; we want to see how this very
special case of resonant waves26 will appear as a function of time at coastal points. For

24The track of the storm Ties on a constant depth contour.

25In these examples, the SPLASH model will be used for computations; the only exceptions
are special Tong runs in real time and exceptions for particular cases where we want to ig-
nore coriolis and bottom stress.

26In storm surge resonance, there is a finite-length wave train on the sea with fronts per-
pendicular to the coast. The length of the wave train grows with time because energy from
the storm passes across the sea in an orderly manner.
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simple conceptual presentation, we shall take many liberties and make no pretext for rigor.

The deciding factor for storm surge resonance is harmony between (1) storm speed parallel
to the coast, (2) storm size, and (3) basin slope. A sloped basin can form a hierarchy of
waves on the sea with passage of a storm. We want to explore conditions that will excite a
resonant wave. There will be at least one wave in the hierarchy--with phase or travel speed
equal to storm speed--that has potential for resonance; however, only if the storm size is
proper can this wave be excited.

Note that the basin is not limited to only one resonant wave. The speed of the storm de-
termines the wave for a given basin, and higher speeds mean longer waves; this situation is
called dispersion (a relation between wave celerity and length). There is also the added
complication of higher modes, which is characteristic of waves in a dispersive medium; for
our purposes, only the fundamental mode need be considered. Evidence--empirical and obser-
vational--appears to bear out that the fundamental mode can be excited in storm surges.

We also want to display resonant properties in a direct way for easy reference; we will
not do this for the entire sea surface, but we shall do so for the coast. Figure 12 is an
example. In this figure, the origin for the coast is set on the bottom. C_ is a phase speed
for the traveling resonant waves; it is also shown as a speed Tine for the storm, that is,
the position of the storm abeam to the coast with time (note that constant speed means a
straight line on the time-space diagram). Cg is a theoretical value for group velocity of
the resonant waves. Resonant wave activity is restricted between the twe lines. The mid-
dle panel illustrates the storm on the sea. The upper panel gives time-history surges at
point A on the coast.

Now, consider a storm traveling at a given speed parallel to a straight-line coast; let the
basin have one-dimensional depths representative of Atlantic City off the New Jersey coast.
Choose a small storm to generate resonance (the strength of the storm and the distance from
the coast are not relevant to our purposes at this time). Also, for this particular case,
ignore coriolis and bottom stress in computations; this is done purposely to prevent damping
the wave and altering its period. We now can compare numerical resonant wave period and
wavelengths with an analytic solution.

The space-time diagram of figure 12 displays heights of surge at each point on the coast
and at each time after initialization. The contours give the surge height in feet. In add-
ition, the position of the storm abeam to the coast is piotted with time. For example, the
entire Tine AB refers to the point on the coast 350 mi from the end. At 9 hr, the hurricane
center (marked with &) passes abeam to point A on the coast; and at that time, the height
of the peak surge was slightly more than 8 ft.

Consider the upper panel of figure 12 as portraying sea-level time history before, during,
and after storm passage for point A on the coast. We discriminate the first wave that passes
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A from all others. It is a forced wave that 2r ¢

follows the storm, and we call it the direct- 8-
1y generated surge associated with the storm
center; it always exists whether there is /J\\ 5
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resonance or not.27 Any following waves are
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free waves, and we call them resurgences -4
(whether resonant or not). The resurgences
of figure 12 are resonant waves; they travel
parallel to the coast at storm speed and can-
not overtake the directly generated surge.

Note: there are various analytic solutions
for this type of phenomena--Munk et al.(1956),

Greenspan (1956), and Reid (1958); the solu- §§4oo
tions are for a constant slope basin with §§
zero coastal depths, and all ignore bottom %
stress. It is possible to expand on these §§3°°

solutions with geometrical optics techniques

that consider general, monotonically decreas-

ing, one-dimensional depth basins with finite

sea depths on the coast (Jelesnianski 1970).

With this technique, the computed wavelength 100
and period for the resurgences in figure 12

agree quite well with analytically derived
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values. - T
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The duration of resonant activity, however, Figure 12.--Computed time-history surges for
. resonant waves on the open coast; coriolis
at any coastal point depends on storm dura- and bottom stress are not included.

tion on the shelf. The storm must spend o -

time on the shelf--sometimes a lot of time--before resonance develops. Without bottom stress,
the resurgences are of the same amplitude. In figure 12, only one resurgent wave affected
coasta%gpoint A, but more resurgences do form above A where the storm spends more time on the
shelf.

After sufficient time passes, we call the directly generated surge a steady-state phenomenon.
Now, the resonant resurgences can be transients or a part of steady state, depending on one's
viewpoint. The extent of coastline affected by the train of resurgences grows with time, and
this can be viewed as formation of transients; but when the train is fairly well developed

27If the storm's speed and size and the basin slope are perfectly designed for resonance,
then the directly generated surge is also a resonant wave.

