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ABSTRACT .

ALLAN, J.C. and KOMAR, P.D., 2002. Extreme storms on the Pacific northwest coast during the 1997-98 EI Nino
and 1998-99 La Nina. Journal of Coastal Research, 18(1), 175-193. West Palm Beach (Florida), ISSN 0749-0208.

Six major storms occurred between 1997 and 2000 offshore from the Pacific Northwest (PNW) of the United States,
each generating deep-water significant wave heights greater than 10 m, the approximate height of the 100-year storm
event determined from wave data collected up through 1996. Part of this apparent sudden increase in storm-wave
heights was found to be associated with a progressive increase that has spanned the past 25 years (ALLAN and KOMAR,
2000), and a progressive increase in the magnitude and frequency of North Pacific cyclones since the late 1940s
(GRAHAM and DIAZ, 2001), but also may have been affected by successive occurrences of a strong EI Nino (1997-98)
and moderate La Nina (1998-99). The objective of this paper is to document in detail the meteorological conditions
and wave generation of these recent storms, due to their unusual strengths and because they produced substantial
erosion along the coast. The paper focuses primarily on the two severest storms that crossed the PNW coast; the 19
20 November 1997 EI Nino storm that generated 10.5 m significant wave heights, and a storm on 2-3 March 1999
(La Nina) that produced 14.1 m significant wave heights. With the presence of several NDBC buoys close offshore,
the movement of each storm can be followed as it developed, and there is good spatial documentation of the meteo
rological conditions and generated waves. The measured wave heights and periods are used to calculate the along
coast variations in wave runup on PNW beaches. In addition, tide gauges permit analyses of the accompanying storm
surge produced by the high winds and low atmospheric pressures of the storms. The largest storm surge occurred
during the strongest storm in March 1999, which produced a peak surge of 0.6 m along the Oregon coast and 1.6 m
on the Washington coast. Important to the resulting coastal erosion are analyses undertaken of the total water levels
reached during the storms, produced by the wave runup above and beyond the elevated tides. Analyses of the 19-20
November 1997 EI Nino storm and 2-3 March 1999 La Nina storm yielded estimated wave runup elevations that
ranged from 2.8 to 4.1 m, while the total water levels (wave runup plus tides) reached 6.4 m relative to the NGVD
1929 vertical datum. These high water levels were a major cause of extreme erosion observed along the coasts of
Oregon and Washington.

ADDITIONAL KEY WORDS: EI Nino; La Nina; coastal erosion; extratropical storms; storm surge; wave generation.

INTRODUCTION

It is important to analyze the characteristics of unusually
extreme storms in terms of the heights and periods of waves
they generate, of the accompanying storm surge that can el
evate tides along the coast, and the total water levels along
the shore that result from the superposition of the storm
wave runup on top of the elevated tides. The understanding
gained through such analyses can be important to the safety
of shipping, and to assessments of erosional impacts along
coasts.

In the Atlantic, and particularly along the East Coast of
the United States, the main focus has been on the formation
and impacts of hurricanes and extratropical storms or
"nor'easters" (DAVIS and DOLAN, 1993; DOLAN et al., 1988; Do
LAN and DAVIS, 1992a, 1992b, 1993; JENSEN and GARCIA, 1993;
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JONES and DAVIS, 1995; MAA and WANG, 1995). Fewer anal
yses have focused on the major extratropical storms that oc
cur in the North Pacific. DANIELSEN et al. (1957) analyzed the
frequency and intensity of severe storms in the Gulf of Alas
ka, in connection with the loss of the S.S. Pennsylvania dur
ing a storm on January 9, 1952 when the deep-water signif
icant wave height reached 14 m. They concluded that the
asymmetry of the storm was such that the waves were acted
upon by winds from the same direction for a long period of
time, accounting for their having acquired a high level of en
ergy. DANIELSEN et al. also documented that there had been
a great deal of variability in the intensities of storms in the
Gulf of Alaska from the 1920s to the early 1950s, with the
years having the most severe storms tending to be grouped.
EARLE et al. (1984) investigated the unusually severe storms
off the U.S. West Coast that occurred between January and
March 1983, within the time frame of the major 1982-83 El
Nino. They analyzed the conditions of wave generation and
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EXTRATROPICAL STORMS

Figure 1. The Pacific Northwest coast, the states of Washington and
Oregon, with locations of NDBC wave buoys and tide gauges utilized in
this study.

Extratropical storms are essentially low-pressure cyclonic
systems-in the Northern Hemisphere, counterclockwise-ro
tating storms-that develop in regions of unstable conditions.
These storm systems form at mid-latitudes, north of about 30
degrees, in response to the mixing of warm, humid air, hav
ing its origin in the Tropics, with cooler air that is carried
down from the Arctic by the polar jet stream (DAVIS and Do
LAN, 1993). The accumulation of tropical air at mid-latitudes
results from poleward airflow aloft in the Hadley circulation
cells that form either side of the equator (STURMAN and TAP
PER, 1996). The descending limb of these cells creates a sub
tropical belt of high-pressure at the surface. At the same
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teorological conditions and wave generation of the two largest
extratropical storms that occurred off the PNW, respectively
during the 1997-98 EI Nino and 1998-99 La Ni11a. This is
made possible by the existence of a number of wave buoys,
Figure 1, located close offshore. Each buoy records a variety
of meteorological data including barometric sea-surface pres
sures, wind speeds and directions, and wave statistics
(heights and periods). With the presence of several buoys, the
movement of each storm can be followed as it developed, and
insight is gained into the spatial influence of the storm along
the length of the PNW coast. In addition, there are two tide
gauges on the ocean coasts of Washington and Oregon, Figure
1, that permit analyses of the accompanying storm surge, the
super-elevation of mean water levels above the predicted tid
al elevations, produced by the high winds and low atmospher
ic pressures of the storms. The paper concludes with analyses
of total water levels that were reached during the storms
along the shores of Washington and Oregon, produced by the
runup of the storm waves on beaches, above and beyond the
elevated tides.

propagation to the coast, where the high waves produced con
siderable damage.

The 1997-98 major EI Nino resulted in a return of high
waves along the West Coast of North America, with the oc
currence in the Pacific Northwest (PNW), the states of Wash
ington and Oregon, of 20 large storms when the deep-water
significant wave heights exceeded 6 m for 9 hours or longer
(ALLAN and KOMAR, 2000, in review). Based on wave data col
lected through 1996, RUGGIERO et ale (1996) had projected a
100-year expected significant wave height of approximately
10 m. One storm exceeded that projection during the 1997
98 EI Nino, on 19-20 November 1997. The occurrence of such
an extreme storm was unexpected in that during an EI Nino
the storm systems tend to cross the West Coast further to
the south in central to southern California, rather than pass
ing directly over the PNW (SEYMOUR, 1996). The severe wave
conditions were far worse during the following 1998-99 La
Nina winter, when 17 to 22 major storms occurred off the
PNW coast, with four having generated deep-water signifi
cant wave heights equal to or greater than the 10-m projected
100-year occurrence. The largest storm developed on 2-4
March 1999, generating 14.1-m deep-water significant wave
heights. Thus, the PNW received a "one-two punch" from the
successive EI Nino and La Nina winters, with severe cumu
lative erosion of the coast. All five storms that generated
deep-water significant wave heights in excess of 10 mare
classified as "extreme" on the Dolan/Davis scale of extratrop
ical (nor'easter) storm magnitudes proposed for the Atlantic
(DOLAN and DAVIS, 1992a).

With this recent development of unexpectedly extreme
wave conditions, it was decided to re-examine the wave cli
mate of the PNW in order to up-date the analyses of RUGGI
ERO et ale (1996) and TILLOTSON and KOMAR (1997). In anal
yses of buoys off the coasts of Washington and Oregon, ALLAN
and KOMAR (2000, in review) found that the winter wave
heights and periods had progressively increased during the
past 25 years, the duration of the buoy measurements. The
increase was greatest off the Washington coast, where the
averaged winter (October through March) deep-water signif
icant wave heights have increased at a rate of 0.042 m/yr,
amounting to an increase of about 1 m during the 25 years
of measurements. The largest significant wave heights gen
erated by the yearly strongest storms increased from about
8 to 12 m, a 50% increase. ALLAN and KOMAR (2000, in review)
expanded the analysis to include a series of 6 buoys ranging
in latitudes from the Gulf of Alaska to Point Arguello in
south-central California. A systematic dependence on lati
tude was found, wherein the greatest increase in wave
heights occurred off the coast of Washington, slightly less for
Oregon, still less in northern California, and negligible in
central California and in the Gulf of Alaska. ALLAN and Ko
MAR (2000, in review) concluded that the extreme storms and
waves experienced off the PNW during the past few winters
was part of this long-term progressive increase in wave
heights and periods, but were also influenced by the occur
rences of the strong EI Nino in 1997-98 and La Nina in 1998
99, which affected the paths of storms crossing the coast and
apparently also their intensities.

