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ABSTRACT

It has been speculated that future global warming will change the frequency and severity of tropical and
extratropical storms. The U.S. east coast is heavily impacted by such storms, so it is important to determine
their natural temporal variability for the last century during which global warming has been relatively small.
Storm surge data obtained from hourly tide gauge records provide a unique quantitative measure of storm
duration and intensity, unlike qualitative estimates based on eyewitness reports or meteorological hindcasts. To
demonstrate the potential of storm surge data for climate analysis, the authors have evaluated 10 very long
records of water level anomalies. An analysis of the hourly tide gauge records along the U.S. east coast shows
a considerable interdecadal variation but no discernible long-term trend in the number and intensity of moderate
and severe coastal storms during this century. However, sea level rise over the last century has exacerbated the
damage to fixed structures from modern storms that would have been relatively minor a century ago.

1. Introduction

Long-term (interdecadal and longer) storm activity is
an enduring concern of coastal scientists. Coastal storms
are major agents that can cause drastic changes of coast-
a landforms such as beach and dune erosion, overwash
processes, and opening of tidal inlets on barrier islands
(Leatherman 1982). Although the impact of individual
storms on coastal landforms is significant and well doc-
umented (Carter 1988), there are few studies of therole
of storms on long-term changes of coastal landforms.
Part of the reason is alack of quantitative information
on historical storm activity. A number of researchers
(El-Ashry 1971; Hayden 1975; Gorman and Reed 1989;
Fenster and Dolan 1994) believe that an alleged rela-
tively recent increase of storminess is one reason for
the extensive beach erosion along the East Coast. How-
ever, this idea has not been adequately validated based
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on quantitative analyses of long-term storm activity and
beach erosion data.

Damage to property along the U.S. coasts caused by
severe tropical and extratropical storms has increased
tremendously in recent decades. Hurricane Andrew
alone in 1992 resulted in about $25 hillion in damage
(National Weather Service 1992). The increased number
of vulnerable structures that have been built in coastal
regionsis certainly one reason for the increased damage
to property. Another factor could be a change of coastal
storm severity or frequency.

Global warming due to increasing concentration of
greenhouse gases in the atmosphere may cause tropical
and extratropical storm activity to change (Emanuel
1987; 1dso et a. 1990; Knuston et al. 1998). Mather et
al. (1964) showed an increased trend of damaging
storms along the East Coast from 1921 to 1962. Hayden
(1975) stated that there was an increase in extratropical
storm severity along the mid-Atlantic coast based on
hindcast wave data from 1942 to 1974. Carter and Drap-
er (1988) reported that the North Atlantic has become
rougher in recent years in terms of recorded wave data
during 1962-86. Is it possible that the small twentieth-
century global warming (0.5°C) has already resulted in
an increase in the severity of coastal storms, or is the
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apparent increase just part of the fluctuation of the nat-
ural climate system? Industries such as offshore oil ex-
ploration companies, and coastal residents, have serious
concerns about whether global warming results in an
increase in extreme waves and high water levels. These
concerns require accurate and quantitative documenta-
tion of long-term historical storm activity to examine
whether the global warming that has occurred in this
century has resulted in significant change in storminess
and, in addition, to establish a baseline storm climatol -
ogy against which any future changes resulting from
global change can be compared.

2. Indexes of storm activity

Historical weather records provide valuable sources
for meteorologists to document decadal and long-term
storm activity for construction of ameteorological storm
index. Resio and Hayden (1975) investigated the secul ar
variations in mid-Atlantic extratropical storm activity
from 1899 to 1938 and from 1947 to 1970 by examining
the changes in frequencies of surface pressure patterns
over the area from 20° to 90°N and from 0° to 180°E.
An 8.9% increase in storm frequency from the 1940s
to the 1960s was found. Hayden (1981) also studied the
secular variation of storms along the Atlantic coast from
1885 to 1975 by analyzing cyclone frequencies in 74
grid cells (2.5° lat X 5.0° long). His results show that
the cyclone frequency over the marine area increased,
while decreasing over the continent since the early part
of this century. The increase in number reached a max-
imum in the 1960s. Landsea (1993) investigated sea-
sonal and long-term trends of intense hurricanes (Saffir—
Simpson categories 3, 4, and 5) in the Atlantic basin in
terms of historical tropical storm track data. He dem-
onstrated that there was a declining trend in incidence
of intense hurricanes in the last 30 years, but prior to
the hurricane swarm of 1995.

