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Editorial 
THE GREAT STORM OF JANUARY 1988 

S TRONG WINDS AND EXTREMELY large waves 
resulting from a largely unforecast "southeasler" struck 
the Pacific coast from Baja California to San Fran- 

cisco on Sunday and Monday, 17 and 18 January, 1988. The 
sight of surf zones extending almost to the horizon was one 
that local coastal engineers will not soon forget. The meas- 
ured wave heights exceeded anything every recorded or 
hindcast for this coastline. It was clear from the beginning 
that this was an exceptional storm. The Naval Ocean Sys- 
tems Center tower, long part of the seascapc offshore of 
Mission Bay in San Diego, went down - perhaps a victim of 
the thousands of tons of kelp wrack that eventually littered 
the area beaches. Redondo Beach was pummellcd by huge 
waves that found an unimpeded path between the offshore 
islands. Flooding and overwash of seawater, cobbles, sand 
and kelp was common in low-lying areas. 

A few months later1 read the harrowing account of a two- 
man fishing boat crew, caught by the storm because of the 
inability of present technology to provide warning of such a 
tight andintense storm, as they fought their way back to port 
in Los Angeles. The descriptions of the storm evolution, the 
backing of the wind and the building of the waves, were 
remarkably similar to Richard Henry Dana's observations in 
Two Years Before the Mast of the dangerous southeasters off 
this same coast during the 1830s. The problems of the 
modem boat with breaking glass on the bridge and flooded 
elecmcal panels raised interesting questions about how 
much new marine technology has contributed to the safety of 
vessels in a severe storm. 

During the following months, a number of researchers 
with interests in coastal engineering, sea level extremes, 
wave height distributions and weather forecasting continued 
to study this event. It became even more obvious to them that 
the January '88 storm did not fit the usual population of 
winter storms in this part of the Pacific. As coastal engineers 
and oceanographers fortunately do, they got together infor- 
mally at some point to discuss their findings. Some one 
suggested that it would be a good idea to record all this for 
posterily and the idea of a workshop was generated. It 
seemed appropriate to me to hold it on the first anniversary 
of the storm. Dr. ReinhardFlick, staff oceanographcr of thc 
Califomia Department of Boating and Waterways (DBAW) 

agreed to host the event, which was held at Scripps Institu- 
tion of Oceanography (SIO) on 18 January, 1989. Dan 
Cayan, of SIO and I provided some assistance with planning 
the program and rccruiting speakers. 

The workshop, which consisted of elevcn papcrs and a 
very spirited discussion period, was co-sponsored by SIO 
and DBAW. A total of 34 people attended from industry, 
government and academe. The quality of the papers and the 
interest generated by them suggested that we should attempt 
some broader venue than a typical workshop proceedings 
volume. Probably because a majority of the attendees were 
members of ASBPA, a special issue of Shore & Beach was 
suggested. I volunteered to contact the editor for permission 
and to try to assemble the papers into a single issue devoted 
to this remarkable storm. Bob Wiegel had been greatly 
impressed already with the significance of this storm and it 
was not difficult to convince him to set aside for us the 
October '89 issue. 

Bill S. Satow, the Deputy Director of DBAW, andGeorge 
Armstrong who hcads the Beach Erosion unit in that depart- 
ment, provided valuable and appreciated support for my task 
of assembling the drafts, obtaining the reviews and putting 
together this issue. DBAW has supported the CDIP wave 
data gathering network, which supplied much of the wave 
data on this storm, for the twelve years of its existence and 
has also been an important sponsor of research in sediment 
transport, beach erosion processes, sea level extremes and 
other topics of interest to Shore & Beach readers. In times of 
shrinking federal budget, this support by a state agency 
assumes even greater importance. The community of coastal 
engineers in California recognizes and appreciates the fore- 
sight and the perseverance of Bill Satow and George Arm- 
strong in furthering the objectives of our profession and our 
organimation. 

I enjoyed my stint as guest editor of this special issue and 
I would recommend to others that this focussed effort can be 
a very effective means for bringing international attention to 
any number of important events, geographical areas, tech- 
nologies or projects. The efforts of the reviewers and the 
authors in meeting the deadlines are greatly appreciated. I 
hope the readers will find the Great Storm of '88 as interest- 
ing and exceptional as we did. 

Scripps Institution of Oceanography 
University of California at Sun Diego 
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Meteorological Development of the Unusually Severe 
Coastal Storm During January 16-18,1988 

BY R.R. S~IKANGE', N.E. GRAHAM'J, AND D.R. CAY AN^ 

INTRODUCTION 

T 0 A METEOROLOGIST, the storm that hit the 
southern and central California coast on January 16- 
18 1988 stands out as an exceptional event, because 

it is extremely rare for such a powerful storm to develop so 
suddenly in a region of the eastern North Pacific, a region 
where extratropical cyclones are usually decaying rather 
than growing. This regionally developing storm and two 
similar ones that occurred earlier are in sharp contrast to 
much larger scale weather systems which originatc far to the 
west and are camed into the California coast such as in the 
wintcr of 1983. Although available observations in this 
storm's spawning region are very sparse, a handful of ship 
reports, NOAA coastal buoy observations, and assorted 
coastal meteorological observations along the California 
coast permit a reconstruction of the storm's development. 
Winds and pressure falls observed in this storm were cx- 
tremely high, leading to the unusually large waves, high sea 
levels, and accompanying coastal damage which is detailed 
elsewhere (see Cayan et ale1) and other articles in this issue). 
The inability of the operalional numerical forecasts to prop- 
erly capture the observed deepening of the storm, as well as 
the sparseness of observations over theEastem North Pacific, 
underscores the diff~culty faced by marine weatherforecasters 
in attempting to predict the severity of such an event. 

DESCRIPTION 

This storm was aparticularly intense example of the final 
phase of a rather commonly occurring weather pattern that 
develops over a period of approximately 6 days (see Elliotts). 
As this pattern emerges, a series of disturbances in the upper 
level flowon thc atmospheric polar front ripple eastward 
across the North Pacific into the Pacific Northwest and 
northern California, each successively farther south. The 
pattern's finale, which is the analog to the January 1988 
storm, occurs when the upper-level westerlies buckle over 
the eastern Pacific as high pressure builds in the Gulf of 
Alaska, and the last of the series of frontal systems sweeps 
southward through California. The January storm represents 
theend phase of this pattern. An interesting though probably 
coincidental postscript to this episode is that it marked an 
abrupt demise of a rather active early winter storm season in 
California. This change threw the state into a prolonged high 
pressure pattern leaving it with extensive water shortagcs 

due to a remarkable absence of storm precipitation in the 
central and northern part of the state. 

As noted above, the features that distinguish the January 
1988 event from others ol  this type were its intense and 
unusually far south track. As a result of these features, three 
aspects of the storm combined to produce extreme wave 
conditions at many southern California locations: (1) An 
east-southeast storm track with strengthening westerly winds 
aimed directly at the area; (2) Maximum intensification 
occurred as the storm moved inland just north of Pt. Concep- 
tion; (3) Rccord low pressure associated with an extremely- 
intcnse, though relatively small, cyclonic circulation. In 
comparison, the slorrns which produced the extensive wave 
damage during the 1982-83 winter were considerably larger 
in spatial extent but were typically located much further 
away with wave decay distances frequently on the ordcr of 
1600 km or more. 

The rapid evolution of thc violent marine weather is 
outlined by a sequence of surface weather charts reproduced 
(from Pacific Weather Analysis analyses) in Fig. l(a-d). 
Figure la  shows the offshore storm intensifying during the 
night of January 16, accompanied by significant pressure 
falls along the California coast. The pattern shows a moder- 
ately strong developing frontal wave located about 1000 km 
west of San Francisco with strong high prcssurc further west 
and southwest of the low. Prior to this time the frontal system 
and trough aloft appeared to be rather weak, but the front 
could be clearly identified passing the NOAA buoy located 
at 40.8"N, 137.6" W between 10:OO AM and 1:00 PM PST 
on the 16th. 

As can be seen in the Fig. la, there was little ship data on 
which to base the analysis, emphasizing the critical need for 
a more extensive meteorological buoy network off Califor- 
nia such as those off Oregon, Washington and Alaska. The 
only ship between southern California and the deepening 
low to the west was apparently in error in its reported 
pressure or location. The following map, Fig. lb, for 10:OO 
PM on Jan. 16, shows the center of the low racing southeast 
at approximately 35 kts accompanied by increasing pressure 
falls along the west coast. Though ship datais sparse for this 
map as wcll, a strong northwest fetch is apparent to the west 
of the low, where reported winds reach 40 kts with a 30ft 
swell. 

By 10:00 AMon the 17th, the storm continuedits track to 
the southeast at about 35 krs, as central pressure dropped 
from 1002 millibar (mb) to 986 mb, a fall of 16 rnb in 12 

1. Pacilic Weather Analysis, 648 Ladera Lane, Santa Barbara, CA 93108 
2. Scripps Institution of Oceanography, La Jolla, CA 92093 
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Figure 1. Surface pressure analyses during the period of the Jan. 16-18 storm (from Pacific Weather Analysis). Contours are in millibars 
(less 1000), contour interval is 3 mb. Small barbs on wind reports represent 5 kts, large barbs represent 10 kts, and flags represent 50 kts. 
Storm track is shown with times indicating location of low pressure center every 6 hours. 

hours, (as seen by comparing Fig. lc with Fig. lb). Therapid 
deepening (surface prcssurc fall) of this storm is large 
enough to classify it as a "bomb", a name coined by meteor- 
ologists for extratropical slorms whose central pressure falls 
by an average of at least 0.7 mbper hour over a24 hour period 
at the latitude of central California (see Sanders and Gyakurnlo). 
Although such explosively deepening winter storms are 
comparatively common off the east coasts of Asia and North 
America where there are large gradients of moisture and 
temperature, it is quite unusual for them to occur this far 
south in the eastern Pacific (for example, see Kleins). By this 
time the inlense storm was centered justoff Big Sur, Califor- 
nia and the front, moving ahead of the system, was inland 
through most of California and just coming on shore in San 
Diego. Southerly winds ahead of this front gusted to 60 kts 
at oil drilling platforms Harvest and Hondo located off Point 
Conception andin the Santa Barbara Channel, respectively. 
Following frontal passage, the winds turned southwest, then 
northwest gusting to 50 krs at Platform Harvest. Also evident 
in Fig. l c  is the powerful west-northwesterly wind fetch 
located southwest of the storm center. It is this region of high 

winds that generated the unusually large and damaging 
waves which began reaching Califomia about six hours later. 

By 1:00 PM on the 17th, the low pressure center, now 
beginning to slowly fill, made landfall near Avila Beach in 
central California with surface pressures as low as 989 mb 
Three hours later, at 4:00 PM (Fig. Id), the low pressure 
center had moved east-southeast about 80 nautical miles to 
a location about 20 nautical miles northcast of Santa Bar- 
bara. At about this time all-time record low pressures were 
recorded at many soulhern Califomia weather stations [see 
the hourly sea level pressure history at Catalina Ridge (just 
off Los Angeles) NOAA Buoy in Fig. 21. Behind the front, 
strong northwesterly winds now extended along the entire 
coast of central California and through the southern part of 
the state. Platform Harvest obscrved gusts to 79 kts with an 
average wind of 70 kts at this time, and at more protected 
Platform Hondo, sustained winds of 40 kts were recorded. 

By 10:OO PM on the 17th, the low pressure center had 
moved inland into the Mojave Desert and was fillingrapidly. 
However, west-to-northwest winds remained high, with 35 
to 40 kts reported at coastal stations and buoys from San 
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Diego to central California. Along the central California 
coast, these northwesterly winds provided a second source of 
high waves, and locations in regions as far south as Platform 
Harvest experienced their largest waves from the entire 
storm cpisodc on the 18th, in association with this second 
retch. Along southern California, which is shielded from 
northwesterly swell by Point Concepcion and the Channel 
Islands, maximum wave heights were observed on the 17th, 
although close inspection of wave data clearly shows contri- 
bution from the post-frontal northwesterly winds on the 18th. 

The hourly time history of meteorological and wave 
observations along the southern California coast can bc sccn 
inFig. 2 extracted from theCatalinaRidge NOAABuoy, just 
northwest of Catalina Island. As mentioned above, near- 
record low barometric pressure readings were recorded 
along coastal southern California, accompanied by unusu- 
ally large pressure falls exceeding 25 rnb over  he period of 
about one day. Several minute average wind "gusts" at the 
Catalina Ridge Buoy were measured above 20 metcrslsec- 
ond (40 kts)during the peak of the storm on the afternoon on 
January 17. During this period the strong winds followed the 
typical storm pattern of veering from the southwest to the 
northwest as the front moved onshore. 

High sea levels in the storm (see Flick and Badan- 
Dangon6) apparently resulted for the most part from the 
unusually low barometric pressure, and possibly by the 
strong southwesterly winds ahead of the front7. 

This storm's potency is indicated by the fact that these 
anomalies are about as large as the extreme sea level anoma- 
lies observed along the southern California coast in Winter 
1982-83, as shown in Cayan and Flick2. However, it is 
interesting that the 1982-83 anomalies were assisted by a 
background increase in sea level of about 0.3 feet due to 
warming associated with El Niiio while background sea level 
during January, 1988 was closer to its climatological normal 
elevation. 

FORECASTING PROBLEMS 

An aspcct that is crucial to meteorologists is how well 
storms such as this one can be foreseen in the standard 
numerical forecast models. Overall, the numerical models 
performed very poorly on this storm, giving very inconsis- 
tent guidance during the critical period from 72 hours to 24 
hours before landfall. The longer range (3 to 5 day) outlooks 
were quite good, but as the day of landfall approached the 
error increased. Figure 3 shows the observed (more cor- 
rectly, analyzed) 500 millibar heights for 1600 PST on 
January 17th, the numerical forecast for that time issucd 36 
hours earlier, and the forecast error (i.e. 36 hour forecast 
observed) at that time. It can be seen that although both the 
forecast and observed maps show a well-defined trough 
along the southern California coast, the forecast heights were 
more than 200 meters too high in that region. In addition, the 
presence of a deep cut-off low over Pt. Conception and very 

Figure 3. NOAA500 millibar height 36 hour forecast 
valid for 1600 PST Jan. 17 (top), 500 millibar height 
analysis for that time (middle) and ditference 
between the two (forecast-observed).Confours of 
two upper maps in 10's of meters, bottom map in 
meters. 
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sharp trough in the observations contrasts with an open, 
broader trough in the forecast. The combination of the very 
large errors in 500 mb height and differences in the spatial 
patterns could have led marine forecasters to assume the 
impending storm would be much weaker, track farther north 
into the Pacific Northwest and develop more slowly than 
actually occurred. To have made a good (or even reasonably 
correct) forecast of very high waves and near-hurricane force 
winds along the southern California coast, a forecaster would 
have had to accepted only the numerical guidance that 
indicated the most severe conditions, and would have had to 
do it on the basis of very little ship data in the key area of the 
ocean west of California. 

The development of exceptionally high waves along 
southern and central California during the storm, detailed by 
Seymour", is an indication of the unusually strong winds and 
their time evolution during this storm. Although the major 
problems in predicting waves from this storm are: a) fore- 
casting the storm track and intensity, and; b) properly deline- 
ating the wind field-it still remains lor the wave model to 
accurately define the directional wave spectra in deep water 
off southern California. In this regard there are several 
points of interest. First the storm speed was much greater 
than the wave group speed for the 24 hour period preceding 
the sudden intensification of the storm on the morning of Jan. 
17. This means that the westerly swell which caused such 
extcnsivc damagc from Santa Barbara south had at most 9 
hours in which to be generated. Records from NOAA Buoys 
off Pt. Sal and Santa Monica showed this swell peaked at 
1900 PST Jan. 17 with maximum energy at 14 to 17 seconds 
and considerable energy in the 18 to 22 second period band. 
Starting with a flat ocean and using suslained winds of 50 kts 
(wcll abovc average wind speeds reported by thc buoys) 
wave models commonly in use will put the peak energy at 
about 10 to 12 seconds after 9 hours with very little energy 
at 18 to 22 seconds. There was, however, a west-northwest 
swell, generated by an earlier, more distant storm, already 
present off southern California as the intensifying storm 
neared the California coast. The presence of this swell proba- 
bly allowed more rapid generation of large, long period, 
swell than would otherwise have been possible. It also seems 
possible that the storm peaked somewhat earlier than sug- 
gested by the surface pressure analyses. 

Figure 4 shows a plot of the percent of wave energy per 
frequency band (for pcriods of 10 scconds and abovc) at the 
NOAA Buoys 4601 1 (Pt. Sal) and 46025 (Santa Monica 
Basin) for (a) 1000 PST Jan. 17, just prior to the arrival of the 
storm waves; (b) 1900 PST Jan. 17 at the peak of the storm 
waves. The Pt. Sal data show wave energy to be distributed 
almostidentically at the two limes. Incontrast, although the 
Santa Monica Basin Buoy initially has a similar peak near 
14-17 seconds, no energy is present in the 18-22 second band 
@lotted as 20 seconds). This is probably due to the fact that 
the earliest long period waves were arriving from the west- 
northwest and were selectively removed from the spectrum 
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Figure 4. Normalized wave energy by frequency band recorded 
at NOAA buoys 46025 (top; Catalina Ridge, off Los Angeles) and 
4601 1 (bottom; Pt. Sal, just north of Pt. Conception). Spectra are 
shown for 1000 PST Jan. 17 (solid) and 1900 PST Jan. 17 (dashed). 
Significant wave height (HJ is also indicated. 

in rounding the western end of the Channel Islands. Later, at 
1900 PST, there is a very impressive amount of energy in the 
18-22 second band. The authenticity and statistical signifi- 
cance of this low frequency energy is indicated by its evolu- 
tion over several hours of observations and its appearance 
several wave gauges, as shown in the Coastal Data Informa- 
tion Program Monthly Summary Report3. These waves must 
have approached from a more westerly direction and, given 
the geometry of the coast and the wind field, would have had 
to have been generated in a very short time. 