The objective of this paper is to document in detail the me-
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Table 1. Wave buoy site characteristics.

177

Station
Name

46005
46002
46029
46050

Location

Washington Oat. 46°05'00"N; Long. 131°00'00"W)
Oregon (Lat. 42°31'37"N; Long. 130015'37"W)

Columbia River (Lat. 46°07'00" N; Long. 124°30'0" W)
Newport (Lat. 44°37'16"N; Long. 124°31'42"W)

Water Depth
(m )

2,853
3,420

128
130

Period Of Operation

1976-present
1975-present
1984-present
1991-present

System

6-meter NOMAD buoy
6-meter NOMAD buoy
3-meter discus buoy
3-meter discus buoy

time, the poleward movement of air aloft is deflected by the
Earth's rotation, resulting in westerly winds that are respon
sible for the pattern of storms that cross the West Coast. This
west-to-east propagation of storms is enhanced by the polar
jet stream (a concentrated zone of westerly winds), located at
an altitude of about 10 km, which is extremely important for
the formation of major storms at the surface (REITER, 1967).
Although extratropical storms rarely acquire wind strengths
comparable to hurricanes, their influence is often more wide
spread, affecting stretches of coast up to 1,500 km in length
(NATIONAL MARINE CONSULTANTS, 1961; DAVIS and DOLAN,
1993). The classic model of extratropical storm development
is through cyclogenesis and the frontal wave theory (UCCEL
LINI, 1990). Of importance is the existence of an upper tro
pospheric jet, which overlies major frontal regions between
subtropical and polar air masses characterized by strong
thermal advection patterns and baroclinic zones (UCELLINI,
1990; STURMAN and TAPPER, 1996). In its simplest form, a
small wavelike indentation develops along a front that sep
arates two air masses of different density, and hence different
temperatures (Hsu, 1988). If the system intensifies, lower
level air converges around the apex of the wave and a cyclonic
circulation pattern will begin to occur. Vertical motions are
enhanced as the front becomes unstable due to the superpo
sition of a region of upper level divergence aloft, caused by
the strong winds associated with the jet. The jet stream
therefore contributes to cyclogenesis by moving mass away
from the storm center, allowing the surface pressure to be
depressed, with the development of a low-pressure system at
the surface. Thus, the greater the divergence of mass in the
zone of the jet stream, the stronger the storm system be
comes. In addition, the convergence of air at the surface caus
es the air column to be stretched, which enhances the vortic
ity or circulation around the low center (STURMAN and TAP
PER, 1996). These transformations are frequently produced by
wind speed changes associated with the tropospheric jets, as
well changes in curvature of the flow. As a result, strong cy
clogenesis occurs when both lower level cyclonic vorticity and
upper level forcing occur simultaneously. If only one mecha
nism is in place, cyclogenesis may be weak or nonexistent
(LEWIS and Hsu, 1992). It is therefore apparent that a strong
jet stream is essential for the formation of extratropical
storms, while the prevalence of storms is related to seasonal
and interannual changes in the position and strength of the
jet stream (JONES and DAVIS, 1995),

ALLAN and KOMAR (2000, in review) demonstrated that the
inter-annual variability of storms in the North Pacific closely
follows the East Pacific (EP) Teleconnection Pattern and the
Southern Oscillation. The EP index provides a measure of the
strength of the westerly winds and the position of the jet

stream, both important for storm formation. When the EP is
positive, the westerly winds are enhanced and the jet stream
is directed toward the PNW and northern California; a neg
ative EP pattern is characterized by a pronounced split-flow
configuration in the jet stream, which results in reduced
westerly winds over the eastern North Pacific (CLIMATE PRE
DICTION CENTER, 1999). ALLAN and KOMAR (2000, in review)
showed that the large numbers of storms during 1997
through 1999 corresponded to a marked increase in EP val
ues, becoming strongly positive in 1999, following several
years of negative EP values when the numbers of storms
were much lower. Furthermore, the relationship was found
to be latitude dependent, with the incidence of storms off
shore from the PNW being related to the EP index, while
storm frequency off the California coast was dependent al
most entirely on occurrences of EI Nifios versus La Nifias,
being most frequent during an EI Nifio.

METEOROLOGICAL AND WAVE CONDITIONS

Analyses of the meteorological conditions associated with
the 1997-98 EI Nifio and 1998-99 La Nina storms have been
derived from an examination of North Pacific surface weather
charts prepared by the National Oceanic and Atmospheric
Administration (NOAA). These charts are prepared on a six
hourly basis, and provide good insight into the development
and propagation of storms across the North Pacific. The anal
yses are supplemented by a number of wave buoys located
offshore from the PNW, Figure 1, which are operated by the
National Data Buoy Center (NDBC) of NOAA. Table 1 de
scribes the general characteristics of each of the wave buoys,
and includes their World Meteorological Organization station
name, location, water depth, and type of buoy. Due to the
severity of wave conditions during both winters, two of the
buoys were damaged so they have gaps in their data records.
The buoys record a variety of meteorological data, including
barometric sea-surface pressures, wind speeds and direc
tions, as well as measuring the heights and periods of the
waves. These data are obtained hourly, and are transmitted
via satellite to the NDBC laboratory for analyses of the me
teorological data, wave-energy spectra, significant wave
heights (HJ, average zero-up-crossing wave periods, and
peak spectral wave periods (Tp)'

The extreme storms of interest in this study are those that
generated deep-water significant wave heights equal to or
greater than 10 m. As noted above, the 1997-98 EI Nifio pro
duced one such event, while the 1998-99 La Nina resulted in
four events; another occurred during the winter of 1999
2000. While all six storm events have been analyzed, the pre
sentation here will be limited to two storms, the most ex-
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Figure 2. The track of the 17- 20 November 1997 El Nino storm, with
the patt ern of atmospheric pressures on 19 November at th e peak of the
storm.

treme storm tha t occurred during th e 1997-98 El Nin o, and
th e stronges t storm of th e 1998-99 La Nina.

El Nines and La Nin as represent opposite extremes in an
otherwise continuum of global climate events, with "average"
conditions generally prevailing between th ose extremes . In
the past two decades ther e have been seven EI Nines, with
the 1982-83 and 1997-98 events having been the stronges t
on record , whil e th e peri od betw een 1990 and 1995 was char
acterized by per sist ent EL Nino conditions, the longest on
record (TRENBERTH. 1999 ). During an EI Nino , important to
coastal erosion are occurre nces of elevated mean water levels
th at cau se th e measured tid es to be much higher th an nor
mal , produced by warmer offshore water temperatures, th e
geostrophic effects of northward flowing currents, and sea 
level "waves" emanating from the tropics. During "average"
or La Nina years , these processes are not as strong, so that
mean water levels along the coast are closer to normal. Also
important along th e U.S. West Coas t are th e changing wave
conditions betw een EI Nino and La Nina events. During an
El Nino ther e is a southerly shift of th e jet stream, which
results in a higher incidence of sto rms that cros s th e coast of
Californ ia (KOMAR, 1986; PETERSON et al. , 1990; SEYMOUR,
1996, 1998 ; STORLAZZI and GRIGGS. 2000 ; KOMAR et al., 2000 ).
Due to this southe rly shift of the jet stream, SEYMOUR (1998)
has suggested th at the PNW would generally experience low
er wave energies during EI Nifios than in normal or La Nin a
years. However , th is is refuted somewha t by the large num
ber of storms that occurred during th e 1997-98 El Nin o, bu t
does account in part for the st ill higher number of large
storms th at st ru ck th e PNW during th e 1998-99 La Nin a
(ALLAN and KOMAR, in review).