28Computations are terminated when the storm strikes a false boundary in our model basin.
The boundary forms spurious waves, and our computations are no Tonger appropriate.
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and when bottom stress is absent, we are faced with resonant phenomena that do not dissipate
with time. This gives the same type of surge action on any point of the coast passed by the
storm, which can be viewed as a steady-state situation.

In figure 12, a time-history display of computed surges for the entire coast is contoured.
Note that a sloping line on the space-time chart means invariant speed; Cp represents storm
speed along the coast. Resonant waves, however, must travel along the coast with storm speed
(i.e., phase speed Cp); this means that the surge contours must parallel the Cp line. This

is an important property of resonant waves, and it is easy to spot on time-history plots.
Now, the storm traveling parallel to the coast continuously will pour energy into the sea.
This energy moves parallel to the coast at a particular speed Cg that, in wave mechanics, is
called "group velocity;" we must bring in this term because we are dealing with a dispersive

medium, the sea on a sloping basin.29

But, the dispersive relation given by the resonance
condition leads to C_ always smaller than Cp, at least when depths increase monotonically

with distance from land. The important point we wish to bring out is that if resonance occurs,
then the wave activity along the coast 1ies almost wholly between the region separated by the
two speed lines; both lines coincide at storm 1nitia]ization.30 In figure 12, Cg is an anal-
ytically derived value (Jelesnianski 1970); it deliniates the computed resonant wave activity
along the coast quite well. If the storm dissipates and if energy is no longer fed into the
sea, then the finite resonant wave train spreads and diffuses across the sea even in the
absence of friction. Note that the sea can dispose of energy concentrated in a relatively
small volume by diffusing it into larger volumes.

Also note that this deliniation occurs only because we have ignored coriolis and bottom
stress in the equations of motion. Since there is good agreement between the analytic and
computed values for period, wavelength, and group velocity, we then have an independent test
for our surge model with this special case. Note: this does not prove that our model is
valid for all cases and conditions.

In real life, however, we should not ignore the coriolis and bottom stress:
1. Coriolis affects the period of resonant waves (Reid 1958).

2. Coriolis also affects the time position of the initial resurgence with respect to the
directly generated surge.

3. Coriolis gives slightly different resonant periods for the same storm traveling up or
down the coast (Reid 1958).

29On the sea, it is possible to transmit energy from one volume to another at group velocity.

3OWe have been very careful to start the storm inside the basin--that is, the storm does not
pass through a false boundary during initialization procedures. Also, the storm is allowed to
grow quickly to maturity.
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Bottom stress, however, does not greatly affect the amplitude of the directly generated surge,
but it significantly will dampen resurgences; also, the periods are slightly altered.

Along the eastern seaboard, alongshore-moving storms usually are large. This means that
the storm speed must be large to excite resonance; for such storms, the wavelengths and per-
iods are larger than those shown in figure 12. It is questionable if large storms can attain
sufficient speed to easily excite resonance along the eastern seaboard.

For operational convenience, the SPLASH model initializes storms 12 hr before reaching the
center of the basin's coastline. At times, the storm will be initialized off the basin and
passed through a false boundary in shallow water. This sets off spurious waves31 at the
boundary; but in almost all cases, it will not affect the computed surges along the center
of the basin's coastline.

Figure 13 is an example of resonance computed by the SPLASH model where coriolis and bottom
stress are retained. An invariant, intense, large storm travels rapidly up the coast of a
standard one-dimensional basin (see the upper left insert). The storm crosses a false bound-
ary at the bottom of the basin and sets off spurious waves; the waves spread but do not
travel, and they have little effect at the center of the basin's coastline (i.e., if the
basin length is enlarged, we still compute the same surges at the center of the basin). Notice
how the coastal surge contours parallel the storm's speed line (excepting spurious waves);
this is an excellent indication that resonance phenomena may be present. We do not draw a
simple Cg line here, as in figure 12, because:

1. The storm was not initialized inside the basin.

2. The resurgences are dampened significantly by bottom stress.

3. The periods of the resurgences are altered by coriolis and bottom stress.
4. The computations were terminated before resurgences became fully developed.

The upper right panel gives a time-history surge for the center of the basin's coastline.
Only one resurgence formed, and its amplitude--dampened by bottom stress--is small compared

to the directly generated surge.32

The Tower left panel gives the envelope of peak surges
along the coast, regardless of time occurrence for the peaks. Because the directly generated

surge reaches equilibrium rather quickly, the envelope is a nearly straight line. The

31C1ear1y, we need a radiation-type boundary condition that is transparent for a group of
traveling waves in a sloping depth basin. This would be an interesting future research
project.

32RecaH that the amplitude value, relative to storm size, is a function of the storm's
distance from the coast.