Since coastal storms produce large waves and storm
surges, wave and surge records can be used to document
historical coastal storm activity. Carter and Draper
(1988) and Bacon and Carter (1991) used wave records
measured by a shipboard wave recorder attached to the
Seven Stones Light Vessel in the North Atlantic Ocean
from 1962 to 1986 to study the long-term trend of wave
climate. They found an annual rate of increase of 2.2
cm yr—tin significant wave height, for a total increase
of 28% during the 25-yr period. Bouws et al. (1996)
analyzed more than 20 000 hand-drawn wave charts of
the North Atlantic Ocean from 1960 to 1988. They re-
ported that the 50th percentile of annual significant wave
height increased at the rate of 2.3-2.7 cm yr-1.

Unfortunately, there are no very long instrumental
wave records available along the U.S. east coast. Most
wave data recorded by National Oceanic and Atmo-
spheric Administration’s (NOAA's) National Data Buoy
Center instruments are less than 20 yr old. The data
from the Seven Stones Light Vessel, believed to be the

ZHANG ET AL.

1749

longest instrumental wave record in the world (Carter
and Draper 1988), has a length of only 25 yr. The use
of such a short series to detect a long-term trend is
doubtful because of low-frequency climate variations.
An aternate and indirect way to obtain historical wave
information is to hindcast past wave conditions based
on historical weather charts. Dolan and Davis (1992,
1994) and Daviset al. (1993) used the Severdrup, Munk,
and Bretschneider method (U.S. Army Corps of Engi-
neers 1984) to hindcast significant wave heights; they
proposed an index of storm strength (storm wave height
X storm wave duration) for extratropical events (north-
easters) along the East Coast. They concluded that there
was adeclinein the count of stormsfrom the early 1960s
to the mid-1970s followed by an increase to 1983, es-
tablishing that there are interdecadal variations of storm
strength.

Historical records of storm impacts on the beach can
also be used to characterize storm activity. Coastal
storms have caused a great deal of property damage and
beach erosion during the twentieth century, and such
events are always of concern to scientists and the public.
There are numerous newspaper reports and historical
documents on beach erosion and damage caused by
great storms (e.g., Savadove and Buchholz 1993; Fried-
lander et al. 1977). Using historical records from pe-
riodicals, newspapers, and weather summaries, Mather
et al. (1964) investigated storms producing significant
damage on the East Coast from 1921 to 1962. They
found that the number of damaging storms increased
from 2 yr=* in the early 1940s to over 7 yr=* in the late
1950s and early 1960s. Mason et al. (1996) used his-
torical newspaper reports on storm damage to study
storm activity in the Bering Sea from 1898 to 1993.
They concluded that more storms than average occurred
during 1900-13, 1936-46, 1974—76, and in 1992, while
fewer occurred from 1916 to 1928 and from 1947 to
1959. The problem with this approach is that coastal
development over time increases the apparent number
of damaging storms.

Although all of the above methods can be used to
document historical storm activity, these studies suffer
various problems such as lack of long-term data (M ather
et a. 1964), reliance on hindcast data whose quality is
difficult to determine (Dolan and Davis 1992), and ex-
amining storm activity based on only a simple index of
occurrence or frequency (Hayden 1981). For climate
investigations, a quantitative, comprehensive, and ob-
jective measure is preferable. Hourly values of water
level data provide a unique measurement record of trop-
ical and extratropical storms affecting the East Coast.
Coastal storms are accompanied by storm surges. These
are defined as water level fluctuations beyond the as-
tronomical tide, induced by meteorological factors such
as wind and atmospheric pressure in a coastal or inland
water body with a duration of a few minutes to a few
days (Murty 1984). The duration of the surge is related
to the duration of the storm and its amplitude to storm
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TABLE 1. Tide gauges with hourly records longer than 50 yr along
the East Coast.