Pacific Surface Analysis
Valid: 18h 17 Nov. to OOh 20 Nov. 1997

X NOSe wave buoy
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The 19-20 November 1997 EI Nino Storm

Mete orological conditions during the 1997-98 EI Nino were
unusual, cha ra cterized by a very deep and inte nse Aleutian
Low, whil e the Hawaiian High atmospheric system was
above normal, yielding a strongly positiv e EP index as noted
above. Unlike th e 1982- 83 El Nino, both atmospheric sys
tems were extremel y large in areal extent , with the Aleu tian
Low center ed close to th e PNW, encompassing much of the
northeast Pacific , while the Hawaii an High expanded toward
th e coast of J apan and into th e Bering Strait . As a result,
conditions were ideal for th e development of extratropical
storms due to th e strong temperature and pressure gr adien ts
betw een the Aleutian Low and Hawaiian High. These con
diti ons were further aided by a strong zonal jet stream that
fed numerous storms that origin ated south of J apan, and sub
sequently moved northeastward into th e North Pacific (BAN
CROFT. 1998). Throughout January-February 1998, the Aleu
tian Low continued to expand and deepen, reach ing 16 mb
below normal and eventua lly covering the entire West Coast.
Consiste nt with previous El Nifios, th e jet stream progres
sively shifted to th e south so th e California coast received a
significantly higher incidence of storms during J anuary and
February 1998. Close to th e West Coas t, however , th e jet
stream adopted a meridional flow pattern, which may ac
count for the larger number of storms th at were directed at
the PNW coast than is normally expected during an EI Nin o.

The extreme storm of 19-20 November 1997, which gen
erated th e largest waves during th e 1997-98 El Nino, first
developed well out in th e central North Pacific, near 34"N
and 144°W. The storm track, Figure 2, as represented by th e
position of th e center of lowest atmosphe ric pressure, reveals
that the depression moved in a northeasterly direction to
wards th e Washington coast . Included in Figure 2 is the syn
optic weather situation at 06h GMT on November 19, asso
ciated with th e peak of th e storm.

The storm developed rapidly during 17-18 November , with
a pressure drop of over 30 mb in 24 hour s, and by 18h GMT
on 18 November , wind circula tion was occurring around a
well-defined low-pressure center. During th at 24-hour period,
the storm traveled some 1700 km as it inte nsified, moving at
an average rate of over 70 km per hour. Due to th e rapid
drop in pressure and th e speed of storm development, such
storms have been referred to as "explosive" or as a "bomb"
(SANDERSand GYAKUM. 1980). The development of "explosive"
storms is poorly under stood compared with the formation of
ord inary storms (UCCELLINI, 1991). Furth ermore, STRANGE et
al. (1989) obse rve d th at "explosive" storms are relatively un
common in th e eas tern Pacific, further demonstratin g the ex
treme nature of this November 1997 storm.

Atm osph eric pressures and wind speeds measured at th e
series of buoys off th e PNW, Figure 1, are graphed in Figure
3. At buoy #4600 5, located off th e Washington coast, wind
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Figure 3. Measurements of atmospheric pressures and wind speeds, and wave heights and periods, derived from the four NDBC buoys during the 17
20 November 1997 storm.

speeds began to increase on 17 November. Buoys to the south
(#46002) and east (#46029 and #46050) did not show an in
crease in wind speeds until the early hours of 18 November.
Wind directions were initially from the east due to the pres
ence of a large high-pressure system that was located over
the North American continent. As the storm approached from
the southeast, winds progressively swung round to the south

and southwest. At each of the buoys, the change in wind
speeds and directions occurred approximately simultaneously
with a drop in the atmospheric pressure, Figure 3.

The significant wave heights measured at the four buoy
sites during the duration of the storm are also graphed in
Figure 3. Wave conditions prior to the onset of the storm were
characterized by low wave heights (H, = 2-3 m) and long
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Figure 4. Spectral energies of waves at four frequ encies , generated by
th e 17- 20 Novemb er 1997 storm.

Figure 5. The GOES infrared sa tellite image at DOh on 19 November
1997, at th e peak of the storm.

back toward the Oregon coast, Figure 2, pa ssing betw een th e
offshore Oregon an d Wash ington buoys. This passage is in
dicated in Figure 3 by th e sudden drop in wind speeds mea
sured first at the Oregon buoy, an d more dr am atically at the
Washington buoy, indicating tha t th e eye of the storm passed
close to th e Washington buoy; this passage is also indicated
by a full 3600 cha nge in wind directions measu red by th e
Washington buoy.

By 06h on 19 November, the storm had reached its peak
with a maximum central pressu re of 972 mb. The infrared
GOES satellite image taken at OOh GMT, close to th e storm's
peak , Figure 5, shows the pronounced development of the cy
clonic syste m offshore from th e PNW . At the storm's peak ,
fetch distanc es over which th e wind speed and direction were
re latively const ant were on th e order of 400 km, indicating
consider able potential for th e gene ration of high waves . This
fetch was located to the south of the st orm center, Figure 2,
and was orien tated west-southwest so that the genera ted
waves wer e dir ected toward the PNW coast , pr imarily sweep
ing along th e northe rn Oregon coast and progressively onto
th e Washingt on coast.

As can be seen in Figure 3, wind speeds increased rapidly
th rou ghout 19 November, reaching a maximum hourly av
erage speed of 50 knots at th e Oregon buoy, and over 40 kno ts
at the Newport buoy. These peak wind speeds coincided ap
proximately with the times at which the lowest atmospheric
pressures were recorded at ea ch of th e buoys. In response to
the strong winds and relati vely large fetches to the south
west, wave growth occurred rapidly at the Oregon , Newport,
an d Columbia River buoys (Figu re 3). For exam ple, wave
heights at the Newport buoy wer e around 2.7 m at 06h on 19
November , and reached a maximum significant wave height
of 10.5 m by 15h . Thus, about ten hours were requi red to
form th e maximum significant wave height , with th e largest
waves occurring during a 6-hour period between 12-18h
GMT, coinciding with th e st ronges t wind s. This is fur th er
reinforced in the wave energy spectra plot , which shows that

2119 20
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periods (T; = 16.7 sec). However , as the storm approached
from th e southwest , the buoys reveal a sudden decrease in
the wave per iods to around 6 sec betw een 12-18h on 18 No
vember, pri or to th e development of large waves . Figure 4
shows th e resulting variations in spectral ene rgy densiti es for
four frequ ency bands, 0.05, 0.06, 0.10 an d 0.13 Hz (corre
sponding to periods of 20, 16.7, 10 and 8 sec respecti vely),
deri ved from ea ch of th e bu oys. The figure reveals a sma ll
amount of energy at low frequ encies (0.05 and 0.06 Hz) ea rly
on 18 November , associa te d with long per iod swell waves. At
th e Oregon buoy (#46002), located far thest offshore and
th erefore closes t to the approa ching storm, the increase in
th e 0.13 Hz highest freq uency waves at about 18h on 18 No
vember, Figure 4, reflects a change from th e pre-st orm swell
state to th e first arriva l of waves gene rated by the approach
ing storm. These changes occurred about 4 hour s later at th e
offshore Washington buoy (#46005), and several hours later
at the Newport and Colum bia River buoys . By 18h on No
vember 18, the centra l pressure of th e storm system was 986
mb, and was centered approximately 750 km to the south
west of Oregon.

As a res ult of a high-pressu re system to th e south and eas t
of the developing storm, Figure 2, the sto rm bri efly moved
toward the north between 18-00h on 18-19 November . How
ever , by 06h GMT on 19 Novemb er the system had swung
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Pacific Surface Analysis
Valid : 06h 02 Mar. to OOh 04 Mar. 1999

X NDSe wave buoy

Figure 6. The track of the 2--4 Mar ch 1999 La Nina stor m, with the
pattern of atmospheric pressures at th e time of th e storm 's peak.

toward the Gulf of Alaska . In J anuary 1999, a very st rong
upp er low developed over the Gulf of Alas ka th at dir ected the
jet stream southward over the PNW (BANCROFT, 1999). This
resulted in th e passage of a number of severe ext ratropical
storms across the PNW , producing widespread coastal ero
sion. Although the re were four major storms during the
1998-99 La Nin a when deep-water significant wave heights
reached or exceeded 10 m, all of which have been ana lyzed,
here we will examine only the 2-3 March 1999 storm th at
gene ra te d waves ha ving a 14.1-m deep-water significan t
wave height.

The March 1999 storm was one of the most severe extra
tropical cyclonic syste ms to hit the PNW coast since the 12
October 1962 "Columbus Day" storm. Thi s particular storm
recorded a central pressure that was close to th e Columbus
Day storm, while th e wave heights were the highest in mem
ory (BANCROFT, 1999). The storm developed near 300 N and
1500W around OOh on 2 March, an d was a classic "bomb",
form ing rapidly with a pressure dr op of 43 mb in 24 hours.
Figure 6 shows the storm track and surface ana lysis near the
peak of th e storm, whil e Figure 7 is a GOES visible image of
the storm taken at 1830h on 2 March. As seen in Figure 7,
the storm was characte rized by a very well defined center,
with bands of clouds spira ling inward.