38



20 1 ] i ! 1 1 1
o 2 4 L] 8 i0 2 4 16 8
HOURS
o 2 4 e 8 10 e 9w (1] 18
i I ! 1 ] 1 I i 1
280 -
240 |
200 |-
COMPUTATIONS TERMINATED —_3,
WHEN STORM WAS ABEAM
TO THIS COASTAL POINT 166 |
— 120 M
i
L
~ 80 HE
S

5 / il
12E i

Figure 13.--Same as figure 12 except this is for a larger storm passing through the bot-
tom of a standard basin and this includes coriolis and bottom stress. The group velo-
city of resonant waves is not shown, and the origin is set at the center of the coast.
The upper panel gives time-history surges at the origin of the coast; and the left
panel gives the envelope of high waters on the open coast.
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straight-Tine envelope is formed by the directly generated surge; it also can occur for storm
motions that do not generate resonance. Notice the effect of spurious waves and the termina-
tion of computations when the storm is about -200 mi and +185 mi, respectively, from the
basin's center.

Transient Wave Packets Generated by an Alongshore-Moving Storm

A different phencmeron is that of initial or temporary transients which superimpose on,
follow, or pass the directly generated surge. For simple conceptual presentation of this
most complicated phenomenon, many Tiberties will be taken in the following discussion, and
we make no pretext for rigor.

Suppose a storm travels alongshore--with storm speed, basin slope, and storm size not in
harmony to generate resonance. What happens? Eventually, a steady-state directly generated
surge follows the storm. Energy does not pass in an orderly manner across the sea; and it is
disposed of by complicated processes such as work against the driving forces, friction, and
diffusion across large volumes of the sea. Now, if such a storm enters the shelf from deep
water or from land to sea, suddenly stagnates, or explosively intensifies on the shelf, then
it will concentrate energy in a small volume of the sea while building up the directly gen-
erated surge; the initial concentration of energy occurs while the sea is adjusting itself
to the suddenly imposed or varying driving forces. Wave mechanics treats concentrated energy
in a small velume of sea by a discipline called "wave packets" (i.e., the concentrated energy
in a small volume of the sea is composed of waves, of many different but nearly equal fre-
quencies, that spread out with time across a large volume). Note that, for a sloping basin,
the sea is a dispersive medium and energy can be disposed of even in the absence of friction
and without doing work against driving forces.

Two principal speeds are connected with a wave packet (fig. 14), the phase speed Cp and
the group speed Cg. In figure 14, the wave fronts are perpendicular to the coast, with
amplitudes decreasing seaward. The envelope of the packet on the coast is a Gaussian-type
curve, and the amplitude of the packet decreases seaward. The waves inside the packet move
with phase speed C_ (not the speed of the storm), the envelope moves with group velocity Cg
(i.e., the center of gravity of the packet), and C_ > Cg. The waves appear at one end, move
through the packet, and disappear out the other end.

Phase speed refers in general to the speed of motion of the crests and troughs of waves,
and group speed refers to the speed of motion of the packet as a whole. If C_ differs from
C,» the crests and troughs disappear as they pass through the front or rear of the packet.
Both phase speed and group speed are defined in terms of wavelengths through a dispersion
relation that relates frequency to wavelengths; the dispersion is defined by the type of
wave motion and the geometry of the basin. For a given basin, C_ and C depend on a wave-
Tength that is nearly proportional to the size of the storm (radius of maximum winds). The
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speed of the storm, however, may be greater than, equal to, or less than either Cp or Cg;
various combinations of phase, group, and storm speeds can create surge patterns along the
coast that are interestingly different.

For a conceptually simple wave packet on the shelf, with no energy entering it, there is a
group of waves inside a surface envelope with crests normal to the shore (fig. 14). The ampli-
tude of the waves decrease rapidly seaward. There is a sudden appearance of waves entering
one end of the packet; while traveling at phase velocity Cp along the coast, they grow in
amplitude to a maximum, then decrease, and finally disappear on exiting the other end. Mean-
while, the center of gravity of the packet is moving at a group velocity C_, which is smaller
than the phase velocity Cp. While all this is going on, the envelope of the wave packet is
spreading and flattening out with time.

Note that we have used phase and group speeds to describe an idealized wave packet; this
should not be confused with speed of the steady-state surge phenomena generated by a storm.
The directly generated surge, which moves with storm speed, is separate and unrelated to the
wave packet. Also note that, in resonance phenomena, the waves move with the phase speed
equal to the storm speed, hence the two speeds are intimately related; in the idealized wave
packet, the phase speed of waves has no relation to storm speed and, therefore, must be viewed
separately.

The complicated space/time structure of the wave packet can superimpose on the directly
generated surge; if the group velocity of the packet is greater than storm speed (the speed
of the directly generated surge), then we have a most complicated surge on the coast. Fig-
ures 15 and 16 pictorially show these effects. To produce these effects, we have taken the
basin of figure 12, enlarged the storm size (to inhibit resonance), and moved the track far-
ther away from the coast; also, coriolis and bottom stress are ignored.