Station name Lat Long Start—end
Portland, ME 43°,39.4'N 70°,14.8'W 1912-97
Boston, MA 42°,21.5'N 71°,03.0'W 1921-97
Newport, RI 41°,30.3'N 71°,19.6'W 193096
New York, NY 40°,42.0'N 74°,00.9'W 192097
Sandy Hook, NJ 40°,28.0'N 74°,00.6'W 191097
Atlantic City, NJ 39°,21.5'N 74°,25.1'W 1911-97
Hampton Roads, VA 36°,56.8'N 76°,19.8'W 1927-97
Wilmington, NC 34°,13.6'N 77°,57.2'W 193597
Charleston, SC 32°,46.9'N 79°,55.5'W 1922-96
Mayport, FL 30°23.6’'N 81°,25.9W 1928-97

severity (Harris 1958; Pore 1961), enabling storm surges
to be used as accurate indexes of storm frequency and
severity. The recent availability of very long hourly tide
gauge records from the National Ocean Service (NOS)
of the NOAA makesit possible to do an accurate census
of storms during the twentieth century along the East
Coast. This research is designed to investigate the his-
torical change of storm activity along the East Coast in
this century by

establishing quantitative and objective indexes of
storm severity,

determining the long-term trend and interdecadal var-
iations in the number and severity of coastal storms
over this century, and

examining the geographical variation in changes of
storm activity along the U.S. east coast.
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3. Data

Hourly water level records from tide gauges and his-
torical tropical storm track data were used in this study.
There are a large number of tide gauges with long re-
cords along the U.S. coasts; a dozen gauges along the
East Coast have been operated by the NOS since the
early part of this century. An archive of chart and
punched-paper tape recordings of historical data, re-
corded before modern digital techniques were estab-
lished, has been maintained. Average hourly water level
values have been computed from this source by the NOS
and are now being made available to the scientific com-
munity for the first time (http://www.opsd.nos.noaa.
gov/). U.S. tide gauge hourly water levels have an ac-
curacy of 1-2 cm (S. Gill 1999, personal communica-
tion), far more than adequate for thisinvestigation. Table
1 lists the tide gauges used in this study. The length of
hourly water level records ranges from 60 to 90 yr.
Figure 1 displays the geographical locations of these
gauges. The East Coast is well covered.

The tropical storm track data used in this study were
compiled by Landsea (1993). The track data consist of
6-h positions with longitude and latitude, estimated
maximum sustained surface winds, and measured cen-
tral pressures if available. These data span from 1886
to 1995. Central pressure and wind speed data of storms
may be less accurate before 1944, when the U.S. Air
Force and Navy began routine reconnaissance flights
into storms. Also, some short-lived tropical stormswere
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Fic. 1. Location of tide gauges recording long-term hourly water level.
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likely unobserved (Landsea 1993). However, lack of
accurate central pressure and wind speed data has no
significant influence on this research. Only track posi-
tion data are used in this study, and short-lived tropical
cyclones have little effect on surges occurring at a spe-
cific location.

4. Tides and storm surges

There are two fundamental components of elevated
water level associated with coastal storms: surge and
astronomical tide. The former is the increase of water
level due to the storm; the latter is the result of astro-
nomical forces. Since it is the storm surge amplitude
and duration that reflect the inherent strength of a storm,
it is necessary to remove the contribution of the astro-
nomical tide from the elevated water level in order to
detect and analyze historical changesin the number and
severity of storms.

Harmonic analysis was used in this investigation to
separate tide and storm surge components. The water
level at any specific location can be described by the
following equation (Pugh 1987):

h, =12z, + X% + s,

(D

where h, is the observed water level, z, a mean level,
X, tidal component, and s, a storm surge at time t. The
tideisthe response of water level to astronomical forces.
It can be expanded as a group of harmonic constituents:

X = H, cos(ait + ¢), (2

VE

1

where H; is the amplitude of, o, the frequency of, and
¢, the phase of a constituent; and M is the number of
constituents. The H, and ¢, are determined by a least
squares fit (Pugh 1987).

The sea level records along the east coast show a
rising trend and interdecadal fluctuations for the past
100 yr (Douglas 1991). For example, the long-term lin-
ear trend at Atlantic City, New Jersey, is about 3.9 mm
yr—t, and sealevel rose 0.35 m from 1911 to 1993. This
trend can obscure the detection of storm surges and
should be separated from the record because the rms
value of all storm surges at Atlantic City is only about
0.16 m (the value is small because storms are relatively
infrequent). Since there is no significant trend of water
level change in a year, individual harmonic analyses
were performed for each year in this analysis. The in-
fluence of the long-term trend and interdecadal fluctu-
ations of water level on storm surges is eliminated by
using this yearly analysis procedure because the long-
term trend and interdecadal changes are absorbed into
the z, term in Eq. (1).