The March storm began with a centra l pressure of 1003
mb. As it rapidly intensified , the system moved in a north-
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As discussed ea rlier, during a La Nin a th e je t st ream cross
es directly over the PNW, so one might expect a higher in
cidence of large magnitude sto rms than during an El Nino.
This certa inly was th e case during th e 1998-99 La Nina. It
is likely th at the st rongly positiv e EP index was a cont rib
utin g factor , since there were exceptiona lly high wave con
ditions along the ent ire West Coas t, not just in th e PNW (AL
LAN and KOMAR, 2000, in review).

Associated with a strongly positi ve EP , th e 1998-99 La
Nin a was characterized by a deeper th an normal Aleutian
Low, alth ough spatia lly its cover age was cons iderably less
th an during the 1997- 98 El Nino winter . The Hawai ian High
shifted eas tward so tha t it cover ed mu ch of th e eas te rn Pa
cific, an d was agai n cha racterized by higher than norma l sur
face pressures. The je t stream was aga in well developed , with
a strong zona l flow dominating th e area between J apan and
th e PNW (8ANCROFT. 1999). As a resul t of th e development of
a series of st rong upper lows over central Sibe ria late in 1998,
which moved east to include the Kam chatka Peninsul a ,
storm development initially occur red to th e east of J apan.
These early sto rms were carried in a northeas terly direction

The 1998-99 La Nina Storms

the highest energy levels were achieved during a period of
about 9 to 14 hour s (Figure 4).

The above findings are supported to some degree by wave
hind cast s we hav e made using th e ACES package of ana lysis
program s developed by th e U.S. Army Corps of En gineer s.
Based on an ave rage wind speed of 35 kn ots (ave rage wind
for 19 November ), duration of 18 hour s, and a straight-line
fetch of 400 km , th e maximum significant wave height was
found in th e hindcast to be on the order of 9.3 m. Thi s is
comparable to th e maximum significant wave height mea
sured by the Newport wave buoy (within about 13%). How
ever, the modelin g sugges ts tha t a slightly longer time fram e
is required for th e waves to fully develop.

Large waves were also recorded at th e Oregon buoy (11.3
m), while th e Columbia River and Wash ingt on buoys record
ed sma ller waves (7.7 and 6.4 m respectively). It is likely th at
these sma ller wave heights are a function of th e lower wind
spee ds and cons idera bly sh ort er fetches to the north of th e
sto rm's eye. Due to th e close proximity of th e Oregon buoy to
the sto rm cente r, peak wave period s at the height of th e
storm reac hed 14 sec, while th e Newport and Columbia River
buoys were characteri zed by slightly longer wave per iods,
16.7 and 16 sec respectively. Differences her e relate to th e
greater dist anc es th e Newport and Columbia River buoys
were from th e storm, so that wave disper sion during travel
resulted in the development of spectra dominated by longer
period waves, appa re nt in Figure 4.

Alth ough peak wind speeds occurred late on November 19,
the cyclonic system had begun to "fill" earlier in the day, with
an increase of pressure within the storm's eye. Nevertheless ,
the deep-water significant wave heights remain ed above 6 m
at th e Oregon an d Newport buoys until early on 20 Novem
ber , Figu re 3. The sto rm progressively weakened as it moved
toward the Wash ington coast , Figure 2, eventually crossi ng
the coast at 06h GMT on 20 November .

Journal of Coastal Research , Vol. 18, No. I , 2002



182 Allan an d Komar

Figure 7. The GOES infrared satellite imag e at 1830h GMT on 2 March
1999.

eas te rly direction toward th e Washington coast (Figure 6). By
12h on 2 March, th e storm's central pre ssure had dropped to
989 mb, with wind circul ation occurring around a well de
fined low-pressure center. Twelve hours later , th e system had
deepened to 960 mb. Thi s process of developm ent was strong
ly aided by an upp er- level trough that formed west of Briti sh
Columbia, which had migrated southeastward toward th e
PNW (BANCROFT, 1999). Due to th e strong jet stream and th e
forma tion of the upp er level trough close to th e developing
storm system, conditions wer e ideal for cyclogenesis, and th e
development of a major storm sys te m. Fetch distances at 18h
on 2 March were about 1,000 km , decreasing to about 700
km by OOh on 3 March.

Figure 8 presents th e meteorological conditions and wave
characteri stic s as measured by the wave buoys located off
shore from th e PNW. Wind speed and direction data were not
available for the Washington buoy, whil e th e Oregon buoy
was not oper ational at all. Effects from th e approaching
storm are highlighted by th e dramatic drop in pressure mea
sured by ea ch of th e functioning buoys (Figure 8). Betw een
06h and OOh GMT on 1-2 March, wind speeds initially de
creased , reaching lows around 00-06h on 2 March. However,
soon th ereafter the wind speeds increased rapidly at each of
th e buoys, Figure 8, peaking at over 45 knots by 06h on 3
March. As can be seen for th e Columbia River and Newport
buoys, Figure 8, th e ri se in wind speeds coincided with th e
fall in atmosph er ic pressure, with the highest wind speeds
occurring at th e same times as th e lowest pressures were
measured at th e buoys.

As a res ult of the strong wind s and substantia l fetches to
th e south of th e storm center , wave heights began to increase
around OOh on 3 March, approxima te ly 20 hours afte r winds
had begun to increase in strength. This ea rly ph ase of wave
developm ent was characterized by gene ra lly short wave pe
riods, with peak periods of around 6 sec (Figure 8). Thi s is
further emphasized by th e spectral-energy density plot in
Figure 9 for each of th e buoys, again for th e four frequency

bands 0.05, 0.06, 0.10, and 0.13 Hz (periods of 20, 16.7, 10
and 8 sec, respecti vely). Due to th e close proximity of the
Washington buoy to th e storm's center , th e effects of th e ap
proaching storm were felt th er e first . As revealed by Figure
9, th e generated waves were dominated by short period (high
frequ ency) waves during the ea rly hour s of March 3. How
ever , as th e wave field developed, th ere is a pronounced shift
in th e wave energy spect ra from 0.1 to 0.06 Hz betwe en 06h
and 12h on March 3 (Figure 9). More significant is th e rela 
tively large amount of energy (grea ter tha n th at observed
during th e major EI Nino storm) contained in th e 0.05 Hz
bandwidth. Thus, as th e wave heights increased, so did the
wave period s, with the longest wave peri ods coinciding with
the peak significant wave heights.

The most notable feature of Figure 8 is the rapidity at
which the significant wave hei ghts increased, with the larg
est wave heights occurring in about 8 hours at the Columbia
River buoy, and 3 hours later at th e Newpor t buoy. High est
wave heights occurred some 30 hours after wind speeds had
begun to build. The significant wave heights eventua lly
reached over 14 m at th e Newport buoy, Figure 8, with 12.8
m waves recorded at th e Columbia River buoy. Further to the
west , the Washington buoy recorded a maximum significant
wave height of only 8.7 m. These smaller waves are due large
ly to the much shorter fetch lengths to the eas t , a function of
the storm's position and track .

Th e storm continued to move in a northeast erly direction,
toward th e Washington coast . However , aft er OOh GMT on 3
March the storm filled rapidly, and by 06h on 3 March th e
storm's central pressure had ris en to around 980 mb. The
storm eventually crossed into British Columbia late on 3
March.

Hindcasts were also performed for this storm, utilizing th e
ACES pack age of th e U.S. Army Corps of Engin eer s. How
ever , un like th e relatively good wave hindcast achieved for
th e November 1997 storm, wave hindcasting for th e March 2
storm yielded a maximum significant wave height of 11 m,
much lower than the 14.1-m measured heights. Thi s ana lysis
is based on a fetch of 700 km, 40 knot wind speeds and a
duration of 18 hours, the latter variables having been deter 
min ed from the Oregon (#46002) NDBC wave buoy. Adjusting
the duration time to 30 hours and increasing th e fetch to 1000
km was found to make little difference in th e hindcast wave
height, which increased only slightly to 12.4 m. It is likely
th at th e above difference betw een predicted and measured
wave s simply reflect s th e difficulty in accounting for th e wind
conditions alon g the fetch. For example, subtle variations in
the wind speed can produce large changes in the estimated
hindcast wave heights, a problem that is shared by nearly all
wave modeling studies (EARLE et al. , 1984). Perhaps more sig
nificant is th at the hindcasting model requires a much longer
generation time for the waves to develop. Thi s finding may
reflect a limitation of th e ACES hindcasting model to ade
quately account for th e growth of large waves ass ociated with
a rapidly moving storm syste m.