In figure 15, the effect of the wave packet on the directly generated surge is small; this
is so because we have designed conditions

AN T whereby storm speed is roughly the speed of
7 ~
o b " the center of gravity of the packet (i.e.,
/ ~ . 3
// cp e the group velocity Cg). There are some minor
A \ ‘ \\ spurious waves generated at the bottom bound-
—==COAST
‘\K\\ “‘\\\\Yé \\\ ary; their effects on coastal points farther
NS \ the basin are small. The collection of
\ \ \\ up
\\\\\\\\\\\ \ \Q surge contours paralleling the storm's speed
A\
\
\
\

N
\\\\l\\\\\\\X\\Qg\\\ Tine is mainly the directly generated surge
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Figure 15.--Same as figure 12 except this is for a much larger storm gen-
erating a nonresonant situation. A transient wave packet lies behind
the storm. The packet cannot overtake the storm because its group ve-

locity is approximately the speed of the storm.
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Figure 16.--Same as figure 15 except this is for a storm moving slower than the
packet's group velocity. The packet overtakes the storm.

directly generated surge; as the storm moves up the coast, the packet lags behind, spreads,
and flattens with time. On the coast, waves exiting the packet superimpose on the directly
generated surge ' the directly generated surge pulsates as waves pass through). On the upper
panel of the figure, we plot time-history surges for points A and A' on the coast. The re-
surgences, in general, are not resonant waves; instead, they are waves inside the packet.
Notice how they decrease in amplitude with time, which is to be expected since the packet

flattens and elongates with time.

Suppose the storm speed is reduced so that it is smaller than the speed of the wave packet.
What happens? Figure 16 illustrates this situation with time-history surge contours for the
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entire coast. None of the contours parallel the storm's speed line (i.e., the directly gen-
erated surge is obscured). The packet passes through the directly generated surge; but the
phase speed of waves within the packet is greater than the packet speed and hence greater
than the storm speed. This gives a significant pulsating effect on the surge directly under
and following the storm. Note that if figure 16 is set on top of figure 15 and the directly
generated surge is subtracted out, then the crests and troughs of the wave packet for both
figures are in phase.

The significant time-history surge at any coastal point, with a moving wave packet, is most
complicated. If the driving forces are invariant after initialization, then for ideal steady
state there remains only a forced wave (the directly generated surge) moving up the coast with
storm speed (i.e., coastal points experience the passage of only one wave).33 The resurgences
are not invariant on the sea; in their transition state, they can pass, follow, remain on top
of, or lag the directly generated surge. The duration of resurgences at a coastal point de-
pends on the character and age of the wave packet, and--unlike resonance--does not depend
solely on the time spent by the storm on the shelf before passing a coastal point.

In real Tife, we should not ignore coriolis and bottom stress. Coriolis affects the period
of the waves and their initial and relative spacing on the coast with time. Bottom stress
does not greatly affect the amplitude of the directly generated surge, but it can have a sig-
nificant damping effect on resurgences; also, the periods of the resurgences are slightly
altered. In operational SPLASH runs, we use a smaller basin length than that in figures 15
and 16, and we Timit our computations to 18 hr of real time. This means that if resurgences
exist, then (usually) at least one will pass the basin center before computations are ter-
minated. Illustrations of the SPLASH output for actual, nonresonant cases are shown in pre-
vious and subsequent topics.

B. Stationary-Invariant Storm on the Shelf

Conceivably, storms can enter a shelf area and then stagnate or meander slowly about the
coast. How do we handle this situation? A simple way--not necessarily the best--is to assume
a stationary-invariant storm34 and compute the steady-state directly generated surge; this
might, however, require computations for an extraordinary length of time before the surge
becomes fully developed. Such a procedure is undesirable for several technical reasons;
instead, we consider surge generation with time and attendant transients.

35

In our surge model, we assume an initial quiescent sea. If we impose surface driving

forces from a stationary storm located on the shelf, then with time the coastal surge ap-

33we are assuming that the sea has accommodated itself to the storm-driving forces and no
energy travels to surrounding volumes of the sea; this, however, is rarely (if ever) true.

34The track of a stationary storm telescopes into a point; or else, a point on the track
has a finite time duration during storm passage.

35We could assume other initial states, but we would still be faced with transients.
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proaches an equilibrium state; however, the sea temporarily reacts with transients while
adjusting and accommodating itself to the imposed driving forces. These transients are
most pronounced along the coast--the shallower the shelf slope, the more noticeable they
become. The transients occur because, until the sea heights and currents adjust from their
quiescent state to one that balances the driving forces, the unbalanced driving forces in-
troduce an excess of momentum into the sea.

If we suddenly impose a stationary mature storm in shallow water, then the transients can
be extremely large. However, we can control them by beginning with a zero strength storm
that grows to maturity; a large growth time would not generate transients, for the sea has
time to adjust to the driving forces. In the real world, transients do exist with very slow
moving storms; hence, it is not wise to totally ignore them.