There are several hundred components in the devel-
opment of the tidal potential (Cartwright and Taylor
1973). Fortunately, only several dozen are important.
The NOS tide prediction program contains 37 constit-
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uents. Harris (1991) indicated that another seven har-
monic constituents are also important along the East
Coast. Thus, the 44 harmonic constituents identified by
Harris are used in this study.

a. Correcting water level data

In the process of recording hourly water levels, errors
may occasionally occur due to mechanical and human
factors. There are two basic types of errorsin the data:
one is an outlier value abnormally higher than adjacent
values; the other is a phase shift which results in large
tidelike fluctuating residuals (Pugh and Vassie 1978;
Zhang 1998). These incorrect data produce false water
level values and, consequently, could influence the sta-
tistics of storm events. Fortunately, these errors can be
detected easily from the data residuals after tidal com-
ponents are removed from the water level record. Out-
liers show up as spikes, which do not in any way re-
semble storm surges. Erroneous phase shiftsin contrast
cause tidelike fluctuations in the residual which are ob-
vious and easily corrected. Since these data errors in-
fluenced the initial harmonic analysis, the harmonic
analysis was repeated on the corrected water level data
to produce the final storm surge dataset.

b. Interaction between surges and tides

The method [Eq. (1)] that separates storm surgesfrom
recorded water levelsimplies that there is no significant
nonlinear interaction between surge and tide; that is, the
storm tide is a linear combination of storm surge and
astronomical tide. However, at certain locations such as
in an estuary, interaction between tides and surges due
to local topographic and runoff effects can result in
considerable changes of surge amplitude and phase. One
good example is the river Thames. Rossiter (1961)
found that the interaction there between tides and surges
causes larger positive surges occurring at therising tide.

In order to check whether there is a significant in-
teraction between tides and surges along the East Coast,
the tidal cycle was divided into four stages following
Rossiter (1961). These four stages are low water, rising
tide, high water, and falling tide. This division into four
stages is used in coastal science to characterize thetidal
cycle (Murty 1984). In our investigation low and high
water are defined as 1.5 h before and after low tide and
high tide time, respectively; the rising tide is the period
between low and high water stages, and the falling tide
is the period between high and low water stages. The
distributions of tide-corrected (i.e., tidal componentsre-
moved) water levels for these four different stages were
compared to detect any interaction between surges and
tides. If there is no significant interaction between tides
and surges, the tide-corrected water level distributions
at the four stages should be the same. This result can
be displayed in so-called quantile—quantile (Q-Q) plots.
These are very useful tools to examine whether two
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FiG. 2. Quantile—quantile plots for tide-corrected water level (i.e., tidal components removed) distributions during high (H), falling (F),
low (L), and rising (R) tide at Atlantic City.

datasets have the same distribution (Rice 1988). If two
distributions are the same, the Q—Q plot will be astraight
line with a slope of 45°.

Two typical gauge records, Atlantic City (open coast)
and Charleston, South Carolina (harbor), were selected
to examine the interaction between tides and surges.
Figure 2 shows that Q—Q plots of tide-corrected water
levels between any two tidal groups at Atlantic City
approximate a straight line, indicating that there is no
significant interaction between tides and surges at this
open coast gauge. The very flat ““U” shapes of Q—-Q
plots of surge distributions at Charleston (Fig. 3) denote
that thereis only aslight interaction at this harbor gauge
site. The Q—Q plots of the other tide gauges we used
are similar to either of these two gauges, indicating that
there is no significant interaction between surges and
tides along the East Coast. Therefore, it is appropriate
to compute storm surges for this study by subtracting
the astronomical tides from water levels.

c. ldentifying storm events

In order to identify storm events, it is necessary to
define a criterion. For example, Dolan and Davis (1992,

