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Introduction

It is areal pleasure for me to be with you today as arepresentative
ofthe National Coordinating Council on Emergency Management. Ibring you
greetings from Ms. Casey Marley, our President, and from the more than 1200
members of the Council. The Council is composed of persons on the local
level charged with the responsibility of planning and preparing for, responding
to, recovering from, and mitigating the effects ofvarious threats from natural,
technological, and man-made hazards. We are the technical advisors to the
chiefadministrator of our respective jurisdictions. The Council has been quite
effective in representing the local viewpoint on disasters in testimony before
Congressional committees and with the Federal Emergency Management
Agency (FEMA).

One of the Council's duties is to evaluate the threat from various
hazards and advise the public on what steps should be taken to avoid loss of
life and decrease the damage from the strike. In my presentation today, Iwill
be describing the steps we in Baytown, Texas take in evaluating the threat of
a hurricane andwhat we do with information.

Where Is Bavtown?

For a person to understand the importance of hurricane forecasts in
the City of Baytown, it is necessary to know something about the city's
location in relation to the surrounding area. Baytown, acity of65,000 people,
is located about 25 miles east ofHouston and 45 northwest ofGalveston. It
is situated on the north side of the Houston Ship Channel with a series of
inland bays adjoining the city limits. A few miles southeast of the city, the
ship channel enters Galveston Bay, which in turn empties into the Gulf of
Mexico. Baytown is highly industrialized, with Exxon U.SA, Exxon Chemical
Americas, Chevron Chemical Company, and Mobay Corporation having major
plants mor near the city. Elevation ofthe land in the city is 0-35' N.G.V D
(National Geodetic Vertical Datum).

Galveston Bay is surrounded by land that is substantially higher than
the surface ofthe water. When storms make landfall along the coast to the
southwest of Baytown, the counter-clockwise rotation of the storm brings
southeast winds directly up the bay. With the wind force from behind and high
ground on the sides, the water in the bay is pushed upward. Because of its
location near the upper end of Galveston Bay, Baytown is subject to storm
surges from hurricanes that can be 50% higher than those experienced at
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Galveston.

Subsidence

Until 1978, all of the land in Baytown and the surrounding area had
been sinking steadily due to the withdrawal of groundwater. The entire
Houston area formerly used twowater-bearing aquifers asthe main source of
water for cities, industries, and agriculture. All users were, in effect, taking
water from one bigwell. As the water was withdrawn, the water table sank,
leaving voids in the clay soil. The clay is compacted under the weight of the
land, causing the land to sink. From 1915-1978, the western part of Baytown
sank more than 9 feet. Most of the subsidence occurred between 1940 and
1976. The city now relies solely on surface water resources, so that further
sinking is negligible.

Methods Used to Evaluate Hurricane Effects

National WeatherService (NWS) marine forecasts areusedto obtain
authoritative information on the forecasted position of the storm. When a
hurricane is under surveillance, the National Hurricane Center issues a
prognosis on the storm's position and strength every six hours in the marine
forecasts. At Baytown, we obtain this information through a weather service
by means of a modem on our computer. The bulletin gives the present
position of the storm, its direction of forward motion in degrees, its forward
speed in knots, the diameter of the eyein nautical miles, maximum sustained
winds and gusts in knots, radius of 64-knot (75 mph) winds by quadrants,
radius of 50-knot (57.5 mph) winds by quadrants, and radius of 34-knot (39
mph) winds by quadrants.

The position, maximum winds, gusts, and radius of 50- and 34-knot
winds are forecasted for the storm for 8, 20, and 32 hours after the time of
the bulletin. As guidance only, the position, maximum winds, gusts, and
radius of 50-knot winds are forecasted for 44 and 68 hours after the bulletin.

The Hazard Management Group Graphics Display System is used
to help interpret theerror associated with theNWS marine forecasts. Bythis
system, the information is put into the computer and the predicted positions
are drawn onamapshown onthecomputer monitor with ellipses surrounding
the positions indicating the error associated with the forecast. A choice is
available as to the degree of confidence to be placed in the forecast, from 50
to 90 % in increments of 10 %. We routinely use the 70% confidence limits.

The program is also capable of showing the area of winds with
ellipses according to the confidence level desired. We can use the program
to calculate the distance between the position of the storm andlandfall. We
have found that the printouts from this program are very valuable in briefing
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local leaders on the status of the storm.