As an illustration, consider time-history surge contours on the open coast, computed by
SPLASH, for a stationary storm located distance R seaward from the coastal center (fig. 17).
The storm grew to maturity in 4 hr and was invariant thereafter. Notice the seiche-type
oscillations (standing waves) on the coast and also the spreading of surges away from the
coastal center with time.

The term "seiche" is used in a descriptive rather than a classical sense; we do not mean
simply to imply that there is a linear node line in the basin. The period of the oscil-
lations vary with storm size, basin slope, and distance of the storm center from the coast;
the time occurrence of the first peak depends, in part, on the growth time of the storm.
These special oscillations--and their formative period--have not been studied empirically
or otherwise; this is an interesting future research project.

In figure 17, the insert on the upper right gives a time-history curve36 of computed
surges on coastal point A where peak surge occurs; notice how the oscillations dampen with
time as the sea tends to an equilibrium state. Below AB, there is a similar situation for
the negative surge; notice how the absolute depth value of the troughs gets larger with time
and how it contrasts with the peaks on AB.

The driving forces of a stationary storm can be viewed as waves of all lengths, some with
predominant amplitude, and directed in all directions. They will tend to excite water waves
of corresponding directed wavelengths. However, water waves with crests perpendicular to
the shore are not readily excited because the stationary forces are not moving with the phase
speed of these waves (note that the amount of excitation for transient waves can be influenced
by the growth time to maturity of the storm; a shorter growth time would produce more ener-
getic waves). This leaves water waves (for the steady-state 1imit) and secondary or transient
waves that are directed with crests and troughs at and near parallel to the shore. Note
especially that ocean depth contours of the Continental Shelf are nearly parallel to the

36A tide gage placed at point A would give this time-history curve.
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Figure 17.--Same as figure 13 except this is for a stationary storm (a nonresonant
situation). The upper panel gives time-history surges for a point on the coast.



shore but vary perpendicular to the shore; this means that the action of waves with crests
parallel to the shore is entirely different than that perpendicular to the shore.

The waves with crests nearly parallel to the shore form a packet consisting of generally
Tow wave numbers (long waves) in the alongshore direction (crests perpendicular to the shore).
A group velocity, however, cannot be assigned to the packet as a whole, for the dispersion
relation is neither smooth or single valued for the wavelengths and frequencies in the packet.
As a result, the packet tends to spread out rather than move as a whole, with the longer
waves spreading out more rapidly. These longer waves also have longer periods; as a result,
we obtain a pattern in which the water along the shore moves up and down almost in unison,
with the portions farthest from the shore oscillating with slightly longer periods as in
figure 10. Note; the double train of highs and Jows are the result of superposing transients
on the steady-state surge.

The amplitudes of the oscillations in figure 12--not the periods--vary inversely with
storm growth time; but growth time is an idealized concept, difficult to relate with the
real world. For a wide range of growth time, however, the height of the second peak along
line AB is almost invariant (although its time position varies); hence, for a working cri-
terion, we say that this second peak is representative for a stationary storm.

The insert on the lower left gives the envelope of highest surges on the open coast, re-
gardless of time. The peak surge on this curve is the first peak on line AB; its value is
strongly influenced by storm growth time and thus is inadequate for our purposes. For
stationary storms, we should ignore the envelope and use the second peak surge on the open

coast for our surge forecast.

In figure 17, the storm was placed at distance R from the coast. What if the distance
changes? Well, we do have complications; if the storm is at a distance that is large com-
pared to R or if it is off the Continental Shelf in deep water, then the highest surge is
not necessarily the first peak on Tine AB. What we must remember is that it takes time for
surges to reach the shore, sometimes a lot of time. However, for a wide range of growth
time, the height of the second peak is almost constant (although its time of occurrence
varies); this is so even if the second peak is the largest of all peaks. We suggest that
the second peak on line AB be used for forecasting.

C. Storms Traveling Normal to the Coast

7

An invariant storm traveling normal to the coast of a sloping basin3 does not form an

equilibrium surge on the shelf. The storm, moving from sea to land or land to sea, tra-

37The track of the storm parallels the maximum gradient of ocean depth contours; the depth
is not constant under the track as that with alongshore-moving storms.
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verses ocean depth contours that change with time relative to the storm.38 The surge under
the storm is continuously forming; if the storm travels rapidly, there are no transient oscil-
lations. The peak surge on the coast is insensitive to initial placement of the storm--pro-
viding such placement is in deep water or far inland. This is a most excellent property.

for only a segment of the total track is sufficient for computing the coastal storm surge.