1994) used 1.5-m maximum significant wave height as
a criterion to delineate storms but did not present clear
physical reasons why this value was chosen. There is
another problem with using wave data. Distant storms
can produce large swell waves unaccompanied by dam-
aging winds or storm surge, resulting in an exaggeration
of the number of coastal storms. An aternativeisto use
amore direct measure of coastal storms, the storm surge
itself. The apparent storm surge signal (i.e., the residual
water level after the long-term sealevel and tidal com-
ponents have been removed) consists of water level fluc-
tuations caused by meteorological processes along with
weak tidal signals produced by nonlinear shallow-water
effects. It is very difficult to separate the latter minor
signals from storm surges completely, but they have
small magnitude compared with water level fluctuations
caused by large storms on the open coast as shown above
and in Figs. 4 and 5. Figure 4 shows the storm surge
for the December 1992 severe northeaster at Atlantic
City. Note that the storm surge signal is very large com-
pared to the minor variations and the few-centimeter
noise level of the data. The distribution of all anomal ous
water levels (residuals) about their mean over a com-
plete record closely approximates a normal distribution
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Fic. 3. Quantile—quantile plots for tide-corrected water level distributions during high (H), falling (F), low (L), and rising (R) tide at
Charleston.

(Zhang 1998). Since our interest isin severe storms, we
chose surges greater than 2 standard deviations as a
criterion to determine a major storm event. This choice
is arbitrary but serves to focus our analysis on the larg-
est, most damaging storms.

At a harbor gauge, strong shallow-water effects can
influence detection of moderate storms (Fig. 5). The
shallow-water effects can be removed by filtering the
residuals using a low-pass (Gaussian) filter. Numerical
tests (Fig. 5) showed that a 19-h filter with a width of
2 standard deviations reduces shallow-water effectswith
a distortion of low-frequency components that is tol-
erable for detecting important storms. However, this
low-pass filter al so damps the amplitude of storm surges
with a duration of less than 19 h. To diminish shallow-
water effects and maintain original storm surge infor-
mation, three steps were taken to identify a storm event.
First, possible storm events were identified from resid-
uals using 2 standard deviations as a criterion; then
storm events were also identified from the low-pass-
filtered residuas; finally only those storms detected in
both unfiltered residuals and low-pass-filtered residuals
were retained.

There are situations when lesser storms occur close

together, creating a difficulty in counting individual
events. In addition, sometimes water level can continue
to oscillate after the passage of the hurricane center
because of the free motion of the water in returning to
its normal level and the change of wind direction (Red-
field and Miller 1957). These oscillations can cause a
negative surge, but they are generally less than onetidal
cycle in period. Thus, one tidal cycle (12 h for the
semidiurnal tide along the East Coast) was chosen as a
criterion to discern storm events. If the interval between
two storm events is more than 12 h, they were taken to
belong to different storm events; otherwise, they were
regarded as continuation of a single storm event.

d. Separating tropical and extratropical storms

Hurricanes and northeasters have different effects on
coastal erosion. Although hurricanes produce higher
surges, they have shorter duration and influence a rel-
atively small length of coastline. Normally, theinfluence
of a hurricane on a specific coastal position spans less
than one day and stretches no more than 200 km. In
contrast, northeasters generally have lower windspeeds,
last for several days, impact a coastline length of more
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Fic. 4. Water level, tide, and storm surge at Atlantic City during Dec 1992. Note this storm
resulted in elevated water levels over 4 days. Such along duration storm is very damaging. The
crosshatched area is the integrated intensity of the storm, a measure of storm force.

than 1500 km, and are accompanied by relatively lower
surges. But northeasters can be more destructive to the
beach, dunes, and nearby buildings than hurricanes be-
cause their storm waves can bash the shore for several
high tides. To compare the effects of hurricanes and
northeasters on coastal erosion, it is necessary to sep-
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FiG. 5. Storm surge and filtered storm surge at Portland, ME, during
Jan 1977. Note that the shallow-water effects are removed by the
19-h Gaussian filter, but the surge amplitude of the storm event with
duration less than 19 h is only damped by the low-pass filter.

arate hurricane and northeaster events. Generally, most
hurricanes occur from June to September, and north-
easters prevail from October to May in the midlatitudes.
However, a considerable number of tropical storms oc-
cur in October. There have been tropical storms even
in November based on historical track records of trop-
ical storms (Neumann et a. 1993). So a feasible way
to separate hurricanes and northeasters is to use histor-
ical hurricane track data. A search scheme based on a
circular area can be employed to identify tropical storms
that influence particular coasts based on tropical storm
track data. First, all tropical storms for a year that fall
within a circle with a tide gauge as the center are se-
lected. Then start and end dates of a storm surge event
are compared with start and end dates of selected trop-
ical storms. If the two periods overlap, the storm event
is selected as a tropical storm.