SLOSH ("Sea, Lake, and Overland Surge from Hurricanes,") is a
computer model capable of predicting the storm surge at various locations
developed by Dr. Chester Jalesnianski of the National Weather Service. Dr.
Carlton Ruch of Texas A&M University madea study of the entire Texas
coast using the SLOSH model. Our panel chairman, Dr. Phillip Berke, also
had a major role in the study. In 1981 they published the report, "Hurricane
Relocation Planning," for the 5-county area surrounding Houston and
Galveston. The report shows the effects of 80 different hurricanes of varying
intensity and conditions for 52 specific locations, four of which are adjacent
to Baytown.

For each hurricane, information is givenon the time of arrival of 52
mph winds, which can overturn a high profile vehicle, relative to estimated
time of landfall by the storm. The same information is given for the timeof
arrival for 655 mph winds, which can overturn a car. Time for low and high
tide flooding from the storm surge is also predicted, along with the height of
the maximum high tidesurge. Of special help to us is the table showing the
height of the storm surge by hourly increments beforeandafter landfall. The
study is being updated this year to include more than 900 storms.

We have developed a form to assist us in tabulating the storm
information as each marine forecast is received. We calculate the predicted
time of landfall based on the time for the storm to travel the distance from
the position at the time of the bulletin, assuming its forward speeds remains
unchanged and it goes in a straight path to landfall. If the hurricane's path
is not directlytowards us, we assume that it continues for 24 hours and then
turns towards us. We find that for Baytown, the 52 mph winds, which can
overturn a high profile vehicle, are the first effect of the storm that would
limit travel.

Texas A&M Univesity has developed a computer program called
ESTED, Estimating the Safe Time for Evacuation Decision. This program
uses the position of the storm and its forward speed to calculate the time for
decision for each evacuation zone to allow for evacuation time before the
arrival of travel-limiting winds. We useESTED to check on ourcalculations,
but use our own information, since the time for preparation varies for
different people.

Each month we prepare a prediction of the time and height of the
normal tides for our area, based on the tide tables at Galveston. In
calculating the time profile of the storm surge, we use the information from
SLOSH and correct it for our own normal tide predictions. To arrive at a
final height, we assume that hurricane rain will raise the level in thebays by
one foot.
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Use of Hurricane Information

Decisions on actions to be takenin anticipation of a storm arebased
on the information that has beengenerated. Our plans call for the evacuation
of persons in the flood zone and for those in mobile homes for storms with
winds of < 130 mph (Category 3 orless). For storms with winds > 130 mph
(Categories 4 and 5),werecommend evacuation of theentire city to locations
further inland. For a number of years, we have distributed brochures giving
elevation information and instructions on what actions to take. With the
aforementioned information, wecan make adecision onthespecific areas that
should be evacuated and when the evacuation should be done. Before we
make public any decision, we review our plans with the local office of the
National Weather Service.

Information and instruction must be given to the public. In our
Emergency Operating Center is a 2-way radio which is part of the Public
Information Emergency System (PIES). Through it we can activate the
Emergency Broadcasting System and give information and instructions to the
public. The PIES frequency is monitored by nearly all radio and television
stations in the Houston-Galveston area, with station KTRH as the control
station. We have found that there is a great deal of interest in the
information and have made it a practice to have daily briefing meetings with
community leaders including industry, business, schools, and the local press.

How Do the Predicted Conditions Compare With Actual Conditions?

When Hurricane Alicia struck Baytown on 18 August 1983, we had
an opportunity to compare the predicted hurricane conditions with what
actually happened. What began as a minimal tropical storm ended up with
sustained winds of 115 mph, a Category 3 storm. On Tuesday, 16August,
Alicia had winds of 80 mph and the the National Hurricane Center issued a
hurricane warning which included our area. Using the SLOSH information,
we made the decision to recommend evacuation of areas under +8 feet MSL.
Warnings were issued to those in the low areaswith the recommendation that
.evacuation be completed by noon on Wednesday.

By noon on Wednesday, 17 August, the storm was located 85 miles
south-southeast of Galveston, with sustained wmds of 100 mph. With a
forward speed of5 mph, thestorm was predicted to make landfall by5 amon
Thursday. Calculations from the noon bulletin showed that 52 mph gusts
shouldstartaround midnight and62.5 mph gusts should startaround 3:30 am.
The predicted storm tide using the procedure outlined above is shown in
Figure 1. Adjustments were made to the time of the maximum tide, since the
NWS said that the maximum could be expected at high tide.
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At 1:30 am on Thursday, 18 August, wind gauges at the Exxon
Refinery registered 62 mph. The storm tide reached about 11 feet at7:30 am.
Waves in the bays were 8to 9 feet high. Most people heeded the warnings
and sought shelter. About 100 persons were rescued from the water by police
and public works persons.