The storm is mature before entering the shelf, and shelf waters as yet are little affected
by the storm's driving forces. However, when the storm enters the shallow shelf, a new situ-
ation presents itself. The sea on the shelf continuously battles and tries to adjust itself
to the moving storm, but there is no way it can accommodate both the storm and changing
depth patterns along the storm's track;39 it cannot form a steady-state directly generated
surge. A dominating factor for storms traveling normal to the coast is the continuously
changing depth patterns of the basin relative to the moving storm. 1In a gross way, one can
view this case as a pure transient surge that completely dominates surge generation. It is
difficult for the sea to form resonance or a distinct wave packet with a landfall storm.
Resurgences have wave fronts that are perpendicular to the coast; but it takes an alongshore
storm track to generate them, whereas a track normal to the coast is 90° out of phase. There
is only a forced wave (directly generated surge) that follows the storm, and it continuously
changes its form while the storm moves across variable ocean depths.

A Tandfall storm forms a circulating mound of water under the storm that eventually im-
pinges on the coast. After landfall, the driving forces on the sea gradually disappear,
and the sea no longer battles the storm; the forced wave is now free; it is partially re-
flected at the coast, transfers its energy to neighboring volumes, and eventually disappears.
For an exiting storm (storm track from land to sea), a similar situation takes place; how-
ever, there is only a limited time to form a circulating mound of water in the vicinity of
the coast and hence a lower potential to develop significant surges at the coast. Landfall
(exiting) storms are discussed in SPLASH I.

D. General Comments on Transients

By no means have we exhaustively discussed transients in the preceding sections. There
are many other wave forms that can be excited by storm-driving forces on continental shelves.
Our purpose was to acquaint the surge forecaster with particularly simple transient surge
phenomena and how they affect coastal storm surges; in real life situations, transients will
not always be so simple.

38A constant depth basin, unbounded in the horizontal, aliows an equilibrium surge to form
regardless of the storm's vector motion; this is why sToping depths and a coastline on the
Continental Shelf are so important.

39One can postulate that a storm, which harmoniously or properly varies in speed and size
as it traverses the shelf, could set up a special kind of resonance phenomena. This would
be an interesting future research project.



For more than one type of transient to occur simultaneously is possible. Moreover, there
are secondary transients--which we have not discussed--due to changes in basin depths along-
shore (i.e., two-dimensional bathymetry). Similarly, secondary transients can be excited if
the storm's path, its size, or strength varies dramatically with time on the Continental
Shelf. Also, there are localized transients of small wavelength, which do not show up with
SPLASH computations.*0

Up to now, we tacitly have assumed that transients are free systems that do not accept
energy from the storm. This of course is not true, for energy continuously pours into the
sea to form a hierarchy of waves with time. In fact, with passage of time, the original
transients may no longer be evident, and new transients take their place. This is important,
for it means that the local storm surge is insensitive to storm initialization, providing
initialization is distant in space and time (i.e., we compute the same surge at a coastal
point regardless of the exact initialization procedure). However, the term "distant in space
and time" is very loose, and we cannot always satisfy it with the SPLASH surge model. This
Creates serious problems such as:

1. The present SPLASH model uses a straight Tine (base line) to represent the coast and a
cartesian grid for computations; the natural coast, storm track, and driving forces are
shifted nonconformally according to the base Tine. This means that transient phenomena may
not be properly represented if the coast significantly curves in space.

2. A storm moving rapidly along the shore and on the shelf will cross a false lateral bound-
ary in our model basin; this will set off spurious waves.4] Also, the initial transients (gen-
erated by highly suspect initialization procedures) may be unrepresentative because they
are generated so closely to the time of storm passage at the coastal point of interest. The
remedy for this situation is a larger basin so that initialization occurs inside the basin,
long before the storm passes a coastal point of interest; but this involves computer storage
problems and the problem of curvilinear coastlines.

3. A storm moving slowly along the shore and with a Tong track on the shelf cannot satisfy
the initialization criteria "distant in space and time" for the surge model. Our model initial-
izes computations 12 hr before storm passage at the coastal point of interest; the track
distance for this 12-hr period is small--sometimes smaller than the storm size. The slow
storm motion causes initial transients, which are highly suspect, that immediately affect
the coastal point of interest. The remedy for this type of situation is to compute for
exceptionally long real-time runs; but this creates problems, for example, in numerical
stability, economics, and curvilinear coasts.

40 : : . : : .
Our grid size in numerical computations with the SPLASH model is 4 mi; hence, small
wavelengths on the sea cannot be seen with our model.

41 : St e w :
Not so if the storm is initialized in deep water (or on Tand) and if the track crosses
a conceptual extension of the lateral boundary
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Storm tracks are not linear and orient themselves in diverse ways relative to coastlines;
also, storm speeds along the track are variable--similarly, for storm size and strength. This
means that the possibilities for transients are numerous. For operational use, significant
transients fortunately occur only with storm tracks near parallel to the coast and with sta-
tionary or exceptionally slow moving storms on the shelf.