SIMILAR PREVIOUS STORMS 

Two cases which come closest to matching the meteoro- 
logical conditions of Jan. 17, 1988 are discussed briefly 
below. Neither storm however had both the perfect track and 
timing of maximum intensity to produce extreme westerly 
swell conditions in southern California. 
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(1) November 19-20,1961 

This storm originated as a typhoon in the wcstcrnPacific, 
but weakened gradually on becoming extratropical as it 
moved through the mid-Pacific. A point that comes to mind 
here is that the ship data available 2-3 decades ago in the 
eastern North Pacific is as good or better as that today. The 
storm was steered by thejet stream into a broad trough along 
thc wcst coast the storm intensified rapidly beginning late on 
Nov. 18 and by the night of the 19th was centered 1000 krn 
west of San Francisco (Fig. 5). On an east-southeast track, 
very similar to that of the storm of January, 1988, the low 
moved directly toward Santa Maria (near the Pacific coast at 
approximately 35" N), but perhaps still retaining some of its 
tropical characteristics began to weaken upon reaching the 
cold water off California and the cyclonic circulation virtu- 
ally disappcarcd as thc storm moved inland. In this case, the 
track was very favorable for producing wave damage in 
southern California, but intensification occurred about 12 to 
24 hours too soon so that the heaviest wind and waves did not 
reach the coast. It is interesting to note that five days later a 
cutoff low lormed off Pt. Conception and with southeast 
winds of 65 ktsand 20 to 25 foot seas sank an offshoredrilling 
rig in the Santa Barbara Channel. 

(2) December 15-16,1987 
Bearing the greatest resemblance to the January, 1988 

storm is a storm which occurred just one month earlier. This 
proximity in time should not bc considcrcd coincidental as it 
is not at all uncommon for distinctive weather patterns to 
repeat two or more times in a given winter. The December, 
1987 storm developed further off the coast than its January 
counterpart. By the night of Dec. 14 a 1005 mb low was 
centered 1000 km west of San Francisco and by the follow- 
ing afternoon it had deepened to 975 mb, centered just 400 
km west of SanFrancisco (Fig. 6). The low turned southeast- 
ward on the 16th, passing slightly over 160 km west of Pt. 
Conception and Los Angclcs, though filling slightly to 989 
mb. At offshore oil platforms southeast winds gusting to105 
kts were recorded, and there was considerable damage to 
Santa Barbara's waterfront from the windand southeast seas. 
Because of the trajectory of the storm, however, westerly 
swell wasonly moderate,reachingheights of 12 to 14 feetfor 
about 3 hours. This was an exceptionally intense storm, and 
had it maintained its intensity for another 12 hours and 
moved inland near Pt. Conception, the damage from west- 
erly swell in southcrn California would very likely have 
exceeded that of its near twin a month later. 

FINAL REMARKS 

The evolution of January 1988 storm was considerab!~ 
different from the storms that struck the California coast 
earlier in the 1980's such as in February 1980, shown by 
Dickson4, and the winter months of 1982-83, as presented by 
Quirozg . In contrast to the regionally-confined development 

of the January 1988 storm, these earlier storms wereconsid- 
erably larger in spatial extent and tracked across most of the 
North Pacific basin, and occurred in families thatresultedin 
a progression of disturbances. The difference in the large- 
scale meteorological conditions associated with these two 
storm types is brought home by monthly mean maps the 
anomalies of sea level pressure (SLP) for March, 1983 and 
January 1988 in Fig. 7, lower panel. March 1983 coincided 
with a strong El Nifio, and displayed a tremendously deep- 
ened Aleutian-Gulf of Alaska Low which characterized the 
entire that year. In Fig. 7 it is seen that the anomalous low 
nearly filled thc cntirc North Pacific basin. As shown by the 
storm tracks in Mariners Weather Log13, depicted by the 
dotted arrow on Fig. 7, the deep monthly mean low repre- 
sents a swarm of vigorous, southerly displaced storms which 
tracked eastward along 35" N-40' N. 

The long fetch of the westerly wind embedded in these 
cyclones generated high, long period swell which combined 
with anomalously high sea levels (see Cayan and Flick2) to 
batter the California coast sevcral timcs during this winter, 
reported by Seymour et a1.12 In comparison, most storm 
activity during January 1988 was confined well to the north 
and the west of California; the singular exception was the 
Januaryl6-18 storm, (see storm track on Fig. 1, lower 
panel.), whose unusual development began only 15-20" to 
the west. 

Because of their proximity, storms of this type are poten- 
tially the most severe storms to impact the southern Califor- 
nia coast. Indccd, projecting the track of the December, 
1987 storm so that the center passcs over Pt. Conccption at 
the lime of maximum intensity (and raising the winds by 
lo%), and assuming the largest waves arrive during an 
unusually high tide, probably represents a realistic near 
worst-case scenario for southern California wave damage. 
Compounding the danger of the rapid development just a 
short distance offshore is the scarcity of ship reports and the 

06002 20 Nov. 1961 

Figure 5. Surface analysis tor 2200 PST, Nov. 19,1961. Contours 
are in millibars, contour interval is 3 mb. Surface wind reports are 
as in Fig. 1; dashed line indicates storm track with @ indicating 
position of low pressure center at 6 hour intervals. 
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Figure 6. As in Fig. 5, but for 1600 PST, Dec. 15, 1987. 

Figure 7. Monthly mean SLP anomalies for January 1988 
(above), and March 1983 (below). Storm tracks for these two 
months, from Mariner's Weather Log are indicated by dashed 
lines. Contour Interval is 2 millibars; stippling (hatching) indicates 
anomalies less than -4 mb (more than 4 mb). 

region. Furthcr, becausc fcw meteorologists are willing to 
gamble on predicting gale to hurricane force winds on the 
basis of a few meteorological indicators when thc storm is 
not already present, without accurate numerical forecasts 
few such unusually severe events are likely to be adequately 
predicted even 12 hours in advance. Although improved 
forecast models may help in this direction, the addition of 
one or two meteorological buoys (perhaps using the one 
currently located near Pt. Sal) placed several hundred nauti- 
cal miles offshorc (forcxample, near 37" N, 127" Wand 34" 
N, 125" W, respectively) would assist both numerical mod- 
els and human forecasters alike. 
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Wave Observations in the Storm of 17-18 January, 1988 
BY RICIIARD J. SEYMOUR 

Scripps Institution of Oceanography, UCSD 
La Jolla, CA 92093 

INTRODUCTION WAVE DATA 

OUTHERN CALIFORNIA, BECAUSE of the com- 
plexity of its maritimc borderlands, its rclative sus- 
ceptibility to wave attack from major storms any- 

where in the Pacific Basin, the economic significance of its 
developed shoreline and offshore petroleum production fa- 
cilities, and the wisdom and foresight of a few government 
sponsors, is blessed with perhaps the greatest concentration 
of wave measurement devices of any comparable area in the 
world. Therefore, although the Great Storm of January '88 
was small in area, it was still possible to obscrvc some of the 
structure in its wave fields as it developed andmoved ashore. 
This paper will report on the observations and will consider 
some aspects of their characteristics. 

WAVE MEASUREMENT STATIONS 

In all, 21 stations between San Francisco and the border 
with Mexico reported the storm. Five of these were buoys 
operated by NOAA as part of their data gathering in support 
of weather forecasts andothcr scrviccs. Theremaining 16 are 
opcrated by Scripps as part of the Coastal Data Information 
Program (CDIP) and sponsored jointly by the Coastal Engi- 
neering Research Center of the U.S. Army Engineers and by 
the California Department of Boating and Waterways6. 
Although the CDIP data gathering network was unaffected 
by the storm, thePacific Telephone lines on which it depends 
went out close to the peak of the storm, resulting in a data gap 
of several hours. A utility power outage at Impcrial Bcach 
kept that station down throughout the storm. Thelocations of 
the 21 active measurement sites are shown in Figure 1. 

Of the CDIP stations, eight of these (Mission Bay en- 
trance, Scripps Pier, Del Mar, Oceanside, San Clemente, 
Sunset Beach, Marinaand Santa Cruz) are nearshore stations 
(average depth about 30 ft) and are sheltered in various 
degrees by the offshore islands or headlands. The Mission 
Bay Buoy, although in deeper water, is similarly sheltered. 
This limits the usefulness of these stations for this study. The 
remaining 7 stations, either in deep water or on open coast- 
lines, have been selected for their generality in characteriz- 
ing the storm (although the Santa Cruz Canyon buoy, in deep 
water, is sheltered by the Channel islands). The deep water 
NOAA buoys (CatalinaRidge is partially sheltered), plus the 
7 selected CDIP stations provide the mosl general data on the 
storm. 

Figure 2 shows the growth and decay of the significant 
wave height measured at the three stations in the vicinity of 
the Channel Islands. The gap in the CDIP data caused by the 
loss of telephone service is clearly evident. The highest 
measurement at Begg Rock (33.4 ft) was the maximum 
measurcd by any of the stations during the storm and the 
energy at this point was peaked at a period of about 15 s. 
Because of the similarity in the rise and decay between the 
Begg Rock buoy (essentially open ocean exposure) and the 
nearby and partially shadowed NOAA Catalina Ridge site, 
the peaking of NOAA buoy an hour or so after the start of the 
data gap, and the rapid riserate of the Begg Rock significant 
height all suggest that the actual peak weight may have been 
significantly higher than recordcd here - pcrhaps as great as 
36-38 ft, with the peak period near 17 s. If so, this would 
imply a one-in-one-thousand wave height of about 75 ft! 
This assumption is based upon a theoretical distribution of 
wave heights for a storm in which conditions change very 
slowly. It would not necessarily be the best model for this 
rapidly changing event. 

Figure 3 shows the build up and decay of wave heights 
near Point Conception. The maximum significant height 

Figure 1. Wave measurement stations that reported during the 
storm of 17-18 January, 1988. 
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HOUIZS AFTER MIDUIGIIT 1G JANU.4RY I 
Figure 2. Wave heights near the Channel Islands during 
the storm. 
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Figure 3. Wave heights in the vicinity of Point Conception 
during the storm. 

Figure 4. Wave heights in Central California, between 
Monterey Bay and San Francisco, during the storm. 
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sites. 
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measured in this region was 30.4 ft at a peak period of about 
17 s. In Figure 4, the heights from the 6 reporting stations in Table 1 

the ~ o n t e i e ~ / ~ a n  Francisco area are shown. ~ h k  maximum 
Winter Maximum Maximum height here was the same-30.4 ft- but was peakedat only Season Velocity Squared Acceleration 

15 %The intensity of the winds and, very probably, the (ft2/sZ) 
existence before the storm of long period swell (about 17 s) 

(ft/s2) 

of considerable height (about 10 ft), caused a very rapid 
increase in the significant wave height. Figure 5 shows the 
maximum rise rates (3 hour averages) for several open coasl 
sites withBegg Rock measuring about 5 ft/hr. This compares 
with a maximum growth rate of about 1 ft/hr at this same site 
during the 27 January, 1983 storm when the significant 
height reached 24 ftl. It should be noted that the pcak wave 
generation zone was far removed in space and time from the 
Begg Rockmeasurement site in 1983, but wasprobably very 
close in 1988. A better comparison can be made with rise 
rates for the 1 March storm, the largest in 1983. Earle et a13 
shows, in the generation area about 1500 miles offshore, an 
average rise rate of 4.6 ftlhr in the 3 hours prior to the peak 
significant height of 39 feet. The growth of the '88 storm as 
a function of latitude is shown schematically in Figure 6. 

STORM RANK 

tion (proportional to the inertial force) were about twice as 
great in the '88 storm as the worst observedduring the'82-'83 
season. 

CONCLUSIONS 

It is clcar from thesc wave observations that this was an 
exceptional event, far exceeding any ocean storm in recorded 
history in this area. As pointed out by Strange et a1 in this 
issue, the presence of pre-existing swell resulted in wave 
periods of much greater length and much larger significant 
heights than can be predicted by any wave generation model 
that starts, as the present models all do, from an assumption 

It is of interest to try to rank this storm in the long term of a flat ocean. This may be the most important single 

wave climate of southern California. The record of storm observation about the Storm of '88 if it leads to successful 

wave observations along this coast is less than 100 years in research on wave generation with pre-existing swell. 

length, so that very little can be said about return periods. 
Howcvcr, it is possiblc to make some conjectures based 
upon what is known. Seymour et a15 reportcd on the major 
storms in the period 1900-1983 in this region. Figurc 7 
shows a distribution of extreme significant wave heights 
taken from that study, as reported in Walker et a18. Moffatt 
& Nicho14 calculated another return period estimate for 
various wave heights applicable to the southern California 
area and this has been plotted in Figure 8. The January, 1988 
storm has been shown on both dismbution lines. The return 
period implied by each of thesedistributions is much greater 
than 200 years, perhaps as much as 406500 years. Because 
projections beyondabout 200 years would be totally unwar- 
ranted, based upon the length of the data record, a recurrence 
interval of not less than 100-200 years for a storm of this 
magnitude appears reasonable. 

Two recent studies of the January '88 storm further 
illustrate the intcnsity of this event. Seymour et a? describes 
the extremc damage to the Point Loma kelp forests, much 
greater than the combined effects of thc six major storms of 
1983 (the largest previous recorded). Dayton et a12 dcals 
with damage to geological structures at great depths (up to 
100 ft) offshore of San Diego that also greatly exceeded that 
in the 1983 season. Table 1, taken from the latter study, 
suggests the likely reason for this increased destructiveness. 
It shows that, at a nominal depth of about 60 feet near the 
entrance to Mission Bay, both the maximum velocity-squared 
(proportional to the drag force) and the maximum accelera- 

Figure 6. The growth of the storm along the coast. The vertical 
dimension is relative significant wave height, plotted against 
Pacific Standard Time on 17 January, 1988, and north latitude. 
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Figure 7. Return period estimation function tor major 7. 
storms of various significant wave heights from Walker et 
a/., 1984 The January 1988 storm is indicated with an 
asterisk. 
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Southern California Beach Changes in 
Response to Extraordinary Storm 

BY ANDERS K. EGENSE, P.E. 
Senior Engineer, Boyle Engineering Corp. 

INTRODUCTION 

D URING THE PERIOD 16-1 8 January 1988, a rap- 
idly moving storm of major intensity passed through 
the southern California bight producing record 

heights offshore and causing extensive coastal damage. The 
storm-induced damage was particularly severe at King Har- 
bor eedondo Beach) where waves breached the breakwater 
and partially destroyed several buildings, parking lots, and a 
pier. By sheer coincidence, on 15 January, a shallow-water 
beach profiling survey was carried oul about 5 miles norlh of 
King Harbor along Dockweiler State Beach and beaches 
fronting the city of El Segundo (Figure 1). In order to study 
the effects of the extraordinary storm event on the beach 
profiles, the profile survey was repeated on 23 January, and 
continued periodically through August 1988. Subsequent 
refraction analyses using deep-water wave records (from 
NOAA Date Buoy 46025 located roughly 35 nm southwest 
of the study site) revealed that, off DockweilerIEl Segundo, 
this storm produced significant wave heights of 25-29 ft in 
30 ft of water and breaking waves further offshore7. 

This paper discusses the beach changes associated with 
the mid-January 1988 storm with emphasis on both storm- 
induced erosion and post-storm accretion. Beach changes 
observed at Dockweiler/El Segundo are also compared with 
those from several other southern California locations. For 
details regarding the meteorologic and oceanographic ele- 
ments of this storm, the reader is referred to Cayan et aL2 and 
companion papers in this issue of Shore and Beach. 

that protects the coastal frontage of the Southern California 
Edison station. 

The beaches in the study area are in large part the product 
of a series of beach nourishment operations involving a total 
of over 20 million cy of sand between 1938 and 1984. 
Sediment samples collected in 1987 from several locations 
between the back beach and -6 ft (MLLW) indicated mean- 
grain sizes in the range of 0.15 to 0.36 mm. Shortly after the 
mid-January storm, anourishment operation betweenFebru- 
ary and August 1988 added another 705,000 cy to these 
beaches, with about 22% of this material being placedalong 
the southern segment of Dockweiler State Beach and the re- 
maining 78% in the area south of the Chevron groin. 

The pre- and post-storm profiles of the Dockweiler/El 
Segundo beaches wcrc survcycd at nine locations (numbered 
lines in Figure 1). Thc profiles cxtendcd from a control point 
on the beachfront bike-path seaward to a depth of -2 to -5 ft 
below Mean Lower Low Water (MLLW). 

To provide information on the regional distribution of 
storm-induced beach volume changes, data from surveys 
sponsored by the U.S. Army Corps of Engineers were util- 
ized. The Corps-sponsored surveys, which spanned the south- 
ern California shoreline between Dana Point and the U.S.1 
Mexican border, extended from a back-beach monument to 
-40 ft (MLLW). Virtually coincident surveys along the 
southern California region by the Corps and at Dockweilerl 
El Segundo were performed in September-October 1987 
and just after the storm in January 1988. 