Figure 2 shows a comparison of the actual storm tide with that
predicted from the Tuesday noon bulletin. The model underestimated the
early phases of the storm. The actual maximum storm surge was about 11
feet compared with the 10 feet predicted. This was due to Alicia increasing
instrength to sustained winds of 115 mph. The maximum was also about one
hour earlier than predicted. The agreement between the actual and the
predicted conditions depends in large part on how well the information agrees
with the storm listed in the table. Alicia had almost the exact path and angle
ofstrike and was moving at the exact speed. This does not always happen. In
general, the prediction is more severe than actual conditions.

Conclusions

The marine forecasts together with the SLOSH predictions are very
satisfactory tools for the local decision-maker to use in predicting and
evaluating the effects ofahurricane aparticular locale. The HMG Graphics
Display System is of considerable help in giving confidence in the forecasts
and in helping to show what can be expected as to the probability ofastrike.
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On the Use of NOAA's Storm Surge Model, SLOSH, in Managing Coastal
Hazards: the Experience in Puerto Rico

Aurelio Mercado

University of Puerto Rico

Introduction

A numerical-dynamic, tropical storm surge model, SLOSH (Sea,
Land, and Overland Surges from Hurricanes), was developed for real-time
forecasting of hurricane storm surges on continental shelves, across inland
water bodies, along coastlines, and for inland routeing of water - either from
the sea or from inland water bodies. The model is two-dimensional, covering
water bodies and mundated terrain. In the present version available at the
University of Puerto Rico, acurvilinear, polar coordinate grid scheme isused
(Figure 1). The grid cells are approximately 2 miles by2 miles in size.

The model,developed by Dr.C. Jelenianski of the National Oceanic
and Atmospheric Administration (NOAA), was brought to Puerto Rico as a
result ofa Flood Insurance Study (FIS) funded by the Federal Emergency
Management Agency (FEMA). It should be emphasized that with the
SLOSH model there is nocalibration, ortuning, of empirical coefficients in
order to fit observed data to simulations. Experience with theSLOSH model
has shown that whenever observations strongly disagree with the results of the
model, there is a strong likelihood that the cause is incorrectly specified
hydraulics of the site (i.e., widths of channels or bay entrances, erroneous
barrier heights, depths, etc.), or incorrectly specified storm parameters. This
is an important fact since measurements of Stillwater elevation during a
hurricane were non-existent in Puerto Rico prior toHurricane Hugo, and the
situation in the rest of the Caribbean is similar.

Application of the SLOSH Model to Puerto Rico andthe U.S. Virgin Islands

The flood insurance study

The FIS referenced above covered Puerto Rico and the U.S. Virgin
Islands. Figure 2shows athree-dimensional plot ofthe bathymetry supplied
to the model in this study. Note the extremely narrow, deep shelf around
Puerto Rico which protects the islands from the very high surges observed
along the eastern seaboard ofthe U.S. during intense hurricanes. Figures 3a
and b show an outline of thegrid cells with theislands of Puerto Rico and the
U.S. Virgin Islands, respectively. Also shown is the islands' outline as seen by
the model. This FIS will result in a revision of all of the Flood Insurance
Rate maps, which are also used by the state Planning Board for regulatory
purposes. Maps showing the inland penetration of the 100- and 500-year
Stillwater elevation have been prepared, and we are presently in the process
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of delineating the width of the high-hazard (V) zone.

The hurricane evacuation studies

The model has also been used in preparing hurricane evacuation
studies for six coastal cities in Puerto Rico, including the San Juan
metropolitan area. In this type of study, flood maps are prepared showing the
inland penetration of the storm surge according to the Saffir-Simpson
hurricane strength category. Figure 4 shows the so-called "decision arcs"
prepared for the San Juan study. These tell the local authorities when
evacuation of certain areas should be started and when they should be
finished. Figure 5 shows a section of a map prepared for the purpose of
showing the authorities which shelters can be used, their capacity, the
expected Stillwater elevations, wind wave heights and runup, and information
about the capacity of evacuation roads.

Hurricane Hugo: Observation versus Simulations

Hurricane Hugo provided the first opportunity to compare
observations with simulations of the SLOSH model in Puerto Rico. Figure
6 shows the track of Hugo intheeastern Caribbean, with superimposed circles
showing theradii ofmaximum winds. Figure 7 shows theso-called "maximum
envelope of highest waters" for the simulation of Hugo. It shows the
maximum Stillwater elevationattained at eachgridcellirrespective of the time
when it occurred. Figures 8 and 9 show a comparison of the observed
Stillwater elevation time history inside San Juan Bay (obtained by a NOAA
tide gauge) with the results from SLOSH for two contiguous grid cells inside
thebay (the tide gauge happens tobelocated exactly attheboundary between
these grid cells). Figure 10 shows observed Stillwater elevation time history
inside Charlotte AmalieHarbor (St.Thomas) versus the results from SLOSH
for that location.