Summary

Table 2 summarizes th e peak storm wave sta tist ics as so
ciated with each of th e major extra tropical storms that oc-
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Figure 8. Measurements of meteorological and wave conditions derived from the three operating NDBC buoys during the 2-3 March 1999 storm.

curred during the 1997-98 El Nino and 1998-99 La Nina
events, as well as a large wave event that occurred in Jan
uary 2000. As indicated in Table 2, the maximum significant
wave heights associated with the six storms ranged from 10
to over 14 m in height, with periods in the range of 12 to 20
seconds. Maximum wave breaker heights are also included
in Table 2, calculated using the formula of KOMAR and GAUGH

AN (1972) from the measured deep-water wave heights and

periods. The breaker heights are estimated to range from
10.8 to 15.8 m, with the largest breaker heights associated
with the 2-3 March 1999 storm, while the large breaker
heights estimated for the 16-17 February 1999 storm is a
function of the storm's unusually long wave period, 20 sec.

An interesting feature of Table 2 is the much longer peak
wave period of 20 sec experienced during the 16-17 February
1999 storm, compared with the other storms. These long pe-
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300 Washington (#46005)

Tabl e 2. Peak storm wave statistics derived from the Newport buoy
(#46050) for the major 1997- 98 El Ni iio and 1998-1 999 La Nina storms.

Figure 9. Spectral en ergi es of waves a t four frequ en cies, gene ra ted by
th e 2--4 March 1999 storm.

Significant Wave Breaker
Wave Height Period Height

#46050 Date ( rn ) ( rn ) Im l

El Nin o 19- 20 Nov, 1997 10.5 14.3 1l.S
La Nina 25-26 Nov, 1998 10.8 12.5 11.3

6-7 Feb, 1999 10.1 12.5 10.8
16- 17 Feb , 1999 10.0 20.0 12.9
2- 3 Mar, 1999 14.1 16.7 15.0

2000 16-17 J an 12.1 14.2 13.1

ELEVATED MEAN WATE R LEVELS

1922 and 1952 (excluding World War II years). Although they
noted a large amount of variability in the intensities of the
storms, th ey observed that the years with very severe storms
tended to be grouped together, with th e bad winter s separat
ed by years with relatively few major storms. Almost ha lf of
th e major storms occurred during th e winters of 1932-33 and
1951-52. Interestingly, both of th ese winters coincided with
moderate El Nino climate events .

ALLAN and KOMAR (2000) carried out similar an aly ses of the
freq uency of storms for the period 1976 to 1999. Their resu lts
revealed th at th e incidence of major storms in th e North Pa
cific since at least the mid-1970s was characteriz ed by a dis
tinctive cyclical pattern. For example, the frequency of
storms increased throughout th e late 1970s and reached a
peak of 10-12 storms during th e early to mid-1980s; it de
creased in the early 1990s, and then storm frequency rose
considerably, reaching a peak of 20-23 storms between 1997
an d 1999. More recent evidence of the unusual nature of th e
latest period of severe North Pa cific winter storms has come
from th e work of GRAHAM and DIAZ (2001). Their comprehen
sive examination of North Pacific storm climatol ogy indicated
a long-t erm increase in both the freq uency and magnitude of
storms in th e North Pacific since the early 1940s. Their re
sults also substantiate the ea rlier work of DANIELSENet al.
(1957) concerning the severity of the winter of 1952-53. The
more vigorou s cyclone activity is appare ntly a function of an
increase in upper tropospheri c winds and vertical wind she ar
over th e central North Pacific. GRAHAM and DIAZ(2001) iden
tified increasing sea surface temperatures in the western
tropical Pacific as a plausible cause of th e observed changes
in North Pacific storm frequency and intensity. This raises
th e obvious question of what might be expected in the next
25 years, with the apparent on-going trend of global warm
ing .

Important to the erosion caused by th e storms were the
elevated levels of the tides, with the measured tides having
been lOs of centimeters high er than predicted. Although the
high water levels experienced during th e 1997-98 winter can
be partially attributed to th e occurrence of an El Nino , the
high water levels experienced during the 1998-99 winter sea
son were predominantly caused by the strong onshore winds
and low barometric storm pressures which produced signifi
cant storm surges along the PNW coast. This section presents
a detailed an alysis of th e monthly-mean wat er elevations ex-
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riods are probably a function of the storm's position, which
was located a considerable distance offshore from the PNW
coast at the time of the storm's peak. As a result of the large
fetch es, wave dispersion enabled the development of high
swell waves that contained considerable energy. In a similar
study of North Pacific storms that occurred during the 1982
83 EI Nino, EARLE et al. (1984) described a storm in which
the wave energy spectra was characterized by substantial
wave energy at the unusually long wave periods of 20 to 25
sec. These long period waves deve loped well out in the North
Pacific, and propagated toward the California coast as high
swell, causing extensive damage when they reached the
coast. EARLE et al. not ed that such long wave periods were
unusual and had been seldom mea sured during high sea
sta tes by NOAA wave buoys . Unlike th e extremely long wave
generation fetches that typified the 1982-83 EI Nino storms ,
the 1997-98 EI Nino and 1998-99 La Nina storms were gen
erally characterized by much shorter fetche s, while the rapid
development and speed of storm propagation like ly prec luded
the development of wave energy spectra dominated by very
long periods.

The major storms of the 1997-98 El Nino and 1998-99 La
Nina were clearly un usual due to the rapidity of storm de
velopment, and the high waves that were generated along the
PNW coast. Furthermore, the occurrence of six major storm
events in such a short period is unusual in the eastern North
Pacific based on a 25-year record of wave measurem ents,
raising questions about the frequency of such storms during
th e past.

DANIELSEN et al. (1957 ) provided an early examination of
the frequency of severe storms in th e North Pacific between
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Figure 10. Monthly mean water levels derived from analyses of tide-gauge measurements in Yaquina Bay, Oregon. Included is the 1967-99 long-term
averages (excluding El Nino years), and results for the 1982-83 and 1997-98 El Nino years and the 1998-99 La Nina year.

perienced along the PNW coast between 1997 and 1999. Fur
thermore, it examines the hourly measured water levels ob
served during the major storms, and presents new informa
tion on the magnitudes of storm surges along the PNW coast.

Monthly-Mean Water Levels

Apparent during an EI Nino are the unusual heights of
tides, with measured tides typically being some 0.5 m higher
than predicted. These elevated tides persist throughout the
winter, and raise water levels at all tidal stages. Therefore,
it must represent processes that affect the mean level of the
sea all along the coast, processes that continue for several
months. They can be documented by calculations of monthly
mean water levels, determined by averaging the measured
tides over the span of a month. Such analyses have been con
ducted by FLICK (1998) for tide-gauge data from California,
and by HUYER et al. (1983) and KOMAR et al. (2000) for the
Oregon coast. These studies demonstrated that unusually
high water levels occurred during the 1982-83 and 1997-98
EI Nifios, much higher than occur during "normal" or La Nifia
years.

Such an analysis is presented in Figure 10, based on tide
gauge data from Yaquina Bay (Newport), on the mid-Oregon
coast (Figure 1). Although not shown here, related analyses
of data from the Toke Point tide gauge in Willapa Bay, Wash
ington, yielded closely similar results. The curve for the com
plete 33-year Yaquina Bay record (excluding those years in
which EI Nifios occurred) shows that water levels tend to be
lowest during the summer, a result of coastal upwelling that
produces cold, dense water in the summer, depressing the
mean level of the sea along the coast (HUYER, 1983). In the
winter the water is warmer due to the absence of upwelling,
and its thermal expansion contributes to the elevated water

levels. Coastal currents also playa role, the northward di
rection of the current affecting the cross-current geostrophic
slope of the water's surface, raising water levels to the right
of the current along the PNW coast; the stronger the current,
the greater the rise in the water level (HUYER, 1983).

Included in Figure 10 are monthly averages for the 1982
83 and 1997-98 EI Nifios, with the results demonstrating the
occurrence of unusually high monthly-mean water levels that
reached 0.53 m and 0.59 m respectively. These high monthly
averages are some 0.26 and 0.33 m higher than the 33-year
Yaquina Bay monthly averages, and can be attributed to the
offshore water being abnormally warm, and the geostrophic
effects of stronger northward flowing currents, both being
characteristic of EI Nifio winters along the U.S. West Coast
(HUYER et al., 1983; KOMAR, 1986). Also contributing to the
rise in water levels may be the passage of a sea-level "wave"
generated at the equator by the cessation of the Trade Winds
during an EI Nifio (WYRTKI, 1977, 1984), which then travels
northward along the Pacific coasts of Central and North
America (ENFIELD and ALLEN, 1980). In contrast, the results
in Figure 10 for the 1998-99 La Nina show that mean water
levels returned to nearly their long-term averages. The some
what higher water levels in November 1997 and again in Feb
ruary and March 1999 were produced by storm surges of the
extreme La Nina storms, rather than by the longer-term pro
cesses associated with EI Nifios.