RESULTS 
STUDY AREA 

The Dockweiler/El Segundo beach area is located along 
the central portion of Santa Monica Bay, facing roughly 
west-southwest (Figure 1). The regional configuration of the 
shoreline and the presence of several offshore islands and 
shoals are such that thc study site is directly cxposcd to dccp 
-water waves through a window that spans roughly west to 
west-southwest. 

The shoreline in the study area is intersected by one long 
and several shore groins (Figure 1). The long groin, referred 
to as the Chevron groin, extendsroughly 900 ft offshore from 
its landward terminus. This rubblemound structure, together 
with the bulk of the sand impounded on its northern flank, 
was constructed in 1983-84, following the the severe winter 
storms of 1982-83, to provide protection for oil pipelines 
crossing the shoreline. South of this groin, the beach is 
narrower, and is backed by a steep rubblemound revetment 

Dockweiler/El Segundo Beach Erosion 

When evaluating storm-induced profile changes, the timing 
of the post-storm survey relative to the storm cycle must not 
be overlooked. Investigators of post-storm beach recovery 
processes, such as Sonu6and Chiu3, have noted the rapidity 
with which the rebuilding of a storm-eroded beach occurs. 
Observations by Sonu60f post-humcane recovery along Gulf 
coast beaches indicated that landward movement of material 
and beach face deposition was initiated within hours of the 
passage of the peak storm waves. Since the post-storm 
survey at DockweilerIEl Sugundo was performed roughly 
four days after the peak storm waves reached the coast, it is 
likely that recovery of the beaches was well underway, and 
that the profiles measured at that time did not reflect the 
maximum recession produced by the storm. 

For the beaches north of the Chevron groin (Figure 2, 
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Figure 1. Location and Vicinity map. 

Lines 1C - 5),  the pre-storm storm profiles generally dis- 
played a convex shape with the beach berm at about +11 to 
+13 ft (MLLW), and a fairly uniform beach face slope of 
about 1V:lOH. With the exception of Line 5, the storm 
removed the berm, creating a nearly flat beach IBce with a 
slopc of 1V:20H. At line 5 ,  the erosion of the profile 
extended deeper than at the othcrprofiles, but produced only 
minor flattening of the beach facc to a slope of about 
1V: 13H. South of the Chevron groin (Figure 2, Lines 6 and 

8), there was substantially less change in the profiles com- 
pared with those to the north. The beaches in this area are 
backed by a high rubblemound revetment that limited the 
landward extent of the profile changes (the revetment showed 
no evidence of damage following the storm). 

North of the Chevron groin, the erosion volume above -2 
ft (MLLW) ranged progressively from minimum of 20 cylft 
at Line 1C (located about 11,200 ft north of the groin) to a 
maximum of 63 cylft at Line 5 (nearest the groin). South of 
the groin, thc net erosion volume was much smaller,4 and 10 
cylft at Lines 6 and 8, respectively. 

DockweilerIEl Segundo Beach Recovery 

Some information on the significant wave heights that 
prevailed during the post-storm monitoring period can be 
dcrived from hindcast/refraction analyses that were carried 
out for the two-wcck period prcceeding each survey. These 
data showed that, with the exception of a minor storm in 
early May that generated local seas of up about 2ft and swell 
of about 4 ft? Wave data collected and reported by C D P  
may also be referred to for further information. 

Since beach nourishment at the northernmost end of the 
study area and south of the Chevron groin obscured the 
progression of natural post-storm beach recovery in these 
areas, attention was focused on Lines 2A, 3 and 5 (Figure 3). 
Recovery of the beach (given as a percentage of the volume 
eroded by the storm above -2 ft, MLLW) showed two 
distinct phases over the 9-month post-storm monitoring 
period. The first phase, covering the initial 3 weeks, was 
characterized by a very rapid recovery with the beach at all 
thrcc lines regaining between 45% and 65% of the volume 
croded by the storm. The second phase was marked by a 
significantly lower recovery rate that was roughly constant 
through to the end of the montoring period. Except for a 
period of minor storm-induccd erosion at Lines 2A and 3 in 
early May, the beach volume increased to between 90% and 
132% by 263 days after the storm. The excessive rccovery at 
Line 5 (132%) was undoubtedly caused by material trans- 
ported south from the nourished Dockweiler State Beach and 
impounded by the Chevron groin. 

The recovery rates observed at Dockweiler/El Segundo 
fall within the range observed by other investigators, al- 
though these ratesrange widely, Birkemeirl, in a study of the 
New Jersey coast following a December 1977 storm, found 
that over half of the eroded volume returned within two days. 
At the other end of the scale, Dean and O'BrienS found that 
roughly seven years elapsed before a segment of New York's 
Long Island south shore reached 90% recovery following a 
particularly long, severe storm in March 1962. 

Southern California Regional Beach Changes 

Regional beach profile volume changes were dctermincd 
using coincident Corps and Dockweiler/El Segundo survey 
data obtained in September-October 1987 (pre-storm) and 
January 1988 (post-storm) (Figure 4). Between Dana Point 
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and Imperial Beach, the erosion magnitude varied from 
place to place, although values tended to be higher to the 
south in conjunction with the island sheltering effects that 
generally diminish in that direction. None of these southern 
stations experienced the maximum erosion of 76 cyfft which 
occurred at Dockweiler/El Segundo (note that the Dock- 
wcilcr/El Segundo erosion values given here and in Figure 4 
differ from thosc in the above discussions due the use of 
survey data coincidcnt with thc available Corps data). 

600  
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SUMMARY 

Shallow-water beach profiles were acquired along the 
Dockwciler/El Segundo beaches of Santa Monica Bay be- 
fore and aftcr a sevcrc storm in mid-January 1988. The data 
proved auniquc opportunity to study the impacts of this rare 
storm on these beaches. Key findings from this analysis are: 

t- 
a o -  1) Although the post-storm profilcs probably do 
-I not represent the most severely eroded statc of 
W 

the beach, the profile changes north of the Chevron 
-10 I I I i groin show that the storm waves removed the 

volume (above -2 ft, MLLW, per unit shoreline 
length) ranged from 20 cylft at the northcrn- 
most profile (about 2.1 mi away) to a maximum 
of 63 cylft at the groin (based on surveys from 
the day before and four days after the storm.) 

3) The profilcs not dircctly affected by the local 
beach nourishment operations, showed two dis- 
tinct phases of post-storm beach recovery: an 
initial period of rapid accretion in which the 

o 400 EOO 

RANGE (FT) 
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berm and flattened the beach face significantly. 
South of the groin, the beach experienced only 

Figure 2. Comparison of Pre- and Post-Storm Beach minimal profile changes. 
Profiles at DockweilerIEl Segundo. 2) At the seven profilcs survcyed north of the 

Chevron groin, thestorm-induced bcach erosion 



Figure 3. Comparison of Post-Storm Beach Profiles at 
Dockweiler/El Segundo. 

beach regained roughly 50% of the volume eroded 
by the storm within about 20 days, and subse- 
quent period of slower accretion in which the 
beach reached essentially full recovery after 
about 200 days. 

4) On a regional scale, the erosion at Dockweiler/ 
El Scgundo was slightly greater than that meas- 
ured at a number of stations spanning thc coast- 
line between Dana Point and the U.S.-Mexican 
border (based on pre- and post-stow surveys 
from the period September 1987 - January 1988). 
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Figure 4. Beach Volume Changes along Southern California 
Shoreline between September-October 1987 and January 1988. 
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INTRODUCTION STORM DAMAGE COST ESTIMATES 

EVELOPMENTS ALONG THE HEAVILY popu- 
lated coastal segments of southern California and 
northern Baja California sustained serious struc- 

tural and flooding damage during the high intensity storm of 
January 1988. The magnitude and extent of damage was 
directly related to the size, distribution and duration of the 
storm waves attacking each segment of coastline, as well as 
the relative timing of the waves, tides and storm surge. These 
factors, as well as the meteorology of this fast developing 
storm event, are discussed in the accompanying p'dpers of 
this volume. 

Thc purpose of this paper is to catalog the types and extent 
of damage to coastal structures, including dollar amounts 
where these are available. The primary source of informa- 
tion for this chronicle is a reconnaissance and photo docu- 
mentation of the coastline between Malibu and San Diego, 
conducted by the authors on 19 to 21 January 1988. This sur- 
vey did not include inspection of offshore facilities, such as 
drilling rigs or the offshore islands. Survey information was 
heavily supplemented with published newspaper accounts of 
the damage. Figure 1 shows a map of the southern California 
and northern Baja coastline, indicating place names referred 
to in the text. 

The one day duration of lhe slorm of 1988 was relatively 
short for its' intensity2. The resulting darnages were there- 
fore relatively minor compared with the El-Nifio winter of 
1982-83. Except for a few areas, notably Redondo Beach, 
Huntington Bcach and Ensenada, structural damage to coastal 
property was minor. Widespread cosmetic damage and de- 
bris deposition did occur, however. 

Our conclusion is that the southern California shorcline is 
everywhere vulnerable to at least minor flooding damage 
from high waves associated with coastal storms3. The loca- 
tion of areas vulnerable to severe damage change and depend 
on the timing and duration of storm wave attack, andparticu- 
larly on the precise deep water wave approach angle. 

Newspaper reports from various coastal areas were re- 
viewed during the weeks following the January 1988 storm, 
and these were the primary sources for the cost estimates 
quoted below. Table 1 summarizes the dollar damage as a 
function of location. We estimate total property damage 
from the storm at over $28 million. 

Table 1. 
January 1988 Storm Damage and Cleanup Cost Estimates 

Locations $ Damage 

Ventura 
Malibu 
Zurna Beach 
Manhattan Beach 
Hermosa Beach 
Redondo Beach 
LA-Long Beach 
Seal Beach 
Huntington Beach 
Pacific Coast High 
Laguna Bcach 
San Diego 

Figure 1. Map of southern California and northern Baja showing 
place names referred to in the test. 

3s 0 

3 4  > 

m, a 

3 1 s -  

llo. 

mL. 

J I O  

a 0 

SHORE AND BEACH 

Avlla Beach t j  Pta  Jamto Tomas 

S.",. Bmrbar> CounO 

Pl' *.8urI. 

Pb cm"c~D,!m 

> . , " d . D d  
;;s ,., or.".. C.""LY 

I S.UB.h" 
PL remmm ,,.,s 

I c-uru 
4 R.",... 
l YEll"" 0 -.,d D 

7 M.bb li l.l.hlauU 

9 " II s."c,..- 
IO P I . I . ~ ~ I U I  I3  Orunid. 

M."".LdR? 2"d.b.d 
I, " I * " ~  23 k " d ~  
IL M ~ h n u u B u h  I binmu. 

- I, IU",."a", Y G11'r . 
I 4  To"."= 28 iol...8& 
I 5  SrnPdio 29 WM.. l l E l r  hyo 
I &  h . B I d  I0 L.I.U. 17 Tml,.h 
I 7  E u l B . . i h  9 1  PnliBurh II 
,I ,L".IeIY?"II I YI..,m 8"UI J, , U " . I S I d  
IP EI".I.LIOB".I~ 11 *l..,m 8.* 40 hV.8 8-* 
20 N l W B u h  34 Ounsu* 11 I"'. * . s " C  li E.,-.4. 

122 , z ,  120 1,o , , a  I,, 



The major effects of the storm werehighly localized. The 
largest concentration of property damage occurred at Re- 
dondo Beach where the breakwater was breached and over- 
topped. A hotel, restaurants, piers and harbor boating 
facilities were destroyed or severely damaged (Figure 2). A 
detailed account ol these damages is presented by Domurat 
and Shakl. 

The next largest dollar damage was inflicted at San 
Dicgo, whcrcanumber of restaurants werc floodedand some 
boats on San Diego Bay were damagcd or sunk. In addition, 
major costs were incurred to clean up kelp and other debris 
that covered all low lying roads between Oceanside and 
Imperial Beach. 

Huntington Beach suffered costly damage when the sea- 
ward250 feetof the city pier was lost, along with the recently 
constructed "End Cafe". The breakwater at Ensenada in 
Baja California was overtopped and damaged. Fishing boats 
moored in the harbor were washed ashore and some were 
sunk. No dollar damage estimates were available. No 
estimates could be made of the dollar value of sand loss to the 
southern Californiabeaches. The magnitude of beach retreat 
(and subsequent recovery) is discussed by Domurat and 
Shak2. 

STORM DAMAGE BY LOCATION 

Santa Barbara and Ventura Counties 

As shown in the accompanying papers by Strange et. a1 
and Flick and Badan Dangon (this issue), the slorm made 
landfall at Avila Beach (Figure 1) with record selling low 
barometric pressure and very strong, gusty winds. The storm 
moved south-east and inland, exposing the shore south of 
Point Conccption to intense rainfall as well as high storm 
surge. 

Figure 3. Photo of Malibu Beach showing sand loss and 
widespread damages to beach access stairs, windscreens and 
patios. Rock rip-rap protection was placed after 198283 winter 
storm damage. 

Minor damage occurred at Santa Barbara Harbor and 
Stems Wharf, but little if any erosion was observed at 
Leadbcttcr Beach. Damage to boats in the harbor and at the 
yacht club was largely avoided by moving the boats. Waves 
broke over the harbor breakwater causing large harbor surge 
and mooring line tugging, but little damage. 

Homes along the shoreline in Carpinteria were damaged 
when the seasonally maintained, artificial dune was breached. 
High breakers washed through the gap and inundated the 
entire back beach, starting the evening of 17 January. Eleven 
beach front homes along Sandyland Road were flooded, and 
some sustained foundation damage. Truckloads of sand 
were transported in to plug the break in the dike, and sand- 
bagging operations were carried out. 

Highway 10 1 in the Rincon area, from Punta Gorda south 
to Emma Wood State Beach, was overtopped and covered 
with sand, cobbles and debris during the storm. The entire 
reach was closed to traffic from late 17 January through 18 
January and campers along the shoreline were evacuated. 

Vcntura area parking lots, promenade and beach access 
points were flooded and covered with sand, cobblcs and 
debris. Extreme beach erosion and flooding occuncd be- 
tween Groin # 1 and Groin # 2 upcoast of Greenock Lanc, 
flooding upland homes and destroying the cul-de-sac beach 
access point. Damage to the groin and therockrip-raprevet- 
ment along the shore of Marina Park was minor. No major 
structural damage was sustained by the Ventura pier during 
the storm. 

Oxnard Shores beach was overtopped and Mandolay 
Beach Road was flooded and covered with sand and debris 
between Filth Sweel and Breakwater Wav. Wave overtOD- 

Figure 2. Photo showing collapsed roof section of Portofino Inn, ping and flooding also occurred Capriand Neb- 
located on Mole B, inside King Harbor, Redondo Beach. Hotel 
guests were rescued oft the roof of the damaged structure By a tune Way- 
news helicopter on Sunday evening, 17 ~ a n u a j  1988. 
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Los Angeles County 

The Malibu area sustained no major damage, in contrast 
to thc damagcs inflicted during the severe 1982 - 83 winter. 
However, there was frequent cosmctic damage to beach 
access stairs, windscreens, beach level dccks and other 
private facilities at the very expensive beach front homcs 
(Figure 3). Breakfast diners fled when a huge wave crashed 
through the door of Malibu Sand Castle restaurant, flooding 
thedining room with sand and surf on 18 January. The beach 
along the west end of Malibu Colony was lowered about 5 - 
6 feet and narrowed by 80-100 feet. This is a common 
occurrence for the south facing Malibu beaches during 
storms approaching from a southerly direction. 

Parking 101s and bicycle paths in Santa Monica, Venice, 
Playa del Rey and Manhattan Beach were overwashed and 
covered with sand and debris. The Venice Beach Safety 
Hcadquartcrs was flooded. About 90 homeless persons 
living in tents along Vcnice Bcach were evacuated when 
wind and surf tore away their sheltcrs. VeniccPier withstood 
the storm even though waves broke over the end. 

Playa del Rey and Dockweiler State Beach wcrc crodcd 
severely enough to expose the root of the Marina dcl Rey 
south jetty and groin, as well as about 200 feet of storm drain 
outfall. The beach area upcoast from the Chevron Groin in 
El Segundo and the adjacent refinery was cut back 100-150 
feet at the upcoast end of the sand fill, with less erosion near 
the groin. Estimates of sand loss within the groin pocket 
range from 40-50 percent (Los Angeles County Department 
of Beaches and Harbors). The beach downcoast of the groin 
was eroded back lo the bicycle path andtherip-raprevetment 
along the ocean side of the path was damaged at numerous 
locations. The path was closed for several weeks until debris 
was removed and the path repaired. 

Thcrc appcared to be no major damage to the numerous 
storm drains crossing thc beach in the reach south of Re- 
dondo Beach to Torrance State Bcach, although the beach 

Figure 4. Photoshowing overwashed and destroyed parking lot at 
Cabrillo Beach located at the western root of the San Pedro 
Breakwater. 

width was substantially diminished. The wallring and bike Figure 5. Abrupt end of Huntington Beach Pier photographed 20 

path between T~~~~~~ B ~ ~ ~ - ,  and ~~l~~~ cove over- January 1988. The seaward 250 feet of pier and "The End" Cafe 
were washed away Sunday evening 17 January 1988. 

topped and littered with debris, and protective rock was 
displaced along the seaward side of the path. Royal Palms 
State Beach and White Point County Recreation Area park- 
ing lots were covered with debris and long strands of up- 
rooted kelp. Pavement at the downcoast end of the Whites 
Point parking lot was peeled back and washed away. 

Cabrillo County Beach, located downcoast from Point 
Fennin retreated 100-150 feet and lowered 4-5 feet within 
the cove area. The ocean view parking lot, located near the 
cnd of San Pedro Breakwater, and jusl upcoasl of the rock- 
rubblc groin anchoring Cabrillo Beach, was totally de- 
stroyed (Figure 4). The parking lot pavement was scoured 
away and the entire area was litlercd with rocks and cobble 
displaced and carried on shore from the rock-rubble rcvct- 
ment. 