The results from the simulations, especially during the rise and
maximum of the surge, fall within the ±20% margin of error found for
SLOSH along theeastern seaboard ofthe United States. Considering that no
fine tuning has been done at all, the performance of the present SLOSH
version available at Puerto Rico is verysatisfactory. The rapid drop in surge
height in the simulations compared with the observations can be easily
explained as due tothe use of"ocean" winds for winds going from land tosea.
That is, as far as the wind model is concerned, there is no change in surface
roughness due to the presence of the island. Consequently, the
seaward-directed SLOSHwinds arcstronger than the observed onesandthey
help flush the bay much more rapidly than actually occurs.

Plans for the Near Future
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Figure 11 shows the newSLOSH grid scheme developed at NOAA,
specially adapted to the geometry of Puerto Rico. This will allow cells of
smaller dimension near the coastline, producing much better resolution of
small bays and coastal indentations. Further evacuation studies are planned
with this new version of SLOSH. We are also working on describing the
extreme wind-wave climatology due to hurricanes aroundPuerto Rico and the
Virgin Islands.
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Fig. I. Puerto Rico SLOSH basin

Fig. 2. Three-dimensional vieu of the bathymetry
data supplied to the P.R. SI.OSH basin
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Fig. 3. Actual coastline (smooth) vs. coastline as seen by SLOSH,
a (top) Puerto Rico; b (bottom) U.S. Virgin Islands.
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Pre-Storm Beach Profile Survey Under Hurricane Threat

Shang-Yih Wang
Florida State University

Abstract

To protectcoastal properties andcontrolbeacherosionduringsevere
storm conditions, several beach erosion prediction methods have been
developed during the last twenty years. Post-storm beach profiles were
surveyed to provide a data base for beach erosion studies. Because of
uncertain andhazardous conditions under hurricane threat, there is verylittle
surveying that can be done on the beach immediately before a hurricane
strikes. This lack of pre-storm beach profile data haslimitedthe development
of beach erosion prediction models.

This paper presents an empirical hurricane forecasting model
primarily to identify a potential hurricane landfall area 3-5 days in advance.
With thehelp of this information, coastal engineers maybegiven enough time
to survey some pre-storm profiles before the coast becomes too vulnerable
and potentially dangerous with the approach of the storm.

Introduction

A beach constantly adjusts its profile to cope with any weather
condition. During storms, thebeach isseverely eroded due to large quantities
of beach sediments that are carried offshore to dissipate incoming wave
energy. In Hurricane Eloise, for example, allbeach erosionoccurred in less
than 4 hours. An average of7.4 yd3 was removed (per foot of oceanfront)
over adistance of 48 miles along the South Carolina ocean coast (Chiu, 1977).
Recently, the coast of South Carolina showed this natural lesson again during
Hurricane Hugo in late September, 1989. In a post-storm survey, Stauble et
al. (1990) found that severe erosion of the beach and dune system was
sustained from the storm along the affected coast. Many coastal erosion
protection structures werecither damaged ordestroyed by the combined wave
and surge action.

Predicting beach erosion during a storm, then, becomes one of the
most important and difficult subjects facing coastal engineers. Recent
research by Hughes and Chiu (1981), Kriebcl and Dean (1985), andVellinga
(1986) has provided rational and practical methods to estimate storm beach
erosion. But,theseresearchers claim that more beforeandafterstormprofile
data are essential to refine the theory and to improve the accuracy of their
models. Recognizing this fact, Birkemeier et al. (1988) for example, started
to document available stormerosion data collected by the US Army Corps of
Engineers between 1962 and 1978. They measured beach changes caused by
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13 storm events on 7 coastal beaches of the northeast United States. The
Coastal Society needs to continue similarefforts to collect more beach erosion
data, especially during the hurricanes.

Major hurricane forecasting problems arise because the movement
patterns of storms in higher latitudes are not always steady and easily
predicted. A hurricane often can turn out to be an individualist and must be
treated as such. At present, hurricane movement is monitored by aircraft,
weather satellites, and radar. Modern prediction models using this monitoring
information can minimize errors in a 24-hour forecast, owever, the errors of
prediction increase dramatically with the length of forecast. Forecasters,
therefore, avoid giving the public 72 or more hours notice with much
confidence. For coastal engineers, a good understanding and monitoring of
hurricane tracks in each affected area is a key for conducting successful
pre-storm profile surveys. This study covers hurricanes of the North Atlantic
Ocean.