Storm Surges

Storm surges are the product of several processes (PUGH,
1987). With strong winds, a horizontal force is exerted on the
water's surface, which induces a surface current approxi
mately in the direction of the wind. When the shoreward
transport of water encounters shallow water, it is slowed in
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response to a change in the water depth. As further shoaling
occurs there is a convergence of water near the shore, which
causes the mean water level to be elevated along the coast
(CERC, 1984; Hsu, 1988). Essential to the development of a
high storm surge is the presence of strong winds and a wide,
shallow continental shelf (PUGH, 1987; FLATHER, 1994). The
rise in water level is further enhanced by the low atmospheric
pressure of the cyclonic storm system, through the inverse
barometer effect (CHELTON and DAVIS, 1982). In general, the
sea surface is raised by 1 em for each millibar (mb) of de
creased atmospheric pressure. Thus, during the passage of
an intense low-pressure system over the ocean, the sea sur
face can be raised by tens of centimeters due to the inverse
barometer effect alone. CHELTON and DAVIS (1982) established
that along the PNW coast, about 50 to 60% of the sea-level
variability reflects the simple inverse barometric response to
the local atmospheric pressure.

The role of storm surges along the PNW coast has been
largely ignored in analyses of coastal hazards, primarily be
cause the surge elevations were assumed to be small. For
example, analyses by RUGGIERO et al. (1996) of daily mean
water levels at Newport, Oregon, revealed that the surges are
typically only on the order of 0.10 to 0.15 m. This is probably
a function of the large water depths that exist across the
steeply sloping continental shelf offshore from the PNW,
which causes the levels of storm surges to be significantly
reduced. Furthermore, the absence of significant surges along
the PNW coast may in part be related to the more south
westerly winds that blow at strongly oblique angles to the
coast during major storms, rather than being directed on
shore. Despite this, PETERSON and DARIENZO (1996) reported
the occurrence of a storm surge on the Oregon coast in N0

vember 1981 that ranged from 0.5 to 1.2 m, indicating that
under the right circumstances significant surges can develop.
Given the intensities of the storms during the 1997-98 and
1998-99 winters, it is of interest to examine the magnitudes
of the surges associated with those storms.

Analyses of the mean water levels along the PNW coast
have been based on the Newport, Oregon, and Toke Point,
Washington, tide gauges (Figure 1). The hourly water level
data were obtained from the National Ocean Service (NOS),
while the predicted tidal elevations were estimated using the
computer program WXTIDE32. This program uses the same
algorithm as the one used by the NOS for predicting tidal
elevations. The predicted tidal elevations were subtracted
from the measured tides, the standard definition and analy
sis approach of a storm surge (PUGH, 1987; KOMAR, 1998b).
The results are given in Figures 11 and 12, presenting the
hourly variations of the measured tides minus the predicted
tides, respectively for the major 19-20 November 1997 EI
Nino storm and the 2-4 March 1999 La Nina storm. Included
in the figures are hourly changes in the barometric pressure,
which document the storm's approach and in part account for
the magnitudes of the resulting surges.

A feature of the 19-20 November 1997 El Nifio storm, Fig
ure 11, was the already elevated mean water levels of about
34-40 em at both tide gauges, prior to the arrival of the
storm. Nearly all of the 34-40 em variation can be attributed
to the seasonal increase in mean water levels due to the El

Nino processes (Figure 10). With the storm's approach, the
barometric pressure began to fall around 12h on 18 Novem
ber. However, the mean water levels did not begin to rise
until OOh on 19 November at the Newport gauge, and about
10 hours later at Toke Point (Figure 11). Thus, Figure 11
indicates that the increase in water levels lag the rising wind
speeds and decrease in atmospheric pressures, a function of
the storms proximity to the tide gauges and the speed with
which the storm developed. A peak water level of 0.81 m was
reached at the Newport gauge at 17h on 19 November, while
a maximum water level of 0.98 m was experienced at Toke
Point some five hours later. This difference in the maximum
water levels on the Oregon and Washington coasts is proba
bly related to the storm's greater westerly position offshore
from Oregon at 09h on 19 November, Figure 2, compared
with its position several hours later closer inshore to the
Washington coast. The storm surge caused by the 19-20 No
vember 1997 storm is estimated to have been between 0.4 to
0.6 m, once the monthly average water level is subtracted
from the total water level. Of the 0.4 to 0.6 m storm surge,
approximately 30-40% of the surge height reflects a simple
inverse barometer effect, with the remainder having been
produced by the wind stress and by setup caused by wave
breaking along the shore.

Unlike the 1997-98 El Nino, mean monthly water levels
during the 1998-99 La Nina were generally closer to the long
term average curve, Figure 10, except for the deviations pro
duced by the effects of the storm surges on the monthly
means. During March 1999 the average monthly water levels
ranged from 0.28 m at Newport to 0.17 m at Toke Point. As
shown in Figure 12, the approach of the storm was charac
terized by a dramatic decrease in barometric pressure mea
sured at the tide gauges during the early hours of 2 March.
Similar to the 19-20 November 1997 storm, the rise in water
levels lags the fall in barometric pressure and increase in
winds by some 12 to 18 hours. At the Newport gauge, the
maximum water level of 0.76 m occurred twice; the first peak
occurred at 07h on 3 March, while the second peak took place
five hours later (Figure 12). Further north at Toke Point, a
more dramatic picture emerges with the highest water levels
having reached 1.76 m above the predicted tide (Figure 12).
This occurred some 5 hours after the first high water level
peak was measured at Newport, and took place about two
hours after high tide. However, unlike the Newport gauge
there is no second peak at Toke Point. Perhaps more impor
tant for coastal erosion is the fact that the water levels re
mained high (above 0.6 m) for about 10 hours at Newport,
and 18 hours at Toke Point. Similar to the 19-20 November
1997 EI Nino storm, the highest water levels were observed
about six hours after the lowest barometric pressure, peak
winds, and highest wave heights. Removing the monthly av
erage water levels from the maximum water levels measured
by the respective tide gauges yields a storm surge of about
0.5 m at Newport and 1.6 m at Toke Point. In contrast to the
El Nino storm, our analyses reveal that the inverse barom
eter effect was small, accounting for only about 20 to 35% of
the storm surge. This suggests that other factors such as the
wind and wave set-up components, the product of the intense
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nature of this storm, were considerably more important dur
ing the 2-3 March La Nina storm.

All of the major storms during the 1997-98 El Nino and
1998-99 La Nina were analyzed as above to evaluate the as
sociated storm surges (KOMAR and ALLAN, 2000). Table 3 pre
sents a breakdown of the water-level components, including
an assessment of the mean monthly water level and the
amount of water level increase due to the inverse barometer
effect. In deriving an approximate estimate of the mean
monthly water level, we have ignored those hourly water lev
els that coincided with an hourly wind speed greater than 6.6
m.s - 1 (equivalent to a Force 4 breeze on the Beaufort wind
scale), and a barometric pressure less than 1013 mb. Al
though approximate, this approach essentially eliminates
those periods characterized by significant storm surges, en
abling a better evaluation of the mean monthly water level,
and hence the actual storm surge above that level.

One of the features of Table 3 is that the Washington coast
appears to have experienced generally higher surges com
pared with the Oregon coast. Certainly, part of this difference

can be explained in terms of the paths of the storms, which
generally tracked closer to the Washington coast. This is
highlighted in Figures 2 and 6, which show that both the
major El Nino and La Nina storms had northeast tracks, so
the storms crossed close to or directly over the Washington
coast. As a result, part of the difference in the storm surges
can be attributed to the inverse barometer effects associated
with the lower atmospheric pressures measured at the Toke
Point gauge, Table 3, compared with the Newport tide gauge.
It is also probable that due to the northeast storm tracks, the
longer fetches directed toward the Washington coast resulted
in greater wind-stress and wave set-up components in the
storm surge, contributing to the higher total-water eleva
tions.