The San Pedro Breakwater was breached at two loca- 
tions. The major breach was 285 feet long, located halfway 

between the root and the easterly end adjacent to the ship 
channel. 

Orange County 

The beach north of the Seal Beach pier and groin eroded 
to the parking lot. The 8th Street parking lot was over- 
washed, covered with debris and had pavement unraveled. 
The restrooms landward of the parking lot were flooded. 
Several concrete sheet-piles on the groin were displaced but 
did not fail. Two pier piles were sheared off and 8-10 cross- 
members were damaged. 

The seasonally constructed artii7cial dune on the downcoast 
beach was ovcrtoppcd anderoded by the high waves, bul was 
not breached. No major flooding occurred between the pier 
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Figure 6. The trailer park at El Morro Beech suffered extensive 
damage to pipe pilings that support the trailer platforms. The 
entire cove area was stripped of sand. 

Figure 7. Sections of the main boardwalk at Laguna Beach 
collapsed after heavy wave surge eroded the sand and 
undermined piling foundations. 

and the West Anaheim Jetty. The SurfsideJSunset Beach 
area did not have any structural damage to beach front 
homes, although the outer sand dike, constructed each winter 
to reduce wave overwash, was breached at numerous loca- 
tions and was entirely obliterated toward the southern end of 
Sunset Beach, near Warner Avenue. 

Bolsa Chica Slate Beach was overwashed along its entire 
length. Restrooms were inundated and floors covered with 
sand. Pacific Coast Highway from Warner Avenue to the 
bluff area was closed due to flooding and debris coverage 
from 17 to 19 January. This particular section of roadway, at 
thc foot of the Huntington Beach bluff area near Golden 
West Strcct, has bccn closed during each recent major storm, 
due to overwash and flooding. The cost of cleanup in this 
area was $250,000. 

The most severe damage along the Orange County shore- 
line occurred at Huntington Beach where the outer 250 feet 
of the municipal pier were lost (Figure 5). This section had 
been re-constructed after it had been damaged during the 
1982-83 winter. The end section of pier was built 6 or 7 feet 
lower than the original 1430 feet to conform to construction 
that had taken place in the re-building of 1940. The current 
replacement cost is estimated at $4.5 million. The pier 
scction, along with "The End" cafe, collapsed and was 
washcd away when waves exceeding 18 feet broke over it on 
Sunday, 17 January. Additional damage was inflicted the 
next day. 

The beach at Newport betwccn thc Santa Ana River and 
the Newport Pier was overwashed. No rcsidenccs were 
tlooded, but parking lots were covered with sand and debris 
and the parking area south of the Safety Headquarters was 
washed away. The Newport Pier sustained only minor 
damage, while the Balboa Pier had none. 

El Morro State Beach mobile home park, located in the 
cove upcoast of Abalone Point, sustained serious damage 
during the storm (Figure 6). Numerous units mounted on 
pipe piling plauorms were washed off their mountings. 
Several of the beachfront decks attached to the mobile homes 
were uplifted by breaking waves, while the entire cove was 
stripped of sand. 

In downtown Laguna Beach, about 100 feet of the Main 
Beach boardwalk collapsed after high wave runup scoured 
the beach below the ends of thc supporting piles (Figure 7). 
Aliso County Beach was eroded back to the parking lot 
sidewalks and base of the bluff. The concrete walkway and 
boardwalk were undermined and damaged. The Aliso Fish- 
ing Pier, damagedin the 1982-83 storms, receivedadditional 
damage and was closed during the storm. Wave overwash 
and debris covered the entire parking area to the Pacific 
Coast Highway. Scouring occurred at all of the small and 
medium sized pocket beaches along this stretch of the 
Laguna coastline to Mussel Cove. Damage to the pier and 
boardwalk was about $150,000. 

In South Laguna Beach twenty-four beachfront homes 
were damagcd by debris and cobbles carried by the high 
waves. Thc majority of the damage consisted o l  broken 
windows, flooding and cxtcrior structural damage. Several 
ocean view homes on Lagunita Drivc came close to falling 
from their bluff-top perches as thc high wind driven waves 
breached the protective seawall along the basc of the bluff 
and began eroding it away. The covered glassed-in patio of 
one home was ripped away from the main structure and fell 
halfway down the faceof the bluff. More than 20 units in the 
adjacent Blue L,agoon condominiums were flooded by the 
ocean waves. Damage to homes and condominiums in this 
area was around $1 million. 

The Dana Point Harbor jetty was overtopped by huge 
waves, but all transmitted energy was dissipated in the main 
enlrance channel. No damage was reported to the jetty. In 
the southern basin several boats were reported damaged 
from storm surge. 
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Capistrano Bay County Beach parking lot and restroom 
area were flooded during the storm. Sand and debris 
covered the area shoreward of the entrance to the Capis- 
trano Bay Colony. The beach was lowered several feet 
along the oceanside. The curbing of the parking lot was 
undermined, although no structural damage to county park 
facilities was observed. The Capistrano Shores mobile 
home park took waves over the timber seawall, flooding 
several homes. 

San Clemente City Beach retreated of 75-100 feet at the 
upcoast cndof the beach along Estagion Avenue. The storm 
berm was only a few feet seaward of the restrooms and 
concession building (which were destroyed during the 1982- 
83 storms). Debris and sand were carried beyond the Santa 
Fe Railroad tracks and partially covered the adjacent park- 
ing lot. The beach was eroded to within 50 feet of the tracks. 
During the peak of the storm waves broke at the end of the 
San Clemente City Pier, flooding Fisherman's Gallery. The 
railroad pcdcstrian underpass at the pier was filled with 
sand and debris and closed for scvcral days.San Clemente 
State Beach was overwashed and eroded to the railroad, 
where sand and debris littered the tracks and street shore- 
ward to the base of the cliffs. 

San Diego County 
Structural damage was reported in the county in both 

bcachfront and inland areas. The San Diego Port Authority 
sustained almost $2 million in damage, split cvcnly be- 
tween public and private property. Waterfront homes and 
businesses had windows shattered in Oceanside and there 
was flooding in seaside communities south to Imperial 
Beach. In La Jolla Cove the beaches were void of sand, 
eroded down to the underlying cobble beach. 

In Oceanside, the North Pacific Drive ford over the San 
Luis Rey River was overwashed and closed through the five 
day storm period. Numerous shorefront homes,condomini- 
ums and motel properties were flooded and damaged by 
overwash and flying cobbles. Along the central Oceanside 
shoreline at least three people were injured by flying glass 
when waves burst through the windows of their homes. The 
newly reconstructed Oceanside Pier took breaking waves 
exceeding 20 feet over ils' end but was not damaged. 

In Carlsbad, the newly renourished beach sand (dredged 
from Agua Hedionda Lagoon and placed seaward of the 
Carlsbad Avenue seawall) was carried away during the first 
high waves on 17 January. The pavcmcnt on Carlsbad 
Avenue at the AguaHedionda spit was partially stripped off 
by the wave overwash, and was closed from 17 to 19 
January waiting for debris to be removed. The parking area 
pavement seaward of the main roadway was completely de- 
stroyed. 

Highway 101 over the Batiquitas Lagoon spit was over- 
topped, flooded and closed during the storm. The narrow 
sandy beach along the base of the high cliffs in Leucadia and 
Encinitas was stripped of sand. Moonlight State Beach in 
Encinitas was also stripped of sand and the restrooms and 

concession stand were flooded and closed during the storm 
period. The beach access stairs at Swami's Park were 
damaged by waves which carried away the lower landing. 

In Cardiff, wave overwash and flooding closed the Pacific 
Coast Highway across San Elijo Lagoon spit. The Charthouse, 
Charlies Grill and the Triton restaurants were flooded pigure 
8). The Fish House West, Pastels and Krake Grill and other 
restaurants and shops were closed for several days after the 
storm duc to flood damage and subsequent cleanup. The 
beach fronting thc highway was croded 5-6 feet vertically, 
uncovering cobbles, concrete and timber piles and other 
remnants from earlier structures (Figure 9). 

At the north end of Solana Beach a house, located on 
Circle Drive, clings to the edge of aretreating cliff just above 
Cardiff State Beach. This home has been endangered for 

Figure 8, Wave overwash flooded the Chart House and other 
restaurants in Cardiff and along the shoreline in North San Diego 
County. Note cobbles thrown shoreward against the building. 

Figure 9. North San Diego County shoreline at Cardiff showing 
bared cobble and bedrock beach stripped of sand. Old pilings and 
foundations of previous structures are rarely exposed. 
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several years but the storm of January 1988 increased the 
probability that the property will be undermined soon. 

The high cliff fronting Del Mar Beach and Tennis Club at 
825 Sierra Avenue in Solana Beach has continued toerode to 
within 10 fect of somc units. 

Along the Del Mar shoreline numerous beach front homes 
and the Poseidon restaurant were flooded. Jakes Restaurant 
and the Del Mar Motel survived without severe damage, but 
numerous businesses were closed during the storm, largely 
because of extensive flooding along the Coast Highway. 

The beach at La Jolla Shores was littered with debris and 
clumps of kelp that washed up and over the wall along the 
seaside walk. The beach narrowed along the entire reach 
from the Scripps Pier to the La Jolla Beach and Tennis Club. 
The small pocket beaches along Point La Jolla were stripped 
of sand andreceived huge deposits of kelp uprooted from the 
beds immediately offshorc. Continued cliff erosion and 
minor slides, caused by the high waves and rainfall, endan- 
gered homes in the Bird Rock area. 

The entire Pacific Beach and Mission Beach oceanfront 
was littered with thick mats of kelp and debris, that required 
weeks of cleanup effort. Along the reach from Crystal Pier 
to Mission Bay channel entrance, wave surge and ocean 
spray, propelled by high sustained winds, overtopped Ocean 
Front Walk, flooding adjacent homes. The wind shattered 
large plate glass windows in homes facing the beach. Debris, 
sand and kelp were carried along the numerous streets and 
alleys inland to Mission Boulevard. 

011 ~ i s s i o n  Bay, extremely large waves sheared off the 
Mission Bay Tower, alocal orrshorelandmark, that was used 
many years for naval oceanographic research. At the inside 
of the entrance channel, breaking waves dislodged smaller 
rocks along the jetty and partially destroyed therevetment on 
the curvcd channel section. The waves overtopped the rock 
revetment, flooding the parking lot and restrooms about 200 
feet inland. Reflected waves battered the revetment near 
Mission Point, overtopping the parking lot and park area, and 
fracturing piles on the timber baffle across the Quivera Basin 
entrance. Surge beached some boats in Mariners Basin and 
damaged moored smallcraft from Ventura Point to Santa 
Clara Point. 

Debris deposition and beach face erosion was noted 
within Ventura Basin, Santa Barbara Cove and on the Bahia 
Point spit into San Juan Cove. Debris and kelp were strewn 
along the entire northern portion of Sail Bay. Debris and 
some dislodged rocks were noted along *e western portion 
of Vacation Island. Additional damage was inflicted to 
piers, pile guides, boarding floals and moorings along the 
shore, including Dana Basin, from Sunsetpoint, up Mission 
Channel, to Stony Point and the Vacation Island bridge. 

Storm damagcs at Occan Bcach were similar to those in 
Pacific and Mission Beach. The seawall fronting the parking 
lot upcoast of the Ocean Beach Pier, off Newport Avenue, 
and along Abbot Street was overtopped by breaking waves 
flooding the streets and depositing debris and kelp. 

At Coronado, the south facing stretch of beach from 
Zuniga Point to the Hotel Del Coronado was overwashed 
and minor flooding occurred inland to the bathhouses and 
restrooms. Wave overtopping and minot flooding occurred 
along the seawall walkway at the Coronado Towers com- 
plex. At Silver Strand State Beach, the parking lot and 
restrooms were flooded and covered with sand and debris, as 
were large portions of Silver Strand Boulevard. 

The entire shoreline of the City of Imperial Beach was in- 
undated by high waves. Waves overtopped the beachfrunt 
boardwalk and parking lot at the foot of the Imperial Beach 
fishing pier. Wave ovenvash flooded the Surfside Motel and 
parts of OccanLane. Thc ccntral city bcach rcccdcd back to 
the rock reveted, timber seawall. Wave damage and flood- 
ing occurred at numerous apartments and homes. 

In San Diego Bay, historic ships moored at the Maritime 
Museum along the Embarcadero were battered by high 
winds and storm surge during Sunday night, 17 January, as 
windsreached65 mph with gusts greater than 80 mph. Many 
private boats anchored in the live-aboard area from Laurel 
Street along the Embarcadero near Lindbergh Field were 
tom from their mooring's and battered against rock-rip bank 
protection at the promenade. Other boats sank at their an- 
chorages along the shoreline off Harbor Island and Sheller 
Island. 
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The Storm of 1988 - Damage to Coastal Structures 
BY GEORGE W. DOMITRAT 

U.S. Army Corps of Engineers, South Pacijic Division 
AND 

AK~HUK T. SHAK 
U.S. Army Corps of Engineers, Los Angeles District 

INTRODUCTION 

0 N 16-18 JANUARY 1988, a severe extratropical 
storm developed off the California coast coupling 
high wavcs, winds and watcr levels to cause losses 

in excess of $28 million dollars to coastal structures in south- 
em California. Particularly hard hit was the Redondo-King 
Harbor area which sustained considerable damages to the 
breakwater structures and harbor facilities. The storm event 
was unusual in its rapidity of development, southerly track, 
localized intensity and ability to defy early detection by 
meteorologists. The reader is referred to the accompanying 
papers in this issue for detailed discussions of the meteorol- 
ogy, sealevel and wave processes related to this storm event. 

STORM WAVES HIT 
REDONDO BEACH-KING HARBOR 

Deepwater storm waves approaching the Redond-King 
Harbor area can undergo signiIicant modifications in height 
as a direct result of interaction with the complex local 
bathymetry associated with the Redondo Submarine Can- 
yon (Figure 1). Using a linear wave propagation model, 
RCPWAVE, to prcdict the wavc rcfraction/shoaling coeffi- 
cients for this area, Figures 2 and 3 show the sensitivity of 
these coefficients to various deepwater w a ~ e  directions, 
periods and location along the breakwater structure. These 
data indicate that deepwater waves from a westerly direction 
(270 degrees) with wave periods of 14-16 seconds are sub- 
stantially amplified and focused onto the 32+00 to 44+00 
portion of the North Breakwater. This correlates well with 
both visual estimates of large waves overtopping and dam- 
aging the structures at the harbor (Figure 4) and statistical 
descriptions of the predominant wave direction and peak 
period for this storm event (see acconipanying papers in this 
issue). 

DAMAGES TO HARBOR 
STRUCTURES AT REDONDO BEACH 

At Redondo Beach-King Harbor, City officials re- 
ported wave heights in excessof 20 feet beginning to overtop 
the fourteen foot high section of the North Breakwater 
(stations 36+00 to 52+00) between 6:00 and 7:00 pm on 
Sunday, 17 January. By 10:OO pm wave energy wilhin the 

harbor was severe enough to destroy the front of the Porto- 
fino Hotel located on Mole C. Fifty-four patrons of the hotel 
had to be evacuated by helicopter as waves caused a barge to 
impact the bottom floors of the hotel. Figure 5 shows that the 
entire south end of the building eventually collapsed as high 
wavcs ovcrrode the elevated water levels (over +7 feel 
MLLW). Wave ovcrwash also damaged vehicles in parking 
areas, washcd apick-up truck into a berthing area, damaged 
many of the moored vessels and sunk six small craft within 
the harbor (primarily in Basin 2). Other structures scvcrcly 
damaged or destroyed include the yacht club, Ruben's Res- 
taurant, the Blue Moon Saloon (seeFigure6) and many of the 
small shops and restaurants located on the Horseshoe Pier. 
Major structural damages to the pier consisted of broken 
windows, collapsed decking and broken pilings. A diner at 
Reuben'srestaurant related to the press that Sunday night ev- 
eryone was cheering as the waves got higher but panic set in 
when waves crashed through the windows and people were 
thrown to the floor. 

By 5:00 am Monday morning, 18 January, the City 
Manager for Redorido Beach declared a State of Emergency. 
Several city officials and a member of the Corps of Engineers 
were swept by waves into the Harbor during an emergency 
inspection of damages on Mole B, attesting to the dangerous 
conditions, still in effect. With the collapse of the revetment 
aroundMole C, waves thrcatcned to brcach into Basin 2. This 
was averted only through the emergency placemcnt of 3000 
tons of stone by the U.S.Army Corps of Engineers. 

Assessment of damages to the North Breakwater on 18 
January showed two breachedareas approximately 50 and70 
feet in length iand slumping of 760 feet of 10 to 20 ton armor 
stone between breakwater stations 14+00 and 23+00. Major 
losses to armor protection also occurred along most of the 
North Breakwater between stations 32+00 and 48+00 (see 
Figures 7 and 8). Repairs required over 52,000 tons of stone 
at a cost of approximately $2 million. 

DAMAGES TO OTHER 
FEDERAL STRUCTURES 

Major damages to other Federal structures attributable to 
this storm event included : a285-fool breach in the San Pedro 
Breakwater of the Los Angeles - Long Beach Harbor com- 
plex and a loss of breakwater cap stone at many other 
locations (Figurcs 9 and 10); loss of armor materials at the 
head and trunk of the west jetty at Anaheim Bay Harbor; and 
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wave periods (principle direction = 270 degrees). 

loss of armor stone at thc head of the north jetty at Mission 
Bay in San Diego along with a 220-foot brcach of a revet- 
ment inside Mission Bay (Figures 11 and 12). Minor loss of 
breakwater armor stone was also observed at Ventura Harbor 
but did not warrant emergency repairs. 