Hurricanes of the North Atlantic Ocean

There have been 934 tropical cyclonesof various intensities recorded
over the North Atlantic area from 1871 to 1986 (NOAA, 1987). Tropical
cyclones are defined as nonfrontal, low pressure, large-scale systems that
develop over tropical or subtropical waters and have definite organized
circulation (NOAA, 1977). The terms tropical depression, tropical storm, or
hurricane are further classified depending upon whether the sustained surface
winds near the center of the system arc, respectively, less than 39 mph, 39 to
less than 74 mph, or at least 74 mph. Since 1889, stages of development for
cyclones are preserved on the North Atlantic Hurricane Tracking Chart. It
is still not clear if all 934 cyclones moved following some patterns or rules.
Without definite guidelines, one would stay on the sideline rather than try to
predict the cyclone movement from those massive and complex tracks.
Therefore, it is necessary to simplify the proposed model by excluding tropical
storms and depressions whose forces are less destructive and whose movement
more irregular. Hurricanes that originate near the equatorial area and reach
hurricane intensity at early stage are then selected and analyzed. A total of
156 such hurricanes from 1889to 1986were used as the sample for this study.

Hurricane motion and its application

Since the nineteenth century, it has been well known that many
hurricanes tend to follow an approximately parabolic path around the
subtropical anticyclones over the oceans (Fig. 1). Winds from these large
systems in which tropical cyclones are embedded were thought to "steer" the
cyclones. According to this idea, the hurricanes move first westward at low
latitudes in the prevailing easterlies. Near the western margin of an ocean
their path is turned northward in the Northern Hemisphere. As they leave
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the easterlies and come under the influence of the westerly winds of high
latitudes, they recurve toward the northeast. They may even go into the polar
regions unless they strike land. This scheme isgrossly simplistic, but probably
correct for most hurricanes.

Analyzing these 156 hurricanes tracks from 1889 to 1986shows that
most hurricanes follow certain paths from their origins to landfalls or
destinations. Six distinct groups are characterized byhurricane origins, paths,
and geographic control points of the North Atlantic Ocean:

Group 1 moves from east of the Lesser Antilles to north of the Bahamas
in a quasi-parabolic path toward the northeast region of the North Atlantic
Ocean (Fig. 2). This group contains 75 hurricanes or 48% of the sample
population. Thus, almost half the hurricanes will follow the simple
parabolic path as described above. They start to move at an angle of 120 -
150° from the north, and recurve at about 25-30° North. This group is not
athreat to Florida and the Gulf of Mexico area. It may, however, hitany part
of the southeast and northeast coast depending on recurved angle and
location. No pre-storm survey is recommended for this group of hurricanes.

Group 2 moves from east of the Lesser Antilles northwestward to Florida
through the region between the Bahamas and Cuba (Hg. 3). This group
accounts for 24 hurricanes or 15% of the total population. Except for a few
cases, this group generally moves at about 120° or less from the north,
keeping a fairly straightforward path through the islands until reaching the
Florida area. If such a hurricane ismonitored before it enters the Bahamas,
there are about3 days to make surveys in the southeast Florida area before
it makes landfall. After these storms land in Florida, their paths become
scattered into the Panhandle and it becomes hard to suggest an area of
landfall anymore.

Group 3 moves from the south Caribbean northward through Cuba east
of Havana and out into the North Atlantic Ocean (Fig. 4). There are only 9
hurricanes in this group. The chance to make a survey for this kind of
hurricane is rare and not worthwhile.

Group 4 moves from the southeastern Caribbean northwestward to the
Gulf of Mexico through control points between the Yucatan Channel and
Havana (Fig. 5). Hurricanes of this group generally move along a smooth
path at an angle of about 130° from the north without major disturbance.
After they pass control points and enter the warm Gulf of Mexico, they have
plenty of time to strengthen before making a landfall. Although there are
only 12 hurricanes in this group, any hurricane of this type is very likely to
develop mto a major one such as Hurricane Camille of 1969. Once this kind
of hurricane has developed in the southeastern Caribbean and moves toward
control points, the survey team should start to move to west Florida areas.
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Following the predictions of the National Hurricane Center after the
hurricane passes control points, the survey team may have 2 to 3 days to
surveybefore the hurricane lands. The major target area for this group is
from west Florida to Louisiana.

Group 5 moves from south of Cuba northward to Florida through
control points betweenthe YucatanChannel andHavana (Fig. 6). This group
passes the samecontrol points asGroup 4, except it approaches control points
at an angle of about 180° from the north. It is obvious that the target of all
15 hurricanes of this group is at Florida. Half of them passed south Florida,
while the other half landed at the west coast. The major problem for the
survey team under this group is lack of time. Although the path becomes
more clear after it passes control points, it will be, usually, only 1 to 2 days
before it hits Florida. When this type of hurricane develops and moves
northward from south of Cuba, the survey team may start to prepare at
southwest Florida, such as Collier County. If the hurricane turns northeast
after it passes control points, the survey team may head cast to the Miami
area and reach that area in 2 hours.