The surge forecaster should be aware and suspicious of computed transients; he should not
accept such computations blindly but rather should give due consideration to possible errors
from initialization procedures. A particular example is a stationary or slow-moving storm;
the first peak transient on the coast may be too large for useful forecasting. There are
critical situations where one form of transient gives way to another. Similarly, the storm
track angle-of-attack to the coastline greatly influences the generation of transients; thus,
there are critical angles with which to contend. In general, if the storm is initialized in
deep water or on land both distant from the coast and if we have confidence in the forecast
or given track, then any transients computed by the model are representative for the open
coast surge.

APPENDIX III. STORM TRACK CURVATURE AND TIMES OF HIGH WATERS ON THE SURGE ENVELOPE
Some important aspects of a storm track, from a meteorological point of view, are:

1. Recurvature away from the coast.
a. Distance of the storm from the coast at the point of maximum curvature.

2. Recurvature toward the coast.
a. Landfall (exit) point on the coast.

Generally, the exact form of the curve (track) is not considered important if these aspects
are known. Such information, however, is unacceptable for storm surge computations; we need
to know the disposition of the total track. The surge forecaster must understand that his
choice of storm track--relative to the coast--has considerable influence on the generation
of surges in space and time; he must not choose tr‘acks42 with a debonair spirit, but rather
with a healthy respect for such aspects as how they generate surges on the coast, the surge
arrival time with respect to astrononomical tide, the ever-present possibility of generating
critical situations, and transients. Note that the storm surge is an oceanographic phenom-
enon, and blind reliance on standard or ordinary meteorological predictions of storm track
can be dangerous.

A storm traveling near normal to the coast generates significant coastal high waters at/
about landfall time; however, the ends of the coastal surge envelope can occur several hours

42A typical example would be to connect a straight line between initial and final points
of a forecast track interval, even though the track has significant curvature.
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after landfall; but in most cases, the surges there are insignificant compared to the core

of high waters. For practical purposes then, the high waters are appended to astronomical
tide at landfall time for a coastal surge forecast, SPLASH I.

For alongshore/curviiinear storm tracks, we can no longer be so cavalier on time of high
waters. This is so because the component of storm track on the coast, as well as high waters,
can last for many hours. Consequently, to aid the surge forecaster (in the SPLASH II com-
putations), we append the times of high waters on the computer display of the coastal surge
envelope (to the nearest hour); he then can add the astronomical tide (plus the sea-level
anomalies) for a total tide forecast at selected points along the coast. It would be good
to be so direct, but our computations use oniy a segment of the total track (12 hr before
and 6 hr after the nearest approach of the storm to the basin's center); we do not want to
print out the times with unaccountable track segments. However, if an end or ends of the
segment are in deep water or somewhat inland, then this is sufficient to represent the con-
tinuation to total track; we then extend the printout of times even though we cannot account
for the total track. Our purpose for printing times of high waters along selected coastal
intervals is to aid the surge forecaster to discriminate those surges that are generated by
the segmented track and representative of the total track. To acquaint the surge fore-

caster with decision processes for printout of times of high waters on the coast, we illus-
trate several storm tracks in figure 18.

The panel on the left of figure 18 (alongshore-moving storm) has a menotonic track with
respect to the ordinate but not necessarily so with respect to the abscissa; also, the storm
remains inside the basin. OQOur computations hzre are approximately valid betweenMATR STM and
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Figure 18.--Possible storm tracks relative to a coastline. Only a portion of the coast has
representative surges for a given track segment. '"Times" mearns occurrence of high waters
along the coast, valid for a given track segment.
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END COMP; hence, we print out times along the coastal component for this seg-
ment. For this special case, however, note:

1. The surge about MATR STM may be too high because of initialization phe-
nomena.

2. The surges about END COMP are valid because the high waters lead the storm;
note also that if the storm is moving down the coast, then the surges about
END COMP may be too small because the high waters now lag the storm. The along-
shore track, however, can have strong curvature, or the vector storm motion can
be abnormal. In some of these special cases, the segment--or one end of the
segment--may sufficiently represent the entire or remaining track. For a
storm moving up the coast, we adopt the following procedures to print out
times of high waters on the coastal surge envelope display:

1. If MATR STM is in deep water or one storm radius inland, then the printed
times are extended downward to the end of the coast.

2. If END COMP is in deep water or one storm radius inland, then the printed
times are extended upward to the end of the coast.

3. If the storm travels rapidly (MATR STM and END COMP are off the basin),
then the times are printed along the entire coast.

4. If the storm travels slowly or is stationary--and remains inside the
basin--during computations, then (at most) only a few times will be printed
out;43 this serves to warn that the coastal surge envelope can be polluted
with transients. The surge forecaster now must subjectively consider the
time-history plot of coastal surges. For a stationary storm, the arrivel time
of the second peak on the coast with the attendant surge profile may give an

acceptable surge forecast.

5. If a stationary storm is in deep water or more than one storm radius in-
land, then it will print out times along the entire coast.