Repair costs at the San Pedro Breakwater and the Mis- 
sion Bay Jetty exceeded $1 million and $435,000 dollars re- 
spectively. Jetty repairs at Anaheim Bay are now underway 
with an estimated construction cost of $340,000 dollars. 

STORM EFFECTS ON BEACHES 

The shoreline from Santa Barbara to San Diego also 
rcspondcd rapidly to the increase in wave energy and storm 
surge. Losses in beach widths from 75 to 150 fcet were 
observed during the two day duration of this storm. Figure 
13 showsbeach width measurements madeby the U.S. Army 
Corps of Engineers, Los Angeles District at several beaches 
in Orange County where shoreline recessions averaged 30 to 
150 feet. Equally interesting was the rapidity of beach 
recoi7ery. Data collected on 8 February 1988 show that for 
most locations, recovery to pre-storm beach widths occurred 
within three weeks of the event. It is probable that due to the 
short duration of the storm, sand material removed from the 
beach remained close to shore allowing for rapid post-storm 
beach reconstruction. 

CONCLUSIONS 

Severe storm waves of 16-18 January, coupled with high 
winds and sea levels in excess of predicted values, caused 
flooding and danages to breakwaters and other coastal 
structures along the entire southern California coastline. 
Damages at Redondo Beach-King Harbor alone exceeded 
$16 million dollars. 

Other structures and beaches in southern California also 
responded to the increased wave encrgy. Howcvcr, cata- 
strophic damages and sand losses did not occur because of 
the short duration of this extreme event and non-coincidence 
of maximum wave heights with high tides predicted for this 
time period. 

As shown through numerical modeling of wave propa- 
gation, to minimize the types of damages experienced at 
Redondo, coastal engineers must pay close attention to the 
entire directional wave energy spectrum as it affects their 
structural design, especially in areas of complex bathymetry. 
To date, dalaof this type have been minimally available and 
of questionable resolution lo be applicable in solving coastal 
enginccring problems. 
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Figure 7. Breach in the north breakwater, Redondo-King Harbor. 

Figure 4. Waves overtopping the North breakwater at Redondo- 
King Harbor. Aerial Photo. 

Figure 5. Damage to the Portofino Inn at Redondo-King Harbor. Figure 8. Armor stone stripped from structure at Redondo-King 
Harbor. 

Figure 6. Loss of the Blue Moon Saloon. Figure 9. Damage of San Pedro breakwater. 
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Figure 10. Breach in San Pedro Breakwater, Los Angeles - Long Figure 12. Loss of revetment at Mission Bay. 
Beach Harbor. 

Figure 11. Damage to the head of the north iettv at Mission Bav. - - - -.  an Diego. 

Figure 13. Beach width measurements. 
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Coastal Sea Levels During the January 1988 
Storm off the Californias 

BY RELWRD E. FLICK 
California Department of Boating and Waterways 

Scripps Institution of Oceanography 
La Jolla, CA. 92093 

AND 

ANTOINE BADAN-DANGON 
CICESE 

Ensenada, Mexico. 

INTRODUCTION 

C OASTAL SEA LEVELS play a key role in deter- 
mining the magnitude and extent of coastal damage 
during storms. On open coasts such as those of the 

Californias, ocean waves provide the destructive power as 
well as much of the set-up that erodes beaches and overtops 
and floods coastal structures. However, the elevation of 
mean sea level, the tide and storm surge largcly dctcrmine 
the degrce of damage that wavcs can inflict on the shoreline. 
This was dramatically demonstrated during the highly de- 
structive El NiiIo winter of 1982-83 when over $100 million 
of coastal damage occ~rred.~ 

On 16 to 18 January 1988, a remarkable winter storm 
approached and collided with the coasts of California and 
Baja California (Figure 1). Cayan et al.', as well as the other 
papers in the present volume, discuss the meteorology of this 
event as well as the pattern of darnage on the California 
coasl. We will show that were it not lor some lortuitous con- 
ditions, the damage could have been much worse. The 
purpose of this paper is to examine the details of the coastal 
sea level related to this storm, and to describe how the 
different contributing factors varied along the coast and in 
time. Hourly data from 7 coastal tide gauges from San 
Francisco to San Quentin (Figure 1) have been analyzed for 
this study. We conclude from this and other work that we 
should be able to enhance the possibility of short-term 
warnings of coastal damage, using readily available infor- 
mation. 

LARGE-SCALE CONDITIONS 

Large-scale conditions in and over the Pacific Ocean are 
highly relevant to sea level along the west coast of North and 
South America. In southern California the annual sea level 
cycle is dominated by ocean surface temperature, with a 
small effect due to mean atmospheric press~re.~ At La Jolla, 
this steric cycle is about 15 cm in amplitude, and is lowest in 
April (coldest water) and highest is September (warmest 
waler). Sleric heights in summer arid winter are close to 
long-term mean sea level." 

High sea levels are a common manifestation of El Nifio- 
Southern Oscillation These long-term events are 
related to the relaxation of the westward blowing trade 
winds, as well as to a decrease in atmospheric pressure over 
the eastern tropical Pacific, as compared with the western 
Pacific. El NiAo conditions tend to recur every four to seven 
years, with four or five strong events per century. These 
large-scale conditions, including the shifts in mean sea 
levels, were in a state of transition during January 1988. A 
moderate El Niiio, present during 1986 and 1987, was 
breaking down and atmospheric pressure and wind pattern 
anomalies were reversing. The commonly cited Southern 
Oscillation Index, whose negative values are indicators of El 
NiAo conditions, is formed with the normalized differences 
of sea level pressure anomalies at Tahiti and at Darwin, 
which are showninFigure2. Themonths of December 1986, 
1987, and 1988 are indicated on the figure as A, B, and C. 
The index shows the El Niiio of 1986-87 was forming at A, 
weakening at B, and reversing at C. 

Large-scalc sea lcvcl maps of the Pacific Ocean corre- 
sponding to those times display the effects of the El Niiio 
cycle on sea level distribution (Figure 3). During anEl Niiio, 
sea level is high lo the east and low toward the west, with 
typical sea level differences about 30 cm across the Pacific. 
During an anti-El Niiio episode (Figure 3C), the exact 
reverse is true; positive anomalies are found in the extreme 
western Pacific, and negative anomalies are closer to lhe 
west coasl oTNorth America, as a result of the reversal of the 
atmospheric pressure deviations and of the strengthening of 
the trade winds. This translates into differences for the 
California coast between El Nifio episodes and their counter- 
parts, of about 10 to 20 cm in the position of mean sea level. 

Figure 3B represents the conditions obtaining in late 1987 
and early 1988. Although pockets of negative sea level 
deviations persisted in the western equatorial Pacific, condi- 
tions over most of the ocean were close to average. Specifi- 
cally, sea levels along the west coast of the Americas were 
close to long-term mean values, and falling. The monthly 
average sea level atLa Jolladuring January 1988 was 83 cm 
above mean-lower-low water and nearly equal to the 1960- 
78 tidal epoch mean value. 
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Figure 1. Map of the coast of the Californias showing location of 
the sea level stations and the storm approach path. Isobars show 
pressure pattern about the time storm made landfall at Avila 
Beach near Port San Luis. 

SEA LEVEL PRESSURE ANOMALY 

Figure 2. The Southern Oscillation Index, shown by five-month 
running means of sea level pressure anomalies at Darwin 
(dashed) and at Tahiti (solid). El Niho episodes are shaded (from 
Climate Diagnostics Bulletin, 1989).= 

THE TIDE 

On the Californiaand Baja California coasts, extreme tide 
ranges approach 3 m and exhibit a number of features 
relevant to the likelihood of coaslal flooding. California's 
monthly predicted tidal extremes have only recently been 
tabulated and des~ribed.~! '~ The tide dominates sea level 
fluctuations on the west coast of North America. In this 
rriixed tide region, a lunar day consists of two high and two 
low tides, each of different magnitudes. The lower-low 
typically follows the higher-high after about 7 or 8 hours. 
Partly because of this steep decrease, the tide remains near 

PACIFIC OCEAN SEA LEVEL DEVlATiON 
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Figure 3. Monthly mean sea level distribution during December 
1986 (A), December 1987 (B) and December 1988 (C) 
corresponding respectively to El NiAo conditions, breakdown of 
the El Niho and reversal. Figures redrawn from Climate 
Diagnostics Bulletin; data supplied by Dr. Klaus Wyrtki. 

the maximum levcl, within 15 cm, for example, for about 
two hours. Thc rise from lower-low to the next higher-high 
requircs the remainder of the tidal day, or about 18 hours. 
This aspect would have significance in limiting damage in 
southern California on 17 January 1988. During winter, 
higher-high water always occurs during the morning hours, 
often very early. In case of storm warnings, this timing can 
hinder preparations since these must be carried out at night. 

Tidal variability during the lunar month is dominated by 
the spring-neap tidal cycle, with two periods each of rela- 
tively high ranges (springs) and low ranges (neaps). Spring 
tides coincide closely with the new and full moons, while 
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neaps occur with waning and waxing half-moons. One 
spring tide each month is generally highcr than the other, a 
consequence of monthly changes in lunar distance and dec- 
lination. The declination cycle also influences the diurnal 
inequality. 

Annual tide peaks occur in winter and summer, with as 
much as 60 cm highcr monthly pcaks compared with spring 
and autumn. The winter extreme is usually slightly higher 
than the summer due Lo the earth's closest approach to the 
sun, which occurs during the northern winter. The modula- 
tion itsclf is due to the declination of the sun, which is 
rnaximum in winter and summer and is anothcr characteris- 
tic of the mixed-tide regime. The fact that the highest tides 
usually occur in the winter tends to enhance the effects of 
storm related sea level extremes. It also obscures the 
rclativcly small 15 cm annual cycle of steric mean sea level 
change, which is conventionally included in the predicted 
tide. 

There is a substantial 4.4 year modulation of extreme 
tides resulting from progression of the lunar perigee past the 
equinoxes. This raises high tides roughly 15 cm. The cycle 
peaked in 1982-83, and contributed to the extreme flooding 
of that El Niiio winter. The cycle also peaked in 1986-87, 
and will crest again in 1990-91. The winter of 1987-88 
occurred near the mid-point of this modulation, with pcak 
tides 6-9 cm below the highest extremes. 

SEA LEVEL ON 16 TO 18 JANUARY 1988 

The week of 15 to 22 January 1988 was scheduled to 
include the highest tides at all stations of the Califomias, 
both of that month and of that year, with pcaks on either 18 
or 19 January .g Figure 4 shows the predicted tide (thin line) 
and the storm surge (thick line) over the 2-week period from 
11-24 January at 7 locations from San Francisco to San 
Quintin (Figure 1). Tidc prcdictions werc prcpared using 
standard harmonic constituents and subtracted from the 
respective sea level measurements to obtain the storm surge 
residual. The result was screened for errors and filtered7 to 
obtain the smooth representation shown in Figure 4. It is 
clear that the overall timing of the mid-January storm surgc 
event coincided closely with the peak tides. It is important 
to note that storm surge calculated from tide gauge records 
do not includc the set-up due to breaking waves, since the 
gauges are frequently in water depths outside the surf zone, 
or in sheltered locations. 

The peak surge amplitudes were large, but not 
record-~ctting.~ Thc maximum value (plotted relative to 
long-term mean sea level at each location) occurred at 
Monterey around midday, 17 January and reached 30 cm. 
This is consistent with available weather charts that suggest 
record low barometric pressures around this time.' Peak 
values decrease both to the north and south, with relatively 
little surge (8 cm) at San Quintin. However, it is the timing 

and duration of the surge that is of primary interest. Peak 
tides and peak storm surge coincided only at San Francisco 
and Port San Luis and nearly coincided at Monterey (Figure 
4). This occurrcd on the morning of 17 January when, for 
example, the high tide at Port San Luis cxceeded thc prc- 
dicted value by 25 cm. 

Flood damage on the central California coast rrom San 
Francisco south to Port SanLuis was limited largely because 
coastal wave amplitudes were modest.' Significant wave 
heights along this reach were below 4 m until after about 
noon on 17 January when they began to increase sharply, 
reaching9 or 10 m after midnight.' By that time, the tide was 
at the lower-high water stage, only about 30 cm above mean 
sea level at all stations, and about 90 cm below the higher- 
high of the morning. In addition, the storm surge droppcd 
rapidly during the afternoon ol' 17 January. Residual sea 
levels eventually reached 15-20 cm below normal within a 
day or two at all stations, largely because of a strong high 
pressure system bchind the storm systcm.' 

Waveheightsincreasedearlier fromPt. Conception south, 
reaching near peakvalues by early afternoon on 17 January.' 
The tides, however, at stations south of Pt. Conception were 
dropping sharply (Figure 4) at this time. Thc storm surgc 
peaked during the evening while tides were either low or 
rising to the lower-high. By the time of the higher-high tide 
on the morning of 18 January, the storm surge had subsided 
to zero, or actually tumcd negative, while the wave heights 
were decreasing rapidly. 

The major storm damage was concentrated at Redondo 
Beach where waves broke over the harbor breakwater on 
Sunday night, 17 January. The structural damage along the 
southern California coast would undoubtcdly havc bcen 
much more extensive had the storm passed over 12 hours 
earlier, or (especially) 12 hours later. The maximum storm 
surge amplitude at Los Angeles of around 25 cm would then 
have been added to the 120 cm tide. 

Figure 4 shows that the timing of the storm surge maxi- 
mum becomes progressively later LO the south because of the 
storm approach path and coastline orientation. The tide 
peak, on the other hand becomes progressively later to the 
north due to the local tideregime. Thts propagation accounts 
for the increasing spread in time toward the soulh between 
the two peaks. The maximum storm surge at San Quintin 
was only about 8 cm, but occurrcd carlicr than peaks farther 
to the north. This may be accounted for if the surge at San 
Quintin was mostly driven by frontal winds. This idea is 
consistent with available weather charts1 which show frontal 
passage through the area around noon on 17 January. 

Besides the timing of the storm, a second reason for the 
relatively limited extent of coastal damage was the short 
duration of this event. The average duration (over a 35-year 
record) for positive storm surgc rcsiduals at La Jolla is about 
6 days.6 This surge event only lasted 1 to 3 days, depending 
on location, and deteriorated rapidly as previously noted. 
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CONCLUSIONS REFERENCES 

Storm surgeduring 16-18 January 1988reached25-30cm 
along the coast of the Californias, ranking it in about the 
upper 10% of all tide residuak6 The duration of the storm 
surge and large ocean waves was relatively short compared 
with other severe storm episodcs of comparable magnitude, 
notably 1982-83. The coast was spared much more wide- 
spread and severe damage largely because of the fortunate 
relative timing of peak high tides, storm surge, and wave 
attack, and the existence of average, background, mcan sea 
level conditions. 

The storm hit San Francisco about half a day before it hit 
Ensenada, and as the storm progressed, it should have been 
possible to provide sufficient warnings along the coast in 
time to alert the fleets in the various ports. Local weather 
reports on the west coast do not routinely include average sea 
level or expected storm surge condilions. The times and 
heights of high and low tides and the wave period and breaker 
heights, on the other hand, are often printed and broadcast, 
especially during storm periods. As Figure 4 illustrates, this 
may not be adequate, as the continuous tide curve is much 
more useful in estimating the potential coincidence and 
severity of a high tide and a storm surge (and largc waves). 

The essential elements for calculating useful, near real-time, 
west coast sea level heights and forecasts exist. Large-scale 
background monthly sea level heights are routinely circu- 
l ~ ~ t e d . ~  Storm surge models exist that use atmospheric 
pressure and wind predictions (measurements) to produce 
water level forecasts (hindca~ts).~.~ Real-lime access to 
NOAA tide gauge data is now possible at six west coast sta- 
lions, incuding La Jolla and San Francisco. Simple tide prc- 
diction computer routines are rcadily available and these 
could bc used to compute surge in real-lime. Combining 
these resources to produce near real-time, total sea level 
heights and forecasts seems relatively straightforward Together 
with existing weather service wave forecasts, dissemination 
of these products couldpcrhaps significantly reduce the level 
of damage during future storins along the coast of the 
Californias. 
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Modelling the Storm Waves of January 17-18,1988 
BY W. C. O'REILLY 
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INTRODUCTION 

T HE STORM OF January 17-18,1988 produced the 
largest waves ever measured in the Southern Califor- 
nia Bight. The wave event was significant not only 

in terms of its magnitude, but also with respect to the amount 
of wave data that was collected both inside and outside the 
Channel Islands. In this sense, the storm had a silver lining, 
because it has become a sounding board from which to 
address questions concerning our ability to forecast and 
hindcast wave conditions along thc southern California 
codslline. 

This storm will undoubtedly become one of the more 
important wave events to be considered by coastal engineers 
and planncrs whcn estimating extreme wave conditions at 
sites along the California coast. Modern engineering prac- 
tices often turn to numerical wave models in order to apply 
regional offshore wave data to a specific study site. Unfor- 
tunately, the Southern California Bight has proven to be a 
particularly challenging region for wave modelling due to 
the complex array of islands and shoals offshore. 

Wave modelling methods will be used here to examine 
the effects of both island sheltering and nearshore bathymetry 
on wave conditions inside the Bight during the storm. The 
Redondo Beach area was particularly hard hit by large waves 
and will be the focus of the discussion on modelling waves 
in thc ncarshore region. 