SHIPPING AND EROSION IMPACTS

The storms documented here produced major impacts
along the PNW coast, both to shipping and in the form of
large-scale beach and property erosion. On 4 February 1999
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Figure 12. Storm surge analyses as undertaken in Figure 11, but for the 2-4 March 1999 La Nina storm.

the M IV New Carrisa, a 195-m long bulk freighter, grounded
on the beach just to the north of the Coos Bay harbor en
trance on the southern Oregon coast (HALL, 1999). At the
time, winds were locally reported as having reached 39 knots,
with seas having a significant wave height of 8 m. This was

the early stage of one of the major storms analyzed in this
study, when the storm reached the northern Oregon and
Washington coast at which time the deep-water significant
wave height exceeded 10 m. Of concern in the grounding of
the New Carrisa was the 400,000 gallons of fuel oil it con-

Table 3. Storm surge and water level characteristics associated with the major storms in 1997-98 and 1998-99.

Barometric Total Water Monthly Inverse Inverse
Pressure Level Average Surge Barometer Barometer

Date (mb) (rn) (m) (rn) Effect (m) Effect (9()

Newport
EI Niiio 19-20 Nov, 1997 997 0.81 0.40 0.41 0.16 39llr
La Niiia 25-26 Nov, 1998 999 0.82 0.21 0.61 0.14 230/r

6-7 Feb, 1999 989 0.66 0.31 0.35 0.24 690/('
16-17 Feb, 1999 1006 0.46 0.31 0.15 0.07 47%
2-3 Mar, 1999 996 0.76 0.28 0.48 0.17 35lk

Toke Point
EI Niiio 19-20 Nov, 1997 993 0.98 0.34 0.64 0.20 31llr,
La Nifia 25-26 Nov, 1998 995 1.15 0.24 0.91 0.18 20%

6-7 Feb, 1999 979 0.95 0.31 0.64 0.34 530/r
16-17 Feb, 1999 999 0.82 0.31 0.51 0.14 27%
2-3 Mar, 1999 981 1.76 0.17 1.59 0.32 200/r
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ta ined. During th e subsequent weeks, some of thi s oil was
spilled and contaminated th e adjacent beach es, with th e loss
of a large number of shore birds; however, much of the oil
was pumped out of th e ship or burned, limiting the exte nt of
environmental dam age. It eventually was decided to tow the
ship offshore into deep water and sink it , but with profound
bad luck th is was attempted during th e st rong 2-4 March
1999 La Nin a storm. A wind gauge on th e tu g reported wind s
up to 65 knots, which is hurricane stre ngth on the Beaufort
wind scale, at which point the wind sheared off the gauge.
After having towed th e ship about 50 miles offshore , th e 2.25
inch wire rope parted , and th e New Carrisa wash ed back on
shore, further to th e north, polluting anothe r stre tch of beach .

Under th e combin ed effects of th e El Nino and La Nina
storms, beach and property erosion occurr ed along mu ch of
th e Oregon and Washington coasts, to a grea ter exte nt th an
had occurred in many yea rs (KO MAR et al., 2000 ). Significant
to th e resulting erosion was th e sup erpo siti on of high mea
sured tid es, produced by th e elevated monthl y-mean water
levels and by storm surges during specific events, plus th e
runup of th e storm waves when th ey reach ed the beaches.
This can be estimated using th e model developed by RUGGI-

ERO et al. (1996, 2001), wher e the measured tid e is added to
the runup level calculated with the relationship

(l)

where S is the beach slope, H; is th e deep-water significant
wave height, and L; is the deep-water wave length calculated
with L; = (g/2TI)T2 where T is th e wave period. Th e vertical
runup level, R2Ck, is the 2% exceedence value, which is slightly
lower than th e maximum runup but involves a number of
swas h events so can be expected to be meaningful in assess
ments of sea cliff or dune erosion . Equation (1) is based on
runup measurements under a range of conditions on Oregon
beache s, together with the data of H OLMAN (1986) obtained
at th e Field Research Facility in Duck, North Carolina .

Detailed an alyses of the November 1997 El Nino storm and
March 1999 La Nin a storm are presented respectively in Fig
ures 13 and 14. In each case ana lyses are undertaken for the
Oregon coast using tide measurements from Newport, Figure
1, together with wave data from the inshore Newport buoy,
and for th e Washington coast with tide data from Toke Point,
Willapa Bay, and wave data from the nearby Columbia River
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Figure 14. Analyses like those in Figure 13, but undertaken for the 2-4 March 1999 La Nina storm.

buoy. Each analysis graphs the significant wave breaker
heights in the nearshore, calculated with the formula of Ko
MAR and GAUGHAN (1972) where the breaker height depends
on the measured deep-water wave height and period, togeth
er with the runup level calculated using equation (1) where
the beach slope is taken as S = 0.04, representative of PNW
beaches. Also graphed in Figures 13 and 14 are elevations of
the predicted and measured tides, with the difference reflect
ing the effects of monthly-mean water levels and the storm
surge. Finally, the analyses present the total water eleva
tions at the shore, E; + R 2o/r, the sum of the measured tidal
elevation (E r ) and the wave runup. While the predicted and
measured tides graphed in Figures 13 and 14 are referenced
to Mean Lower Low Water (MLLW), in the final calculation
the total water level is referenced to the NGVD'29 datum,
which is used in land surveys and in defining the beach-zone
line for the State of Oregon. This shift in the datum from
MLLW to NGVD'29 represents a subtraction of the water
level elevations by 1.25 m for the Yaquina Bay tide gauge,
and 1.34 m for the Toke Point gauge.

In Figure 13 the analysis of the 19-20 November 1997 EI
Nino storm shows that the breaking wave heights increased
dramatically as the storm approached the coast, reached a

maximum, and then slowly decreased following the storm.
The curve for the calculated runup closely follows the curve
for the breaker heights, with slight differences due to varia
tions in wave periods. In comparing the results for the south
ern Washington and central Oregon coasts, it is seen that the
breaker heights and runup levels were greater for Oregon.
The values at the peak of the storm impacts, derived from
Figure 13, are listed in Table 4. Offsetting the higher runup
on the Oregon coast is that it occurred at a time of lower
tides, whereas the highest runup on the Washington coast
corresponded to high tides. A detailed examination of the
curves in Figure 13 for the predicted and measured tides re
veals the effects of the monthly-mean water level rise, largely
attributable to the EI Nino processes (warmer water temper
atures, etc.i; this difference is best seen prior to the occur
rence of the storm. With the arrival of the storm, there is a
much greater difference between predicted and measured
tides, and this is due to the addition of the storm surge, which
was substantially higher on the Washington coast. Ultimate
ly, the total water levels, the measured tides plus the runup,
reached slightly higher elevations on the Washington coast,
4.4 m NGVD'29, versus 4.2 m NGVD'29 on the Oregon coast
(Table 4).
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Table 4. B reaker hcight«, estimated wave runup elcoations. an d Iota! wa ·
tcr !evel lE.,- + R! ,, ) choracterist ic» assorialed ioith the major storms ill
/ 9.97- .98 a nd 1.9118- 11.9. Noll': IIIl' tota l u-atcrlnvl elera t ion is rela tite to the
NGVD l!J211 rcrt ical datum: N lJ denotes No Dolo .

Total Water
Breaker Wave Level.

Height, H" Run up. R", E" t R,.,
Da to ( rn I f ill) I ml

Newport
EI Nino 19-20 Nov. 1997 11.8 a.s 4.2
La Nina 25-26 Nov. 1998 11.:1 :3 ,5 4.5

6-7 Feb. 1999 10.8 :3.0 4.3
16-17 Feb. 1999 12,H 4,:1 6.2
2-:3 Mal'. 199H 15.0 4.1 6.1

2000 16-17 .Ian 13,1 :.l.4 4.5
Toke Point

EI Nino 19- 20 Nov. 19H7 H.:.l 2.8 4.4
La Nina 25-26 Nov. 1998 10.8 :3.1 4.5

6-7 Feb. 1H99 fl .:! 2.(; 4.4
}(;- 17 Feb. IH99 12.7 4.2 5.6
2-3 Mal'. 1H9H 14.6 4,0 (;.4

2000 16- 17.Ian NO NO ND

In Figure 14 the March 1999 La Nina storm again illu s
t ra tes th e addit ion of processes th at control total water levels
along th e shore, but in a more dr am ati c fashion du e to the
larger wave heights and generated storm surge of thi s ex
treme event. Again, the highest tot al water level was
achieve d on th e Washington coast, du e mainly to the sub
stantially higher storm surge . Th e maximum elevation th ere
reac hed 6.4 m NGVO'29 (Ta ble 4 ),

Tab le 4 includ es the tabulated resul ts for the five major
storms during th e 1997-98 El Nino and 1998-99 La Nina,
plus another storm that occurred during th e following winter
on 14-18 J anuary 2000, when th e deep-water wave height
exceeded 12 m. Within this set of six storms we see tha t th e
predicted R"" runup values ran ged approxima te ly from 2.6
to 4.3 m, whil e th e measured tides ran ged on th e order of 2.4
m to slightly mor e that 4 m NGVO'29 ; both components are
th erefore important contributors to th e tot al water eleva
tions, ET + R"" , which ran ged from about 4.2 m to 6.4 m
NGVO'29.