Group 6 moves from the Lesser Antilles and the southern Caribbean
westward to Texas and Mexico through control points between the Yucatan
Channel andYucatan (Fig. 7). This group includes 21 hurricanes, only2 of
which touched the most western part of Florida. It is, yet, a big threat to the
Texas and Mexico coasts. These hurricanes start and travel in the same
region as those in Group 4, except they move at a flat angle of about 110°
from the north toward the western part of the Yucatan Channel. After
passing control points, they have a good chance to keep similar paths toward
Texas and Mexico.To surveypre-storm profiles on the Texas coast,engineers
may watch those hurricanes move accordingly and pass through the western
half of the Yucatan Channel only. There are about 3 days before the
hurricane reaches Texas coast after it passes these control points.

Conclusion

Prediction of hurricane tracks is still a state-of-the-art task. It is
unlikely that a perfect forecast will be available in the near future. Therefore,
whenmeteorologists mustdecide where to post warnings, they face a scientific
problem. Their onlyresort is to fall back on heuristic kinematic reasoning to
assure that warning advice does not fail disastrously. Coastal engineers may
need to make the same decisionone day,if pre-storm profile surveysbecomes
a recognized routine to perform. It is important, though, to realize that pre-
storm profile survey is a long-term investment. A good data base may take
10 or more years to collect, including some disappointing cases and wrong
predictions. Despite the anomalous cases, a good total success rate is
expected onthis investment and should beencouraged byThe Coastal Society.
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Fig.1Areaswheretropicalcyclonesform,showingprincipal
directionsofpaths(DunnandMiller,I960).

Fig.2HurricanetracksofGroup1.
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Group 2 Moving from the east of the Lesser Antilles northwestward to
Florida through the region between the Bahamas and Cuba (Fig. 3). It counts 24

Fig. 3 Hurricane tracks of Group 2.
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Fig. 4 Hurricane tracks of Group 3.

Fig. 5 Hurricane tracks of Group 4.
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Fig. 6 Hurricane tracks of Group 5.

Fig. 7 Hurricane tracks of Group 6.
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Vertical Land Movements in Coastal Washington: Implications for Coastal
Erosion and Sea Level Rise

Hugh Shipman
Washington Department of Ecology

Introduction

Shoreline erosion is a continual source of concern for planners trying
to manage and protect coastaldevelopment. Erosion can also threaten public
safety, restrict public access to the shoreline, and threaten natural resources.
Although efforts are often made to physically stop the shore from eroding,
often the most appropriate solutions lie in careful planning and anticipation
of problems.

The Shorelands Program of the Washington Department of Ecology,
which has management and planning responsibilities for the state's coastal
zone, is interested in identifying the factors that influence our coast in the
long-term. During the last two years, the Program has examined the
ramifications of an accelerated rise of sea level that might result from climate
warming. One element of that project has been to characterize vertical land
movement patterns in the state (Shipman, 1989).

Increasing concern about climate warming due to the "greenhouse
effect"has raised the prospect of accelerated sea level rise. Existing estimates
range from a few centimeters to several meters of global sea level rise by the
year 2100 (National Research Council, 1987). Such a change in sea level
would have dramatic impacts on the coastalzone and on shoreline erosion in
particular. Vertical land movements are an important component of local sea
level change and may influence regional erosion patterns.

Vertical Land Movements and Sea Level Rise

Global sea level has been rising at 10-20 cm/century during the last
century, but the change at any particular location depends on local vertical
land movement. If the land is risingfaster than the sea, as is occuring along
large parts of the US west coast, sea levelwill actually fall relative to the land
surface. If the land is sinking, as it is along much of the Atlantic and Gulf
Coasts, this will compound the effect of global sea level rise.

Vertical land movements arise from a number of causes, including
large-scale interactions of tectonic plates, isostatic forces resulting from
changing distributions of weight on the earth's crust, the settling and
compaction of recently deposited sediments, and human influences such as the
withdrawl ofgroundwater and hydrocarbons from beneath the Earth's surface.
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Vertical land movements in the State of Washington were rapid
during and following the last glaciation as aresult of isostatic adjustments to
the large load ofthe ice. The ice retreated 12,000 years ago and most present
vertical movement is the result of plate tectonic interactions.