The purpose of this paper is not to attempt to define rig- 
orously the wave climate during the storm nor to estimate 
design wave heights at the coast, but rather to describe how 
one might apply well documented wave modelling tech- 
niques to gain insight into what was observed. 

WAVE CONDITIONS OUTSIDE THE ISLANDS 

A logical starting point for a wave model would be in the 
deep ocean outside the Channel Islands. Wave data from 
Harvest Platform and the Begg Rock Buoy (see Seymour, 
this issue, Figure 1) provided estimates of the wave energy 
spectra during the storm, but they did not measure direc- 
tional information. Therefore, wave hindcasts were used to 
define the directional properties of the deep ocean spectrum. 
Howcvcr, the resolution of these hindcasts depends greatly 
on how well the wind field in the wave generation area can 
be defined. Wind data offshore from the California coast is 
generally sparse and this case was no exception. - 

Obtaining cstimates of deep ocean directional wave spec- $ 
cn .- 

L L  

tra outside the islands is a major stumbling block when 
estimating wave conditions along the southern California 
coastline. The sheltering effects of the islands and shoals 
result in a very complicated relationship between the deep 
ocean and nearshore wave conditions. Deployments of 
much- needed directional wave gauges outside the islands 
are presently in the planning stages. However, it is unlikely 
that the limited directional information obtained from these 
instruments (Lypically pitch and roll buoys) can be used as 
the sole source of input to wave models. 

A deep ocean frequency-directional spectrum was cre- 
ated by combining wave measurements and hindcasts, pro- 
vided by Dr. N. Graham (Scripps Institution of Oceanogra- 
phy), in an attempt to make a reasonable directional repre- 
sentation of the largest wave conditions observed during the 
storm (Figure 1). The peakdirection of the spectrum was 280 
degrees (270 being directly from the west and 360 from the 
north), with apeak period of 17 seconds. Note that, due to the 
close proximity of the generation areato southern California, 
the directional spectrum was quite broad in comparison to a 
swell from a distant storm. 

TRANSFORMING A WAVE SPECTRUM 
THROUGH THE ISLANDS 

Once a deep ocean frequency directional wave spectrum 
was chosen, wave spectra were estimated inside the islands. 
A technique well-suited for such a task, spectral transforma- 
tions by refraction, was derived by Longuet-Higgens3 and 
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discussed more recently by LeMehaute and Wang2. 
Spectral transformations begin by back-refracting wavc 

rays from ashcltered sitc of interest to the deep ocean. Back- 
refracting consists of using some type of ray tracing method 
(e.g. Runge-Kutta integration) to calculate ray paths over a 
grid of bathymetry data. Wave rays are calculated over the 
range of all possible frequencies and directions. Thc rcla- 
tionships beiween the rays' starting directions in sheltered 
water and their eventual deep ocean directions are used to 
transform deep ocean spectra to sheltered locations. Island 
sheltering is incorporated when rays strike an island and do 
not continuc into the deep ocean. The starting angles 
associated with these rays cannot receive energy from out- 
side the islands. 

This method uses only wave refraction theory and is of 
limited use in arcas close to shoals or near island edges, 
where diffraction effects can be important. However, it is a 
valid method for transforming spectra into local deep water, 
which is defined as an area that is several hundred meters 
deep, offshore Erom the coast, but still well within the 
islands. Local deep water is in the far-field of (i.e. many 
wavelengths away from) any sources of wave diffraction and 
can only receive a small fraction of the wave energy which 
has passed through these diffraction regions. Therefore, if a 
significant portion of the deep ocean energy reaches a local 
deep water site, then it can be assumed that the wave field at 
that site is dominated by refracted waves. Through spectral 
transformations, estimates of wave spectra directly offshore 
from a study site can be made, thereby simplifying the 
problem of estimating wave conditions in nearshore areas. 

Back-refraction was performed for a number of local deep 
water sites in southern California where measurements wcre 
taken during thc storm (NOAA buoy 46025, Mission Bay 
buoy, Santa Cruz Island buoy; see Seymour, this issue, 
Figure 1). The deep ocean spectrum shown in Figure 1 was 
transformed to the location of the Mission Bay buoy (Figurc 
2). Note that thc directional spectrum became bi-modal due 
to the sheltering effects of the islands. The main peak was at 
17 seconds from 260 degrees, and represented waves which 

Table 1. Estimated and Measurcd Significant Wave Heights 

Location Significant Wave Height# 
Estimated Highest Measured 

Decp Ocean 11.0 10.1 ; 8.8 ** 
Mission Bay Buoy* 7.2 6.6 
Santa Cruz Canyon Buoy* 5.5 4.8 
NOAA Buoy 46025 7.1 8.0 

* no data for the peak of the storm wave heights due to power outage at the Scripps' 
data collection facility. 

** data are for Begg Rock buoy* and Harvest Platform*, both of  which are pa~ial ly 
sheltered for some deep ocean wave periods and directions. 

# Heights in meters 

energ9 dcnsity - zmZ/(dcg ise: ) 

Clemente Island and south of San Miguel and Santa Rosa 
Islands. 

The deep ocean spectrum was also transformed to the 
sites of the Santa Cruz Island Buoy and NOAA buoy 46025 
norlheast of Santa Barbara Island (Figures 3 and 4). In each 
case the strong sheltering effects of the islands can be seen. 
The Santa Cruz Island buoy only received wave energy from 
the wcst-southwest, and the NOAAbuoy from more westerly 
directions. The significant wave heights for all three esti- 
mated spectra were consistent with the largest actual meas- 
urements (Table I.), giving some support to the claim that 
the idealizcd deep occan spectrum was not grossly incorrect. 
This does not imply, however, that sufficient deep ocean 
wave information exists to calculate, for example, the along- 
shore transport of sediment. In order to confidently model 
the wave conditions in detail, and over the entire time period 
of the storm, a greal deal more directional information would 
be required. 

It is important to mention that no allowance for locally 
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cally contained less than 20% of the total energy during the 
periodof peak wave heights. However, there were periods of 
very high local winds which did make significant contribu- 
tions to the wave spectra inside the islands. A complete 
model, especially for the case in which a storm passed 
directly through the study region, should include local wave 
generation. 

erie q v  d e r ~ ~ i t y  - crn2/(deg.*ser ) 

THE WRONG PLACE AT THE WRONG TIME, 
REDONDO BEACH 
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The Redondo Beach area, particularly the breakwater at 
King Harbor, sustained an inordinate amount of damage 
compared to most of the southern Californiacoastline. Thus, 
it is of interest to transform the deep ocean wave spectrum to 
alocal deep water site offshore from theRedondo Submarine 
Canyon, and to use a recent finite-difference refraction 
method1 to look for regions of wavc cncrgy concentration in 
the nearshore. 

The estimated local deep water spectrum is shown in 
Figure 5. In this case the spectrum has become tri-modal, 
with the majority of the wave energy arriving from the west. 
The peak direction for this portion of the spectrum was 
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roughly 265 degrees with secondary peaks at 230 and 200 
degrees. Note the fact that the significant wave height cal- 
culated from the spectrum was actually a little smaller than 
that for the Mission Bay buoy. This implies that the Redondo 
Beach area was shcltcrcd by the islands to the same degree 
as other, less damaged, sections of the southern California 
coastline. 

King Harbor is located at the end of a very deep, long, and 
narrow underwater canyon (Figure 6). The use of a wave 
refraction model over such an area may seem somewhat 
futile at first, and if, in fact, one's goal were to make accurate 
extreme wave height estimates in shallow water, it wouldn't 
be of much help. However, refraction, even over complex 
topography, does lend itself to the task of mapping out re- 
gions of wave energy convergence and divergence with a 
minimum amount of computational effort. Munk and Tray- 
lot' provided an early demonstration of this for the case of the 
north and south branches of theLa Jolla Submarine Canyon. 

A contour map of wave heights from the refraction 
program, for an incident 15 second deep water wave and a 
direction of 265 degrees, is shown in Figure 7. Figure 8 is for 
waves which arrived from 230 degrees, after passing through 
the gap between Santa Catalina and Sanla Barbara islands. 
Refraction provides a linear relationship between the inci- 
dent and shallow water wave heights when wave breaking is 
neglected. In this case, thc wave heights shown are relative 
to the incident deep waler height. The energy in the local 
deep water spectrum associated with the peak at 265 degrees 
translates to adeep water significant wave height of approxi- 
mately 5.5 meters. The secondary peak at 230 degrees 
contained about 20% of the Lola1 energy and had a significant 
wave height of roughly 2.5 meters. A comparison of the two 
refraction diagrams reveals that wave energy, coming through 
the islands from the west, was primarily concentrated south 
of the canyon, with a few isolated zones of extreme wave 
heights near the breakwater. Interestingly, the waves from 
the southwest, although presumably smaller than those from 
the west, showed a strong convergence pattern at the head of 
the canyon and may have made a significant contribution to 
the large wave heights at King Harbor. 
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CONCLUSIONS ACKNOWLEDGEMENTS 

A somewhat heuristic look has been taken at modelling 
the extreme wave conditions of January 17-18, 1988. A 
significant shortcoming was due to the limited amount of 
deep ocean directional wave data. The geographic complex- 
ity of the Southern California Bight, makes the need for 
accurate deep ocean directional wave information even 
more acute than for sections of open coastlinc. 

Spectral transformation by refraction is auseful means lor 
transforming deep ocean spectra into sheltered spectra over 
large and relatively complex coastal regions. The method is 
most reliable in local deep watcr, where the penalty for 
neglecting diffraction is minimized. 

Based on what can be gleaned from hindcasts and wave 
energy measurements, it appears that the unusually large 
wave heights at Redondo Beach were due to the concentra- 
tion of wave energy by the Redondo Canyon, and not due to 
a lack island sheltering compared to the rest of the Bight. 
The majority of the local deep water wave energy was 
estimated to be from the west and zones of high wave heights 
in the vicinity of thc breakwater wcrc calculated for this 
incident wave direction. Waves from the southwest also 
converged strongly near the breakwater and potentially 
played a significant role as well. 

The wave spectrum transformation model for southcrn 
California was developed as a part of an ongoing wave data 
applications study, funded by the California Department of 
Boating and Waterways. Thanks to R.A. Dalrymple for 
providing the source code for the refraction program, and R. 
T. Guza, R.E. Flick, and R. Simon for their helpful com- 
ments. 
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Morphologic Response of an Inlet-Barrier 
Beach System to a Major Storm 

INTRODUCTION 

HE COASTAL ZONE in the vicinity of the Tijuana 
River Estuary is a morphologically dynamic inlet- 
barrier beach system in a relatively natural state. 

This coastal system supports delicate dune and wctland 
ccosystems, the latter depending upon the existence o l  clean, 
brackish water condilions maintained by tidal conveyance of 
water between the estuary and sea9. The quality of these eco- 
systems is a function of the direct passage of tidal flows into 
the slough arms within the estuary. Rivcr flows arc very low 
most of the year, except during winter storins, when very 
high discharges can occur (as in December 1987 and January 
1988). The configuration of the TijuanaRiver Estuary is sig- 
nificant in that the slough arms extend laterally from the inlet 
and run parallel to, and behind the backshore of the barrier 
beach. With such a configuration, the slough arms are sus- 
ceptible to barrier overwash and sedimentation during ex- 
treme wave conditions. 

Rcquiremcnts for continued flushing of the estuary are: 

1) protection of the barrier beach from extcnsive 
overwash; 

2) preservation of the potcntial tidal prism within 
the estuary, and 

3) maintenance of an open inlet. 

Wave, storm runoff and tidal processcs can affcct the above 
factors. 

The inlet-slough channel system experienced occasional 
instability following major storms related to the El Nifio of 
1982-83. Dune overwash and tidal inlet closurc and have 
occurrcd thrcc times (1983, 1984 and 1986) since those 
storms8. The storrnof January 17-18,1988 was as potentially 
damaging to the stability of this system as storms that have 
caused instability in the past. 

METHODS 

Topographic data and aerial photography of the Tijuana 
Rivcr inlet-barrier beach had been acquired during a Sea 
Grant study of entrance channels in southern California2. 
Direct visual and photographic observations were made on 
the morning of January 18,1988. Most of the encrgy of the 
storm had already been expended by that time, but storm 
waves were still very large at the time of observation. 

A baseline survey representing conditions prior to the 
storm was obtained on December 20, 1987, and post-storm 

elevations were surveyed with two persons using a plane 
table, aledaide and survey staff. Inlet cross-sectional meas- 
urements were made along the same transects (ie. cross- 
sections) for both dates. Point clcvation measurements were 
also made on the barrier beach and flood delta. All eleva- 
tions were referenced to Mean Lower Low Water using a 
survey benchmark. 

Aerial photography was acquired from a small plane 
using a 35 mm camera on December 21,1987, and after the 
storm on January 27,1988. The timing of photographic ac- 
quisitions coincided approximately with low tide for each 
day. 

INLET CONSTRICTION 

During the early morning of January 18, 1988, wave 
erosion along the foreshore in the vicinity of the inlet, 
coupled with flood tidal currents to produce sediment trans- 
port directly into the Inlet and estuary. Barrier beach 
washover processes that occurred during the storm are 
addressed by Fink (this issue). The flow velocities of flood 
tidal currents diminished as waters entered the lagoon, 
causing sedimentation around the flood-tidal delta. As 
compared to the clear channel shown in Figure 1, photo- 
graphed in December 1987, a sediment plug resulting from 
this deposition in January 1988 is visible within the slough 
channel inFigure 2. Point elevation measurements obtained 
on January 22, 1988 showcd that approximately one meter 
of sediment was deposited in the vicinity of the flood-tidal 
delta. 

Figure 1. Oblique aerial photograph of the Tijuana River inlet at 
low tide on December 21,1987. The inlet has a wide, deep channel 
following high storm runoff and spring tidal conditions. Note the 

conditions wererccordedon January 22,1988. Topographic unrestricted slough channels and deltaic deposits on either side 
of the mouth. 
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Figure 2. Oblique aerial photograph of theTijuana River inlet and 
south barrier beach at low tide on January 27,1988 after the storm 
of January 17-18, 1988. The inlet is constricted and slough 
channel sedimentation is visible. Note the wide, eroded foreshore 
zone and the absence of a delta at the inlet mouth. 

Some of the sedimentation within the inlet channel likely 
occurred during peak tidal elevation or slack watep. Under 
these conditions wave swash appeared to have eroded the 
banks of the inlet, depositing sediment within the channel. 

The inlet constricted initially due to sedimentation by 
wave-generated currents and flood tidal flows, and later by 
reduced tidal scouring. Figures 3 and4 show the topographic 
surveys of December 20,1987 and January 22, 1988. The 
inlet is much narrower in width and shallower at the thalweg 
after the storm. Later, further constriction occurred because 
of the ineffective scouring of ebb tidal flow, which was 
limited due to the reduced tidal prism resultant from slough 
channel sedimentation5. The depositional sill created by the 
presence of the sediment plug at the confluence of the 
sloughs acted as a partial barrier to tidal filling of the estuary, 
effectively reducing the estuary's potential tidal prism. This 
reduction of the tidal prism decreased the effectiveness of 
tidal flows to scour the inlet, allowing further sedimentation 

by wave-gencratcd currcnts within thc inlet3. 
The fact that the inlet even remained open at all was 

attributed to the superposition of storm runoff from the 
Tijuana River. The storm runoff, augmented by the hydrau- 
lic head between lagoon and sea during spring tide, resulted 
in flow velocities that were high enough to scour some of the 
newly deposited sediment from within the inlet. As the 
streamflow subsided, it is likely that further sedimentation 
took place in the inlet from the high waves that persisted 
several days after the storm. Thus, much of the channel 
aggradalion recorded in the surveys of January 22 and 
channel constriction observed on the aerial photograph of 
January 27, probably took place after the storm runoff had 
subsided. 

NEARSHORE PROCESSES 

Many of the processes and morphologic changes in the 
nearshorc zone that occurcd during thc storm of January '88 
could be inferred from field obervations made on the morn- 
ing of January 18 and by visually interpreting larger-scale 
aerial photographs. Processes that could be descriptively 
inferred included erosion of an existing delta and beach 
sediment on the foreshore, as well as the alteration of 
submarine topography, leading to changes in the pattern of 
wave refraction, wave breaking and sediment transport. 

The mouth, as well as the rest of the inlet, constricted as 
the scouring capacity was reduced by the decreasing tidal 
prism. The mouth appeared to have deflected further north, 
becoming oriented with the major source of tidal prism and 
storm runoff supplied by the main river channel. 

On December 21,1987, synchronized storm and ebb tidal 
currents flowed through deltaic deposits, with remnant bilur- 
cating channels on either side of the main channel. While 
there is often a small, bifurcating ebb tide delta seaward of 
the mouth, this rclativcly large fcaturc was crcatcd by 
sediment that was transported to the sea during large storm 
runoff associated with anearlier storm in December of 1987. 
By January 27, 1988 this delta had been eroded away by 
waves associated with the January '88 storm. 

More subtle features interpreted on the aerial photographs 
were wave-related patterns that differed greatly between the 
two dates. On December 21 wave refraction patterns off- 
shore from the mouth were characteristic of those associated 
with a submerged delta. The wave breakpoint was displaced 
seaward and wave-current interactions were evident even 
farther seaward from the breakpoint. The only influence on 
the inlct by wavcs was thc intcraction of run-up with tidal 
currents that generated standing waves at the mouth. 