The large wave heights and moderately long wave per iods
genera te d during th e 1997-98 EI Nino and 1998-99 La Nina
were an importan t contributing factor to major erosion prob
lems experienced along mu ch of the Oregon and Wash ington
coasts (KOMAH et al., 2000 ; ALLAN and PRIEST. 200 1), As dem
ons tra te d in Figures 13 and 14, of specia l interest are th e
total water levels reached during the storms since they de
termine whether th e water reaches up to the eleva tions of
sea cliffs and causes erosion, or in the case offoredunes back
ing the beach es, are cap ab le of eroding back th e dunes or
possibly producing overw ash eve nts (RUGGIERO et al., 1996 ,
2001; SALLENGEH et al., 1999 ). Under the onslaught of the
storms along th e PNW coast, th ere was appreciable beach
an d pr operty erosion, most a ppa rent in a reas where t he
beaches are backed by dunes, which commonly retreated by
l Os of met ers , The erosion was cumula tive, with the initial
cut back of the beaches and dunes ha ving occurred during
th e 1997-98 El Nino winter . However , th e erosion during an

El Nino is not unifo rm along the PNW coast , but instead oc
curs mainly in "hot-spot" are as north of head lands and jet 
ties, due to the northward displ acement of beach sa nd within
th e littoral cells, cause d by the dominant approach of waves
from th e southwest , with the storms mainly crossing the
coast of Californ ia (KOMAR, 1986, 1998b; PETERSON et al.,
1990; R~;VELL et al., in pr ess ). Th er e was little recovery of th e
beaches in th e following summer, so th at addit ional erosion
immedia te ly occurred during th e 1998-99 La Nina . In th at
t he La Nin a storms passed more direct ly over th e PNW coast,
the re sulting eros ion was mor e widespread, not bein g limited
to "hot spot" areas as during the El Nino (KOMAHet al. , 2000 ).

Apparent in Tabl e 4 for the successive total wate r levels
produced by th e se ries of storms was the importanc e of the
two major La Nin a storms in February 1999, as well as two
sma ller storms th at month, followed by the March 1999
storm th at was th e st ronges t of all, yielding the high est tot al
wate r elevations in thi s two-year period. Coming at th e end
of two winters with cumulative erosion, the March 1999
storm attacke d an already weak ened coast, resu lt ing in the
most dramati c retreat of foredunes. Of interest, surveys of
beach es and dunes following that storm showed reasonabl e
agree ment bet ween elevations of the bases of the eroded
dune-scarps a nd the ca lcula te d maximum runup level
achieved during the March 1999 storm at tho se specific lo
cations , providin g confirmation of t he resu lt s of the model
ca lcula tions as presented in Figures 13 a nd 14, and in Tab le
4 (KOMARet al. , 1999 , 2000) .

CONCLUSIONS AND DISCUSSION

Beginning with the winter of 1997-98, th e Pacific North
west (PNW ) coast experi enced a series of unusu ally seve re
storms that affected shipping and pr oduced cons iderable
beach and property erosion. Th e objective of this pap er has
been to docum ent th e meteorological condit ions and wave
generation of th ese extratropical storms , and th e occurrence s
of associated storm surges that elevate d measured tid es well
above predicted level s. Th e find ings and conclu sion s of t his
st udy include the following:

• Th e storms evolved rapidly as they approache d the coas t ,
someti mes abruptly changing directi ons, and generally ex
hibited decreasing atmospheric pr essures and increasing
wind s, at times with a rapidity wher ein met eorologists
characterize th e storm as bein g a "bomb";

• Th e generate d waves likewise increased rapidly in heights
and periods as the storms approache d th e coast;

• Applications of wave-gen eration a na lys is techniques,
ba sed on storm fetches and wind velocities , showed rea
sona bly good agreeme nt with the measured waves, but
with a tendency to under-predict significant wave heights;

• Monthly-mean water levels derived from ana lyse s of tide
gauge record s were eleva te d by an additional 0.26-0.33 m
above the norm al seasona l cycle during the 1997-98 EI
Nino winter du e to ocean conditions related to that climate
event. In contrast, th e monthly-mean water levels wer e
much closer to normal levels at both tide ga uges during
the 1998-99 La Nin a ;

• Th e high est storm sur ge, experienced du ring th e 2- 4
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March 1999 storm, increased the measured tide by 1.76 m
above the predicted tide on the Washington coast, but part
of this increase was produced by the elevated monthly
mean water level not associated with the storm, leading to
an estimate of 1.6 m rise as having been generated by the
low atmospheric pressures and high wind speeds of the
storm itself;

• Due to the oblique approach of the storm systems toward
the coast, during which time they continued to develop,
substantial along-coast variations in generated waves and
storm surges were experienced on the PNW shores;

• The major storms observed during the 1997-98 EI Nino
and 1998-99 La Nina winters where the largest seen dur
ing the past 25 years (ALLAN and KOMAR, 2000), and appear
to follow a pattern of a progressive increase in the mag
nitude and frequency of storms in the North Pacific (GRA
HAM and DIAZ, 2001).

Of significance to the occurrence of beach and property ero
sion are the total water levels achieved at the shore during
the storms, the sum of the monthly mean water level, the
enhanced elevation produced by a storm surge, and the runup
of the waves on the beaches, governed by the heights and
periods of the generated waves. As expected, the relative con
tributions of these processes differed between the 1997-98 EI
Nino and 1998-99 La Nina. During the EI Nino winter, the
unusually high monthly mean water levels contributed sig
nificantly to the total water levels and thus to erosion occur
rences. On the other hand, it was expected that the EI Nino
would result in reduced storm conditions and lower wave
heights along the PNW coast, due to the more southerly
tracks of the storms (SEYMOUR, 1996). In that respect, the
occurrence of the major storm during November 1997 was
unexpected, an event that produced high waves and a storm
surge, contributing to the elevated water initiated by the
monthly-mean water level. The 1998-99 La Nina brought in
creased numbers of storms, with higher wave conditions and
more significant storm surges than previously experienced.
While increased numbers of storms in the PNW are expected
during a La Nina, their extreme nature with unusually high
generated waves and storm surges is likely to have been
caused mainly by a strongly positive EP index, governed by
atmospheric pressure differences between the Aleutian Low
and Hawaiian High (ALLAN and KOMAR, 2000, in review). Fur
ther research is needed to establish whether there are as
pects of La Nifias that are conducive to the occurrence of in
tensified storms and the generation of higher waves.

The occurrences of major storms in recent years resulted
in reassessments of the extreme-wave projections, the 25
through 100-year deep-water significant wave heights, with
the 100-year event having been increased from 10 m as pro
jected in 1996, to 16 m (KOMAR and ALLAN, 2000). This 16-m
projection was made using standard extreme-value analysis
techniques, and did not include a projection of the long-term
trend of increasing wave heights into the future found by
ALLAN and KOMAR (2000, in review), since we have been un
able to determine the climate controls and therefore whether
they will continue. But as seen in the analyses presented
here, an extreme erosion event involves more that just the

storm-wave heights, and includes the multiple atmospheric
and oceanic processes that elevate mean water levels so that
measured tides are substantially higher than predicted.
Therefore, the evaluation of a potentially extreme event de
pends on several processes, some of which are independent
in their occurrence, while others-like storm waves and a
storm surge-occur at the same time. This has complicated
assessments of the most extreme conditions that might be
expected along the PNW coast, important to the design of
jetties or required in management applications such as the
establishment of set-back distances for safe development
along the coast. In the latter application KOMAR and ALLAN
(2000) and KOMAR et al. (2000) have taken the approach of
providing separate analyses of El Nino and La Nina condi
tions, with projections of expected erosion patterns and dune
retreat distances. The recent storms were important in pro
viding tests of the techniques that were used, including at
tempts to project the expected dune erosion impacts. Thanks
to the test provided by these recent storms, we feel that we
can now more confidently make projections of set-back dis
tances required to keep developments safe from even more
extreme events.
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