Vertical land movement may be detected in a number of ways. The
presence of marine terraces raised above the present shoreline may indicate
uplift of the land, whereas thick peat deposits in coastal marshes may reflect
subsidence of the land. Vertical land movements can be inferred from
archaeological and historical records of changing sea level, but often the
reliability of the data is poor. Modern rates of vertical movementarederived
from tide gauge records or from leveling surveys, but the small magnitude of
the rates makes high precision crucial. Clearly, most ofthese methods require
isolating the contributions of global sea level changes from those of vertical
movement.

Vertical Land Movements on the Outer Coast

Washington's Pacific Ocean coast comprises a range of shoreline
types. The rugged northern section, along the western shore of the Olympic
Peninsula, is carved from highly deformed Tertiary sedimentary rocks.
Resistant headlands separate short sand and gravel beaches. The southern
section consists of extensive sand beaches that form large spits seaward of the
Grays Harbor and Willapa Bay estuaries. A transitional zone between the
northern and southern sections consists of widely separated rocky
promontories and long, straight beaches fronting bluffs of poorly consolidated
Quaternary terrace deposits.

Vertical motion along thestate's outer coast is largely related to the
subduction of the Juan de Fuca Plate eastward beneath the edge ofthe North
American Plate. Uplifted estuarine deposits and raised marine terraces along
the coast indicate that the net uplift rate has been less than 10 cm/century
during the late Pleistocene. An 80,000 year-old marine terrace varies in
elevation from sea level to over 50 meters, implying that the amount of uplift
has varied considerably along the coast. Maximum rates of uplift have been
along the northernmost section of the coast.

Records from tide stations along this coast during the last fifty years
show that mean annual sea level has fallen slightly, consistent with the
geologic evidence. Astoria, at the mouth of theColumbia River, is emerging
ata rate of 3 cm/century, and Neah Bay, at the northwestern tipof the state,
is emerging at about 10 cm/century (see Figure 1).

The history of vertical motion along the state's outer coast has been
complicated by recent studies of marsh stratigraphy that suggest that the
gradual uplift has been punctuated by sudden subsidence events linked to
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great subduction-zonc earthquakes. Atwater [1987] has found evidence of at
least six buried marsh surfaces in coastal peat sequences. The plant
assemblages indicate that emergent marsh surfaces were lowered abruptly mto
the intertidal zone, a drop of 0J to 2.0 meters. The recurrence interval
averages about onceevery 600 years, but ishighly irregular. The most recent
event occurred about 300 years ago.

Vertical Land Movements in the Puget Lowland

Puget Sound, the San Juan Islands, and the Strait of Georgia lie in
a broad Tertiary downwarp that corresponds to the forearc basin of the
Cascade Volcanic Arc. Although the basinal structure is evidence of
long-term netsubsidence, much of thegeologic history has been obscured by
repeated Pleistocene glacial advances into the Puget Lowland. The most
recent glaciation reached amaximum about 15,000 years BP(before present),
and retreated from the region by 12,000 years BP.

Vertical land movements were rapid following the retreat of the ice.
The land rebounded upward over 200 m in the area around Vancouver,
British Columbia, and 50-100 m in the central Puget Sound region. As the
large ice sheets melted, global sea level rose rapidly, approaching itscurrent
levels about 6000 years BP. In the northern Puget Lowland, the rate of
isostatic rebound exceeded the post-glacial rise in sea level and the land
surface rose relative to the sea. Rebound slowed by 8000 years BP and
eustatic sea level rise began to dominate. In the southern Puget Lowland, the
rise in sea level was always more rapid than the rebound, and submergence
prevailed throughout the early and mid-Holocene.

Marsh stratigraphy from Puget Sound confirms continued submergence of
several meters during the late Holocene, whereas the record from the
northern Lowland and the San Juan Islands indicates relative crustal stability.
Tidal records from the last several decades show that sea level at Friday
Harbor in the San Juans has risen at about the same rate as global sea level
rise, suggesting minimal vertical land movement. Sea level has risen more
rapidly at Seattle, in central Puget Sound, as a result of greater rates of
subsidence (see Figure 1).

Leveling surveys in western Washington confirm the basic eastward
down-tilting of the region, but also suggest large regional variability (Holdahl
et al., 1989). Neah Bay, inthe northwestern corner of the state, is rising the
most rapidly, whereas the southern parts of Puget Sound are subsiding the
fastest.

Implications for Changes in Relative Sea Level

The data indicate that vertical land movements in coastal Washington
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range from uplift of 25 cm/century at Neah Bay to subsidence of 24
cm/century near Tacoma. Ifglobal sea level is rising atabout 12 cm/century
(Gornitz et al., 1982), then Neah Bay is emerging at 13 cm/century and
Tacoma is submerging at 36 cm/century.

Vertical land movements will remain a significant component of
relative sea level change for the near future. Relativesea levelwill continue
to fall along much ofthe outer coast, and will continue torise inPuget Sound.
Sea level will rise at the global average rate in the northern Puget Lowland.