By January 27 the subaerial delta had been removed and 
there were no signs of wave refraction that wouldsuggest the 
existence of a submarine delta. Wave refraction patterns had 
changed substantially in and around the inlet channel, with 
higher wave velocities in the deeper parts of the channel. 

The changes in the foreshore morphology and wave 
refraction patterns due to storms such as the one that occured 
on January 17-18, 1988 may substantially alter the naturc of 
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Figure 3. Three-dimensional depiction of the Tijuana River inlet on December 20, 1987, 28 days before the storm. Data are from 
topographic surveys conducted during low tide. View is looking upstream from the sea toward the lagoon. Inlet cross-sectionswere 
surveyed from right to left across the diagram. Areas of no data are to the far left side of the inlet and represent the termination of 
cross-sectional surveys. 
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Figure 4. Three-dimensional depiction of the Tijuana River inlet on January 22, 1988, four days after the storm. View is looking 
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wave-related sediment transport, and subsequently the sta- 
bility of the inlet. The probability that sediment transported 
by wave-related processes will reach the inlet increases once 
the foreshore and surCzone is flattened in the vicinity of the 
mouth7. When waves refract and break further offshore due 
to thc prcscncc of a delta, wave-related transport to the inlet 
is inhibited1. As influenced by refraction, locally divergent 
longshore drifting will tend to transport sediment away from 
the mouth4. When the wave break point moves further 
offshore, the probability that sediment will be transported 
cross-shore into the mouth is reduced. Once the delta is 
removed, longshore drifting is more likely to become locally 
u~lidirectional or convergent at the mouth, the latter case 
causing sedimcnt to be delivcrcd to thc inlct. Following 
removal of the delta the breaker zone moves closer to shore 

waters and waves are more likely to propogate up the deepPr 
of the inlet channel. 

CONCLUSIONS 

The storm that hit the coast of southern California on 
January 17 and 18, 1988 provided an excellent opportunity 
for studying the effects of storms on an inlet-barncr bcach 
system. Field observations, topographic surveys and aerial 
photographic acquisitions made before and after the storm at 
the Tijuana River Estuary provided much insight into how 
storm-related processes affect the stability of such a system. 

Several conclusions can be drawn concerning the mor- 
phological response of the inlet-barrier beach system at the 
Tijuana River Estuary to the January '88 storm. First, inlet 
constriction occurred as largc storm waves were synchro- 
nized with high water levels (associated with spring tide and 
storm surge conditions), causing sedimentation to occur 
within the slough arms near the inlet. This lead to sill 
formation and effectively reduced the potential tidal prism. 
The inlet narrowed and became shallower, initially due to 
direct deposition of wave-transported sediment, and later 
because of limited flushlng when the tidal prism was reduced. 

Inlet constriction was followed by sedimentation from 
processes associated with storm waves. Thcsc proccsscs 
acting within the nearshore zone caused erosion of an exist- 
ing submerged delta, that altered nearshore morphology in a 
manner that enhanced wave and longshore transport of 
sediment into the inlet. 

Had the largest waves been more closely synchronized 
with the highest spring tides, much more sedimentation 
would likely have occurred in the slough arms, seriously 
decreasing the long term stability of the inlet. The fact that 
the inlet remained unstable for only a short time was appar- 
ently duc to thc ability of stormflow from the main river 
channel to scour and maintain a functioning inlet. 

The findings from this study illustrate the complexity of 
processes that interact to influence the stability of coastal 
inlets, and underscores the need to take a systems approach 
when trying to manage them. The logistical and practical 
difficulties in trying to obtain field measurements of process 

variables for these short-lived and infrequent storms, points 
to the need to develop numerical models incorporated with 
available field dala to predict their effects on inlets. 
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Effects of Dune Overwash During the January 18,1988 
Storm at the Tijuana Estuary, San Diego, California 

BY BRIAN H.  FINK 
Dept of Biology, Sun Diego State University, San Diego, Califurnia 92182 

ABSTRACT 

T THE TIJUANA ESTUARY, storm ovcrwash of 
the coastal dune and adjacent saltmarsh has been 

. common in recent years. This process has caused a 
gradual decline in the estuary's tidal prism, loss of saltmarsh 
habitat and local mortality of dune and estuarine organisms. 
In addition, the coastal dune has been reverted to a less 
mature stale of develop~rlenl characlerized by low species 
diversity and plant cover. Positive aspects of this overwash 
include a small gain of coastal dunc habitat, exclusion of 
glycophytic weedy plant species, and nourishment of the 
dune and estuarine habitats through deposition of wrack and 
seawater ions. The effects of the January 1988 storm, al- 
though not as severe as the El Niiio storms of 1982-83, had 
significant impacts on the Tijuana Estuary dune and saltmarsh 
ecosystems. 

TIJUANA RIVER ESTUARY 

TheTijuanaRivcrEstuary, a 1500 acre system" is located 
immediately north of the United States-Mexican border. 
Here, extensive saltmarsh is bordered on the west by a 
coastal dune that extends the entire 3.5 kilometers of the 
river valley. Two of the largest estuary channels are situated 
parallel to the coast, immediately inland of the dune (Figure 
1). The north arm ernpties approximalely 50% of the estu- 
ary7, while the south channel contributes about 20% to the 
tidal prism. This juxtaposition of the estuary channels to the 
mouth and thc dunc (both highly dynamic during storms), 
has led to repeated sedimentation of those channels with 
sand eroded from the dune during wave overwash. 

Since these two channels comprise the majority of the 
tidal prism of the estuary, dredging is necessary after sedi- 
mentation to retain the tidal prism, presently one-fifth of its 
former size7. Mouth closure occurs when the tidal prism 
reaches a critical minimum and scouring decreases at the 
mouth during ebb flow. When the mouth is closed for a 
pcriod of months, the system changes dramaticly, and many 
important biotic components of the saltmarsh start to dieout. 

EFFECTS OF DUNE OVERWASH 

During the storm of January 1988, sand was deposited 
into the channel south of the estuary mouth, cutting off tidal 
circulation. All invertebrates and fishes living in this channel 
were coinplelely displaced by the sand plume that flowed 

Figure 1. The Tijuana Estuary depicting the Pacific Ocean to the 
left, coastal dune habitat and saltmarsh with channel arms 
extending top to bottom. Approximate scale is 1 :20,000. Photo 
by Aerial Photobank, Inc., San Diego, Ca. 

over this site. The saltmarsh vegetation, comprised primar- 
ily of picklcweed (Salicornia virginicus) was buried. Ap- 
proximately 80 metersof this channel were completely fillcd 
with sand; the remaining 700 meters were at least 40% 
filled2. To restore tidal flow, 1000 cubic yards of sand were 
dredged from this channel in the fall of 19886. 
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Ironically, this sedimentation occurred only where the 
dune profile was low. Here, several 0.5-m high hummocks 
sparsely vegetated with beach burr (Ambrosia chamissonis) 
are maintained by the U.S. Fish and Wildlife Service for 
optimum California Least Tern (Serna anrillarum) nesting 
habitat. 

Figure 2. A newly constructed barrier dune after the 1982-83 
storm season. From right to left one sees the Pacific Ocean, 
coastal strand, the sculpted dune, and saltmarsh with the 
south channel open to tidal circulation. Photo by Stow. 

Figure 3. Ovetwashed dunes after the January 18,1988 storm. 
Extensive stems of the sand verbena (Abronia maritima ) can 
be seen draped on the fence enclosure. Photo by Zedler. 

Figure 4. During the 1988 storm, overwash sand flowed into a 
main channel south of theestuary mouth. The Pacific Ocean is 
in the top of this photo, thus sand flowed from the beach down 
into the saltmarsh. To the left of this overwash fan are the 
sculpted dunes and the south channel below this. Photo by 
Stow. 

In other areas where the 2 to 3-m high dune was restored 
with previously dredged material (Figure 2) , extreme wave 
generated erosion occurred. Deep gullies were made in the 
dune and sand plumes flowed inland. The majority of native 
dune vegetation planted for stabilization of the barrier dune 
were lost in this storm, some to sand burial, while others 
cxposcd to brcaking waves werc strippcd of all above- 
ground biomass at the substrate surface (Figure 3). 

Other species of plants, although not physically removed 
by storm waves, suffered heavy mortality from the effects of 
seawater inundation. This maritime stress has the effect of 
"sterilizing" the duneenvironment. Inland glycophyticplant 
seedlings germinate closer to the surfline with each succes- 
sive year void of storm overwash. These species, gradually 
crccping toward thc shore are elirninatcd following inunda- 
tion. Physiological responses of certain native dune species 
to this stress and to sand erosion/accretion and seaspray 
deposition have been studied by Fink1. 

In addition to the elimination of glycophytes from the 
dune, many native perennial dune plant species were extir- 
pated as a result of this storm. Species lost were the beach 
evening primrose (Camissonia cheiranthifolia), goldenbush 
(Isocoma venetus), and beach lotus (Lotus nuttalianus). 
Mortality likely resultcd from problcms associatcd with 
increased internal solute concentrations (osmoregulation). 
Other species of perennial plants better adapted to this harsh 
environment such as the sand verbena (Abronia maritima) 
and the beach burr (Ambrosia chamissonis) were temporally 
set back due to physical removal of much of the above- 
ground biomass, but resprouled within 8 weeks. The latter 
two species could be termed "seasonal halophytes" due to 
the ability to withstand all maritime stresses present in the 
strandline environment. 

Although severe overwash can be devastating to coastal 
organisms, there are some benefits to the ecosystem associ- 
ated with overwash. Aside from eliminating exotic glyco- 
phytic plant species (weeds), overwash adds minerals ele- 
ments to the sand substrate. Seawater inundation is a signifi- 
cant input to the mineral budget, which may produce a 
fertilizer effect3". Wrack, deposited along the entire dune 
during the storm, added scarce organic matter to the sand 
substratc. 

The loss of saltmarsh habitat by wave generated sedimen- 
taiion was offset somewhatby a net gain in coastal strandand 
dune habitats. Although over 75 percent of the saltmarsh 
habitat has been destroyed in Califomid and is one of the 
most productive ecosystems, coastal dunes are even rarer 
due to their ease of development. In San Diego County they 
provide habitat for such endangered species as the California 
least tcm (Sterna antillarum), thc San Dicgo homed lizard 
(Phrynosoma coronatum blainvillei), and the sand dune tiger 
beetle (Cicindela latesiguata latesiguata). 
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SUMMARY REFERENCES 

In summary, there were many impacts of the January 18, 
1988 storm on the TijuanaEstuary. Sedimentation of one of 
the main channels caused local extinction of the inverte- 
brates and Cish here as well as loss of important saltmarsh 
habitat (less than 2 acres total for this storm and the 1982-83 
storms). With continued sealevcl rise, morc habitat will be 
lost during future storm events. The stabilizing dune vegeta- 
tion experienced high mortality as a result of the storm, 
although this was a species-specific response based mainly 
on relative tolerance to seawater inundation. The former 
topographically heterogeneous coastal dune with numerous 
microsites was reduced to a sand plain, an earlier succes- 
sional stage characterized by a few extremely hardy species 
of plants and animals. In addition, overwash contributed 
nutrients as wrack and seawater ions as well as eliminating 
weedy inland glycophytes, which compete for scarce water 
and minerals. 
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Experimental Ocean Platform Survives 
Extreme Storm Waves 

BY ROBERT F. ZIECK AND WARREN A. BARTEL 
Ocean Structures Division, Naval Engineering Laboratory 

Port Hueneme, California 

INTRODUCTION 

HE NAVAL CIVIL ENGINEERING LABORA- 
TORY executed an ocean test program to collect 
environmental and response data for evaluating the 

performanceof small ocean platforms mooredin deep water. 
The testprogram, with its specially-built, 100-ton, semisub- 
mersible platform deployed oCf soulhem Calirornia, was op- 
erational during the 17-18 January 1988 storm. This storm 
produccd wave hcights approaching thc survival conditions 
used in designing this experimental semisubmersible. Envi- 
ronmental and platform response parameters were measured 
through the peak of the storm. The data shows that the 
response for an extreme storm event can be much larger than 
for annual storm events. 

EXPERIMENT DESCRIPTION 

Small semisubmersible platforms moored in deep water 
are proposed as ocean facilities for Navy trackingranges. To 
design these unique ocean platforms, one needs to calculate 
the response of these floating platforms to extreme storm 
conditions. Nonlinear computer models, which couple the 
dynamics of the hull with that of the mooring legs, were 
developed for simulating the response of these proposed 
ocean platforms to various environmental events. The accu- 
racy of thesecomputer models must be validated againstreal 
experimental data from an extreme environmental event. 

To collect this environmental loading and structural rc- 
sponse data, NCEL executed a two year ocean-basedMotion 
Measurement Experiment (MME) using a specially-designed 
semisubmersible platform. A large-scale, at-sea experiment 
was desirable to a small-scale, laboratory experiment be- 
cause hydrodynamic properties cannot be truly represented 
for extreme seas in a laboratory model basin. 

The MME was conducted a1 a sile 25.3 nautical miles 
south-southeast of Port Hueneme, California at coordinates 
33"44.8'N, 1 1g002.5'W. In addition to thc scmisubmcrsiblc, 
the MME included a 10-meter discuss wave buoy supplied 
by the National Data Buoy Center (NDBC) and a vertical 
current meter array supplied by the Naval Oceanographic 
Office (NAVOCEANO) . Consisting of 15 vector-averaging 
current meters, the NAVOCEANO array collected 15-min- 
ute averages of current velocity versus depth. The NDBC 
buoy, commonly known as the Santa Monica Basin Buoy 
#46025, collected hourly scalar and directional wave spec- 

tra, wind speed and direction, temperatures, and barometric 
pressure. Because the directional wave system was being 
repaired, only non-directional wave spectra is available for 
17-Jan-88. 

The MME semisubmersible was deployed within four 
nautical miles of the NDBC buoy and the NAVOCEANO 
array. The semisubmersible huIl consisted of 5-ft. diameter, 
33-Ct. long columns connected by 4.5-ft. diameter, 50-ft. 
long pontoons. It displaced 96.4 long-tons at 20 foot draft. 
The hull was moored in 2,910 [eel ol water using a three- 
point spread mooring. Each mooring leg consistedof a chain 
pendant, polycstcr linc, anchor chain, and an anchor. Dcsign 
details are given in Ref. 3. 

The semisubmersible was instrumented with a motion 
sensing package, a solid state compass, two wave staffs, a 
long baseline acoustic positioning system, two electromag- 
netic current meters, several shackle load cells, and three 
wind speed sensors as shown in Fig. 1. Sampled at 3.333 
Hertz, time-series data from over 40 sensor channels was 
normally acquired aboard the semisubmersible for five hours 
every wcckday. Data acquisition timcs wcrc cxtcndcd whcn 
storms were expected. 

17-18 JANUARY 1988 STORM 

Although a large magnitude storm had not been predicted 
for 17 January 1988, the data acquisition system had fortu- 
nately been set to operate during this particular day. Excel- 
lent environmental loading and response data was collected 
conlinuously from 0800 17-Jan-88 until failure of the motion 
package at 0500 18-Jan-88. 

Data from the NDBC wavc buoy showcd a rapid build-up 
of the storm in the vicinity of the MME as shown in Fig. 2. 
In Fig. 2, significant wave height is defined as the average 
height of the highest one-third of all waves. Similarly, peak 
wave period is defined as the wave period associated with the 
maximum value of the wave energy spectrum. The signifi- 
cant wave heightrose from 10 feet to 26.2 feet in less than 6 
hours. Prior to the storm, the wave energy was concenuated 
in moderately-high, long-period swell. As the storm ap- 
proachcd, thc wavc cncrgy shiftcd to short-pcriod wind 
waves. As the storm increased in strength, the wave energy 
intensified into very-high, long-period storm swells. 

The unmanned MME semisubmersible was designed for 
amaximum significant wave height of 27.1 feet just 0.9 feet 
larger than produced by the 17-Jan-88 storm. Based upon 
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extreme probability theory of random seas, 44 fcet is the 
largest single wave that could theoretically occur in an area 
where the significant wave height measured 26.2 feet. 

Wave heights relative to the moving semisubmersible are 
measured by wave staffs attached to the semisubmersible 
hull. Traditional wave lime history traces for a fixed point 
are produccd by adding platform motions to the wave staff 
time history1. Fig. 3 shows a wavc timc history trace contain- 
ing one of the largest waves that actually passed through the 
h4ME semisubmersible. From peak to trough this wave 
measured 42 feet, 9 feet more than the height of the semisub- 
mersible hull. Moving in compliance to the waves, the hull 
sustained only minor damage from wave slamming against 
the bottom of the deck. 

Thc spectral energy of the waves as measured by the wave 
staffs are compared against that measured by the NDBC 
buoy, Fig. 4. A very close comparison is shown, independ- 
ently confirming the large wave energies measured by the 
NDBC buoy in this storm. 

SEMISUBMERSIBLE PLATFORM RESPONSE 

Directionality of the storm can be assessed from the 
movement of the Mh4E semisubmersible within its watch 
circle. Fig. 5 shows a trace of the sernisubmersible center of 
gravity in the horizontal planc from 0900 hours 17-Jan-88 to 
0500 hours 18-Jan-88. The semisubmcrsible moved first 
easterly, then southwesterly, and finally southeasterly just 
prior to the peakof the storm.This low frequency movement 
was due to the time-dependent combination of environ- 
mental loading on the semisubmersible from wave, wind and 
currents acting from differentdirections. Therandom, higher 
frequency motions of lhe semisubmersible are representa- 
tive of the response of a semisubmersible to the wave forces 
created by a storm-generated directionally spread sea. 