Note also that if the storm travels down the coast (as opposed to traveling
up the coast), then there is a mirror image printout of the five procedures
for the times of high waters.

43 Warning; if you insist on using a very slowly moving storm (say, average speed <3 mi/hr),
then take pains to assure that the center of your 24-hr track segment is close
to the nearest approach of the storm to the basin center or station.
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Suppose we now have a landfall/exit storm (middle panel of fig. 18). The
storm can have any angle of attack to the coast; also, it can be curvilinear,
but we consider--at this time--only a monotonic track with respect to the or-
dinate. For these special cases, we adopt the following procedures to print
out times of high waters on the surge envelope displays:

1. If the storm track has MATR/END in deep water and END/MATR at Teast one
storm radius inland, then times of high waters are printed out along the entire
coast.

2. If the storm track has only one end of the track segment in deep water or
one storm radius inland, then:
a. The printout of times is between the track points MATR and END on the
coast.
b. One end of times is extended upward/downward for the remainder of the
coast; the extension is that end of the track segment in deep water or one
storm radius inland.

3. If procedures 1 and 2 do not apply, then times of high waters are printed
out along that component of track between MATR and END on the coast; for this
case, we subjectively must determine whether we have (want) to consider a sta-
tionary storm as in procedure 4 in the preceding paragraph.

It would be good if we could stop here and restrict all tracks to be mono-
tonic with respect to the ordinate (i.e., the coast), but this at times is un-
acceptable for real life situations. A glance at climatological storm tracks
(Cry 1965) shows several types of curves in space that are (1) quasi-linear
shaped, (2) U- or bow-shaped, (3) S-shaped, (4) looped, or (5) cusped. So far,
we have considered only type 1. We do not consider types 3 through 5 because
it takes more than five points (fig. 1) to portray such tracks. We specifically
want to consider type 2; for such tracks, it is assumed that there is a
maximum/minimum stationary point on the track--but not both--with respect to
the ordinate (i.e., the track is not a 100p).44 Because of computational re-
strictions (and subtle numerical/dynamic constraints), our model computes for
only a segment of the total track. Consequently, we have to be very careful
on how this segment is chosen. We suggest that the tracks have the gentlest
possible curvature; the surge forecaster should straighten out the tracks
with strong curvature--consistent with meteorological accuracy.

44If you are determined to use a loop in the track, there will be a strange
printout of times of high waters on the envelope display. If you feel there

is a loop, try to consider instead a near--but not--stationary storm during
the looping interval.
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Suppose we now have a U- or bow-shaped track with one stationary point
(right panel of fig. 18); note that there are four possibilities--a max (min)
point, with the storm traveling toward (away) from the coast. The feature
here is that the track is no Tonger menotonic with respect to the ordinate.
We adopt the following procedures to print out times on the surge envelope:

1. If the storm track has MATR and END points in deep water or one storm
radius inland, then times are printed on the entire coast.

2. If the storm track has a maximum (not minimum) point and there travels
toward the coast and if END does not satisfy procedure 1, then times are
printed from END upward to the end of the coast.

a. We do not print times below END because we have not accounted for that
portion of track in the computations.

b. Although MATR on the storm track is inside the basin, we treat it as
though it were in deep water or one storm radius inland.

3. If the storm track has a maximum point and there travels away from the
coast and if MATR does not satisfy procedure 1, then times are printed from
MATR upward to the end of the coast.

a. We do not print out times below MATR because we have not accounted
for that portion of track in the computations.

b. We treat END as though it were in deep water or one storm radius in-
land.

4. If the storm track has a minimum (not maximum) point and there travels
toward the coast and if END does not satisfy procedure 1, then times are
printed from END downward to the end of the coast.

a. We do not print out times above END because we have not accounted for
that portion of track in the computations.
b. We treat MATR as though it were in deep water or one radius inland.

5. If the storm track has a minimum point and there travels away from the
coast and if MATR does not satisfy procedure 1, then times are printed from
MATR downward to the end of the coast.

a. We do not print times above MATR because we have not accounted for
that portion of track in the computations.
b. We treat END as though it were in deep water or one radius inland.

SPLASH II is designed to accept quasi-general segmented storm tracks--
relative to the coastal center (station) of a chosen basin. If proper care
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is not exerted to center the track segment relative to station, then the pro-
gram will not perform the computations and will terminate with messages to
this effect. Examples of some unacceptably positioned segmented tracks45
are shown on figure 19; these segments have one end at closest approach to
station, but the program insists that closest approach be near the middle of
the track segment. The remedy here, of course, is to properly choose a rele-
vant track segment so that closest approach is near the center of the segment.
Note that it is a very luring prospect to set the center of the segment at
the point of maximum curvature because this point is important for meteoro-
logical forecasting; we must overcome this temptation and focus instead on
that portion of track which is important to cceanographic aspects in surge
generation.

45The tracks are acceptable, but segments of the track--relative to station--

are unacceptable.
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