Intheevent of accelerated sea level rise due togreenhouse warming,
wecan expect thelong-term pattern ofuplift atNeah Bay tobereversed early
in the next century. Present rates of submergence in Puget Sound will
increase (Figure 2). Under a scenario of 100 cm of global sea level rise by
the year 2100, sea level will be 120 cm higher in Seattle than at present, and
70 cm higher in Neah Bay.

There will be noclear signals that accelerated sea level has begun to
occur. The tidemeasurements are noisy and it will takemany years of record
to establish changes in the trend. Planning for rising sea levels will have to
occur in the absence of incontrovertible evidence.

The impacts of accelerated sea level rise will include increased
magnitudes and frequencies of coastal flooding, increased sea water intrusion
into coastal aquifers, inundation and loss of wetlands, and increased rates of
coastal erosion. Many of these are existing problems and accelerated sea level
rise only increases the urgency in dealing with them.

Implications for Coastal Erosion

Erosion problems along Washington's coast areminor as a result of
slow rates of shoreline recession and relatively low densities of shoreline
development. Problems are expected to increase as thelevel of development
increases in the region, even if sea level does not rise appreciably.

Shoreline recession and erosion are partially a function of sea level
rise, but also depend on many other variables. Sediment budgets, wave
conditions, and human modifications to the shore may all affect rates of
accretion and erosion. If all of these factors were held constant, rates of
shoreline recession would be expected to reflect changes in sea level. The
general trends of erosion in Puget Sound and accretion along the ocean
beaches are consistent with, but not necessarily a result of, submergence of
the interior waters and emergence of the outer coast.

Erosion of the Ocean Beaches
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The extensive sand spits at Long Beach and Ocean Shores have
accreted laterally throughout the late Holocene, leaving a series of
shore-parallel duneridges. The westward accretion hascontinued during this
century at rates of morethan6 m/yr in some locations. This seaward growth
of the beaches is consistent withanemerging coastline, but isbetter attributed
to the high flux of sediment from the Columbia River.

The beaches consist of fine sands and silts and have very gradual
slopes. A small increase in relative sealevel would have a significant impact
on the position of the shoreline, if it were not for the overriding influence of
sediment supply. The historic rate of accretion has slowed in some locations
during the last decade, possibly reflecting a decreased supply of sediment from
the now-dammed Columbia (Phipps, 1990). If sea level rise accelerates, we
might expect to see accretion rates slow, and possibly reverse, during coming
decades.

Coastal Erosion in the Puget Lowland

Shorelines in the Puget Lowland consist largely of moderate to high
banks of poorly consolidated glacial drift. This material erodes easily and the
shoreline has steadily retreated since the area was deglaciated, largely in
response to rising sea level. Much of the shoreline still reflects the
glacially-formed topography.

This irregular shoreline leads to complex patterns of longshore
sediment transport. Erosion occurs rapidly at headlands through a process of
wave undercutting and oversteepening of unstable bluffs. The eroded
sediment is transported along the shore andeventually to deeperwateror to
numerous small depositiona! shoreforms. Regional, chronic erosion in the
Puget Lowland is fundamentally a function of an easily eroded shoreline out
of equilibrium with rising sea level, but local patterns of erosion are more
related to longshore sediment movement, local geology and hydrology, and
human activities (Keuler, 1988).

Bulkheading and riprapping are the typical responses to erosion
around the Puget Lowland, but this hardening of the shoreline restricts the
amount of material provided to the littoral system, and mayaggravate erosion
problems downdrift. As sealevel rises, the pressures to protect property from
erosion will increase. Unfortunately, the effectiveness and the cumulative
impacts of the resulting shoreline hardening are poorly understood.

Conclusions

Upward landward movement on Washington's Pacific Ocean coast is
more rapid than global eustatic sea level rise, and thus relative sea level is
falling. This, along withhigh sediment fluxes from the Columbia, contributes
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to long-term accretion of the broad beaches of southwest Washington. In
Puget Sound, the land is subsiding, effectively increasing therate of sea level
rise. This steady rise in sea level is a factor in the chronic shoreline recession
throughout Washington's interior waters.

If sea level rise accelerates as a result of greenhouse warming, the
historic accretion of the southwest coast may slow or reverse. Rates of
erosion will increase in the more highly developed Puget Lowland. The
impacts on shoreline habitats, public access, and aesthetics may be severe,
particularly in those areas where the shoreline is hardened. We anticipate a
greater need for nonstructural responses to shoreline retreat, including
progressive setbacks and improved construction guidelines for coastal
development.
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Washington, (from Lyles, 1988)
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