The semisubmersible platform was designed to be com- 
pliant but remain stable during extreme waves2. This stabil- 
ity is demonstrated in Fig. 3. In large, long period wavcs, thc 
hull heaves up and down in phase with the wave and thus 
avoids wave slamming. On the other hand, the hull rolls and 
pitches 90 degrees out of phase with the wave and thus avoids 
rolling over. The platform remains rotationally stable even 
in wave heights approaching the survival limit. 

The semisubnlersible hull was also designed to minimize 
motions during everyday wavc conditions for normal Navy 
tracking operations. In smaller, short period waves, the hull 
remains essentially still while the waves pass through. Unlike 
conventional semisubmersibles, the smaller MME semisub- 
rnersible hull was designed to have natural periods near wave 
periods. The MME semisubmersible has natural periods of 
10.8, 13.0, and 13.0 seconds in heave, pitch, and roll, 
respectively. Rcsonant motion amplification is kept to a 
minimum by hydrodynamic damping. 

During theextreme storm of 17-Jan-88, the scmisubmers- 
ible platform experienced the largest mooring line tensions 

of the entire experiment, due mostly to large current and 
wave drift.Dynamic mooring line tensions were only slightly 
higher for the 17-Jan-88 storm than for previous storms 
which produced significant wavc hcights that were less than 
one-third as high. However, maximum platform yaw was 
over seven times larger in the 17-Jan-88 storm than previ- 
ously measured. The dynamics of small semisubmersibles 
moored in deep water is undoubtedly a nonlinear process. 

CONCLUSION 

For experimental purposes, we designed the MME sem- 
isubmersible to have dynamic natural frequencies of molion 
near thoseof the expected peak wave frequcncy for the MME 
site. This way we could measure the performance of the 
semisubmersible to random waves with peak periods above 
and below peak resonant response. We also sized the MME 
semisubmersible so that the one-year probable wave heights 
would create molions that would be near the limit for normal 
Navy operations. 

At-sea tests arc always risky in the sense that you may 
have to wait for a hundred or so years to capture that one 
extreme event. We were, however, fortunate to capturc an 
event of truly large proportions in only two years of testing. 
The 17-Jan-88 storm produced a significant wave height that 
was much larger than expected and a peak wave frequency 
that was centered about the natural periods of the semisub- 
mersible hull. 

Although rare, the winds, waves, and currents generated 
by this storm reprcscnt a loading environment that is orders 
of magnitude above the annual expected events. Designers 
of ocean platforms, piers, and other coastal structures must 
not forget that it is these extreme events, with their associ- 
ated nonlinear response uncertainty, that will determine the 
survivability of the structure. 
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Figure 3. MME semisubmersible motions resulting from largest 
recorded wave. 

1/17/88 0 1900 PST ndbc.wkl 
100 - . .- . . -  - 

90 - 

7" ! 

9 6, 

30 

0.03 0.04 0.05 0.36 007 0 08 0.09 010 011 012 013 014 015 "16 n 17 n l i i  n19 

FREQUENCI (Hz1 
+ NDOC O MWE Figure 1. MMEsemisubmersible showing key environmental and 

platform motion sensors. Figure 4. Comparison of wave spectral densities measured by 
MME wave staff and by NDBC buoy. 

Figure 2. NDBC wave height and period data from Santa Monica 
Basin Buoy #46025. 

- 
IAN 17 IAN 19 

28 

26 - 

24 - 

", 22 - 

B 
e Y 20 18 - 

1'1 v /-JI\ 
5 ls.J~ //u-\?\: i/\ 
r 1 4 -  

lJ / 

Wa)-05D3 l/V-1/18/68 LBS RAW DATA 
40 

30 

M 

10 

0 

-10 

2 0  
3 

W u. -4 

8 -so 

i: -60 

9 -70 

-a 
-9 1103 -0500 

ICO 

110 

-la 
130 

-IN 

-40 2 0  0 20 40 60 80 ID0 120 140 

EhSTlNC (FEET1 

Figure 5. Watch circle movement for MME semisubmersible 
through duration of storm. 

L, 

,l 
i7 

f 
\, 

A" 

I0 - 

8 -  

SHORE AND BEACH 

Y' 

6 -  

4 . , , . , . , . , . , . , , . ,  I , ,  ' 1  , 1 1 ' , ~ 1  , ' , , I '  

8 10 I 2  14 16 18 20 22 0 2 4 b 8 10 I2 14 Ib I8 20 22 0 2 

- 
PACIFIC STANDARD TIME lHrsl 

5 1 ~  wave nt 1rt1 + peak period ISIEI 



About the Authors 
GEORGE A. ARMSTRONG 

George A. Armstrong is Supervisor of the Beach Erosion 
Control Branch, Boating Facilities Division, California De- 
partment of Boating and Waterways. He has directed shore 
processes studies and supervised construcition 01 beach ero- 
sionand shoreline protection projects for Boating and Water- 
ways for more than twenty years being responsiblc for the 
formulation, planning, design and construction of major 
shore protection projects along the entire California coast- 
line. He is the first recipient of the California Shore and 
Beach Preservation Association's Award for Outstanding 
Achievement in Coastal Preservation and was one of the 
founding directors of CSBPA in 1980. Captain Armstrong 
has recently retired from the U.S. Naval Air Reserve where 
he specialized in aerial mapping and remote sensing and has 
also achieved Emeritus Member Status with the American 
Society of Photogrammetry and Remote Sensing. He is a 
1952 Civil Engineering graduate of San Jose State College 
with graduate work in International Law at the Naval War 

ANTOINE R. F. BADAN-DANGON 
Dr. Badan-Dangon is a research oceanographer at CIC- 

ESE in Ensenada, Mexico. After obtaining a Bachelor of 
Science degree from the University of Baja California in 
1972, he earned a Masters (1975) and PhD (1981) degree in 
physical oceanography from Oregon State University. His 
thcsis research conccntratcd on the dynamics of subinertial 
currents off Northwest Africa. In 1978, as agraduate studcnt, 
Dr. Badan-Dangon co-authored a widely used Spanish lan- 
guage text book in basic physical oceanography. Starting in 
1982, he was a key co-principal investigator in a multi-year, 
joint, CICESE-Scripps Institution of Oceanography investi- 
gation of the circulation of the Gulf of California. Dr. Badan- 
Dangon resides on a ranch ouBide Ensenada where he has 
recently begun to cultivate wine grapes. 

KURTIS S. BARON 
Kurtis S. Baron is a Geography student at the San Diego 

State University. He is a physical geographer with interests 
in coastal gcomorphology and marine fisheries. I-Ie has 
served as student assistant on a Sea Grant study of coastal 
inlets and river mouths in southern California. 

WARREN A. UARTEL 
Warren A. Bartel is a Civil Enginccr in the Ocean 

Structures Division of the Naval Civil Engineering Labora- 
tory, Port Hueneme, CA. He is a graduate of Texas A&M 
University. His research work at the laboratory has 
included ocean experimental testing, computer simulations 
of offshore structure response and scientific and 
engineering data analysis. He is currently working with Dr. 

Leon Borgman, of the University of Wyoming, on the 
continued development of a conditional wave simulation 
model for accurate generation of random wave kinematic 
time histories. 

DANIEL R. CAYAN 
Daniel R. Cayan is a specialist in Meteorology at the 

Climate Research Division at the Scripps Institution of 
Oceanography. He has a Masters Degree in Meteorology 
from the University of California, Davis and is currently 
working towards a PhD in Physical Oceanography, at the 
Scripps Institution of Oceanography, Universityof Califor- 
nia, San Diego. Cayan's current research activities include 
studies of the variability of large scale surface heat fluxes 
over thc ocean; the influcncc of atmospheric circulation, 
precipitation and streamflow fluctuations over North Amer- 
ica, and seasonal climate predictions over the United states. 

GEORGE W. DOMURAT 
Gcorge W. Domurat is a Coastal Engineer with the U.S. 

Army Corps of Engineers, South Pacific Division in San 
Francisco. He has been involved in numerous coastal engi- 
neering and planning studies involving channel and harbor 
design, shore erosionJprotection and field data collection 
programs. He is currently staff level specialist for coastal 
engineering activities along the entire California coast. Mr. 
Domurat received a B.S. in Marine Science f~om Stockton 
State College and an M.S. in Oceanography from Old Do- 
minion University. He is Vice-President of the American 
Shore and Beach Preservation Association and Prcsident of 
the California chapter of ASBPA. 

ANDERS K. EGENSE 
Anders K. Egense, a Senior Civil Engineer with Boyle 

Engineering Corporation in San Diego, holds a B.S . and a M. 
Eng. from theuniversity of Califomiaat IrvineandBerkeley, 
respectively. His experience includes coastal processes, shore 
protection, beach nourishment, and dredging, and spans 
projects on the U.S. Pacific Coast, Great Lakes, and Alaska 
Beauforl Sea. 

BRIAN H. FINK 
Brian H. Fink is an adjunct professor of Biology at San 

Diego State University. He received a B.A. in Biology from 
the University of Delaware in 1981 and an M.S. in Biology 
from San Diego State University in 1987. Currently he 
conducts research at thc Pacific Estuarine Research Labora- 
tory; his interests include stress tolerance of coastal plants, 
coastal stabilization using native plants, habitat restoration 
and population dynamics of endangered plant species. 

OCTOBER 1989 



REINHARD E. FLICK 
Reinhard E. Flick is the staff oceanographer for the 

California Department of Boating and Waterways and a 
research associate at the Ccntcr for Coastal Studics at Scripps 
Institution of Oceanography. His primary area of research is 
nearshore processes, particularly the physics of waves on 
beaches and the factors influencing sea level fluctuations. 
His work encompasses regional beach erosion processes and 
the approaches for dealing with this problem and he has 
worked with numerous public agencies concerning particu- 
lar solutions. Born in Freiburg, West Germany, on 27 May 
1948, Dr. Flick joined the Scripps staff in 1970 as a graduate 
student and research assistmt and received his PhD in 
oceanography in 1978. Prior to joining Scripps, he attended 
Cooper Union for the Advancement of Science and Art in 
New York City and received his B.S. degree in physics and 
mathematics in 1970. While an undergraduate, he worked at 
Woods Hole Oceanographic Institution as a summer fellow 
and at the United Nations statistical office in New York. 

NICHOLAS E. GRAHAM 
NicholasE. Graham is currently an assistantresearch me- 

teoroligist with the ClimateResearch Division at the Scripps 
Institution of Oceanography and a consultant in marine 
meteorology affiliated with Pacific Weather Analysis. Dr. 
Graham holds Masters and PhD degrees in geography from 
the University of California, Santa Barbaraand is designated 
as a Certified consulting Meteorologist by the American 
Mctcorological Society. His current research interests in- 
clude understanding and forecasting El Niiio activity, inter- 
annual and decadal time scale climate change, and slowly 
propagating barotropic Rossby wave activity in the Northern 
and Southern Hemispheres. With Pacific Weather Analysis, 
he has participated in many studies in marine meteorology 
pertaining to forecasting, case studies, and climatologies of 
wind and wave conditions. 

WILLIAM C. O'REILLY 
William C. O'Reilly is presently completing his PhD dis- 

sertation at Scripps Institution of Oceanography, University 
of California, San Diego, CA. Along with Robert T. Guza, he 
has been developing a model which uses historical wave data 
and inverse methods to hindcast wave spectra throughout the 
Southern California Bight. 

RICHARD M. SEYMOUR 
Dr. Seymour is Head of the Ocean Engineering Research 

Group at the Scripps Institution of Oceanography, Universi- 
tyof California at San Diego. He has directed a major wave 
climate measurement program at Scripps for more than ten 
years and was program director of the Nearshore Sediment 
Transport Study. He served for ten years as staff oceanogra- 
pher for the California Department of Boating and Water- 

ways. He is Vice Chairman of the Marine Board, National 
Research Council. 

ARTHUR T. SHAK 
Mr. Shak is currently thechief ot the Coastal Engineering 

section at the Los Angeles District, U.S. Army Corps of 
Engineers. He is a civil engineering graduate from the Uni- 
versity of Hawaii at Manoa, and has worked as a coastal 
engineer for the firms of Tetra Tech, Inc. and Moffatt and 
Nichol, Engineers in southern California. Mr. Shak is also a 
member or the American Society or Civil Engineeers. 

DOUGLAS A. STOW 
Dr. Douglas A. Stow is an Associate Professor of Geog- 

raphy at the San Diego State University. His teaching and 
research intersts are in remote sensing and physical geogra- 
phy, specializing in the modeling and analysis of dynamic 
earth systems. He is a co-principal investigator of a Sea 
Grant study of coastal inlcts and rivcr mouths in southcrn 
California. He received his BA, MA and PhD in Geography 
from the University of California, Santa Barbara. 

R. REA STRANGE I11 
R. Rea Strange I11 has been a consultant to offshore 

industry since 1959. Originally with National Marine con- 
sultants he later headed the forecast division of North American 
Weather consultants. Having started his own company, 
Pacific Weather Analysis, in 1977 he continues to provide 
worldwide studies in marine weather as well as wind and 
wave forecasts for the North Pacific. He is located in Sanla 
Barbara, California. 

CIIRISTOPHER K. WEBB 
Christopher K. Webb is an environmental planner for 

Cotton/Beland/Associates, Inc. in Encinitas, California and 
a part time geography instructor at Mira Costa college. He 
received his BA and is completing his MA in Geography 
from the San Diego State University. His emphasis has been 
in physical geography, specializing in coastal geomorphol- 
ogy. He was a Sea Grant Trainee for and is completing his 
thesis on a study of coastal inlets and river mouths in 
southern California. 

ROBERT P. ZUECK 
Robert F. Zueck is a Research Civil Engineer in the 

Ocean Structures Division of the Naval Civil Engineering 
Laboratory, Port Hueneme, CA. He is a graduate of the 
University of California, Irvine (BS) and Berkeley (ME). 
His research interests include design of unique offshore 
structures, finite element analysis of nonlinear structures, 
and development of computer-aided draftinglengineering 
software. He is currently project leader for design of a large 
underwater acoustic test facility. 

SHORE AND BEACH 



CUBIT ENGINEERING 
a dlvls~on of Klmley-Horn and Assoc~ates, Inc. 

Devoted to specialized coastal engineering, 
modeling, and design services 

BEACHES 
INLETS 
HARBORS 

Coastal and Full-service Engineering 
4431 Embarcadero Drive West Palm Beach, Florida 33407 

407 845-0665 
15 offices coast to coast 

~~1 C O N S U L T A N T S  

L '7 &a 
Coastal Consultants 

Stud~es - Designs - C o n s t r u c t ~ o n  

1225 Dock Road 

Mad~son, O h l o  44057 

H o m e  of C a s h e n  Cone & W e d g e  

Established In 1940 

D e d i c a t e d  t o  ha l t i ng  e r o s i o n  

/ 

If you're lookrng for new challenge, and a satrtfymg carper, 
consrder the downtown Bellevue, Washington offrce of 
CH2M HlLL a lead~ng consultrng engmeerrng frrm wrth 
one of the lowest profess~onal staft turnover rates among corn 
sultants 101n us and learn what pride of ownersh~p means 
at d firill know11 kc~r c ~ r ~ ~ l r ~ l t r n ~ r i t  to engrnperrng ~xrpllpnrp 

COASTAL, BEACH RESTORATION & 
MARINA/HARBOR ENGINEERING 

STUDIES, PLWNIhG, DESIGN, 
CONSTRUCTION MANAGEMENT & INSPECTION SERVICES 

LOU SHOI(LL1NE HIGHWIV. S U l n  U-586. MILL VALLEY. CA 94Yll-3610 ' ~151.iSl-194t 
lLUl UIIPONT 1)IIIVE. SIII'I'E 6111. IRtINE, lAI.IFOUNIA 92715-1513. 7141~52.15 $11 - 

Engineers must be graduates from A BET-accredited schools 
with a BS in Civil Engineering; MS specializing in Coastal 
tngineering. Pt required. M~nimurn of 5 years' experience 
in design, engineering analysis, modeling, project manage- 
ment, and field studies. Good written and verbal skills are 
essential. 

CHzM HlLL is an employeeowned firm which offers flexi- 
ble benefits and a salary commensurate with experience. An 
eq~lal opportunity employer. Qualified candidate5 (applicant3 
only) should send their resume, including salary history and 
requirements, in confidence, to: Manager of Recruiting 
SEA;CIV4, CHzM HILL, RO. Box 22508, Denver, CO 
80222-0508. 

Great Lakes 
Dredge & Dock 
Company 

.""r,.,- 
Great ~ a k e s  InternabonaL inc. 

River 8 Harbor Improvements 
Flood Control 
Land Reclamat~on 
Heavy Fourdations 
Subaqueous Rock Blasting 
Beach Nourishment 

Corporate Offces 
21 22 York Road 
Oak Br0o.c L 60521 
31 2 574-3000 
-elex 25-AAAl 
Cable GRATLAK. Ch~cago 

Great Lakes Division 
Oak Brook, 1 1  31 7 574-3000 
Nor th Atlantic Division 
Staten Island. NY 71 8 981 -2700 
South At lant~c D i v ~ s ~ o n  
Balt~more. MD 301 561-1 050 
Southern Division 
Jacksonv~lle. FL 904 737-2739 
Gulf Coast Division 
New Orleans. LA 504 242-1 990 
Pacific Division 
Oakland CA 41 5 436-0663 



' 

$ 1  
L. r 

MARINE ENGINEERS AND CONTRACTORS 

Amdean Dredging Compny 
BOX 190. BEACH & ERIE STREETS. CAMDEM, NJ 08101 
(215) 925-8458 (609) 963.0963 . INCORPORATED in 1W 