Clearly, the radius of the circle should be determined
in terms of the spatial distribution of storm surge am-
plitude. Redfield and Miller (1957) studied the distri-
bution of storm surge amplitude from a storm center to
an edge perpendicular to the storm path based on tide
gauge records and field observations. Their work dem-
onstrated that maximum water level occurred 90-130
km to the right of storm paths. A surge elevation of a
few feet can extend for several hundred miles; radii of
600, 800, 1000, and 1200 km were selected for circle
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searches. The circle searches were performed in as-
cending order of radius until there was no significant
difference between the number of tropical events from
an adjacent small circle (radius of 600 km) and those
fromalarger circle (with radius of 800 km). Thetropical
storms within the small circle were used to identify
tropical events.

e. Indexes for measuring storm activity

To detect and classify changes of historical storm ac-
tivity, three indexes have been used in this research:

» count: number of storm events during a certain period,

e duration: number of hours of storm surges over 2
standard deviations during a certain period, and

* integrated intensity: total area(m-h) under storm surge
curves and above 2 standard deviations during a cer-
tain period.

The first two indices reflect counts and duration of
storms. The third index reflects the storm severity. Fig-
ure 4 shows the integrated intensity (the crosshatched
area) of the December 1992 northeaster at Atlantic City.
All these indexes for tropical and extratropical storms
can be calculated for identified storm events. The whole
procedure to analyze historical storm activity from hour-
ly tide gauge records has been implemented in C+ +
code and the commercial software package SPLUS.

5. Results
a. Seasonal changes

The selected indexes show a clear seasonal patternin
coastal storm activity along the East Coast. Monthly
mean integrated intensity of storm surges over 2 stan-
dard deviationsis high from November to April and low
from May to October (Fig. 6), indicating more storms
occur from November to April every year and less storm
activity from May to October. The other two indices,
monthly mean number of storms and monthly mean
duration, display a similar pattern (Zhang 1998).

As noted above, most hurricanes occur from June to
September, while northeasters prevail from October to
March. The large value of the three indexes during No-
vember to April suggests that most of the storm activity
in ayear isthe result of northeasters. These northeasters
are the dominating storm forces causing episodic ero-
sion along the East Coast.

The influence of extratropical storms versus tropical
storms is not uniform along the East Coast. The impact
of tropical storms increases from north to south along
the East Coast. Monthly mean integrated intensity from
May to September for storm activity from the Portland,
Maine, to Atlantic City gauge displays low values (Fig.
6), indicating that the influence of tropical storms is
small north of the Sandy Hook, New Jersey, gauge. This
trend is consistent with the spatial distribution of trop-
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Fic. 6. Monthly mean integrated intensities of storm surges over
2 std dev along the East Coast. The series are offset (i.e., separated)
by five units and the range of an error bar set to 0.2 std dev for the
sake of clarity.

ical stormsaong the east coast. The statistics of tropical
storms affecting the U.S. east and gulf coasts show that
the frequency of landfalling tropical storms and hurri-
canes decreases dramatically from Virginia northward
(Neumann et al. 1993). The influence of tropical storms
becomes more and more significant from the gauge at
Hampton Roads, Virginia, toward the south. The month-
ly mean integrated intensity shows fairly large values
in June and September at the Charleston gauge. The
values at the Mayport, Florida, gauge in June, Septem-
ber, and October are approximately equal to, or more
than, those in January and February, implying that the
influence of tropical storms is as important as that of
extratropical storms at Mayport.

b. Interdecadal changes

There are significant interdecadal variations of storm
activity along the East Coast (Figs. 7-9). These qua-
siperiodic interdecadal fluctuations are not surprising.
Such fluctuations are commonplace in climate records,
sea level being atypica example (Douglas 1991). Itis
hard to quantify exactly the decadal changes in Figs.
7-9 due to discontinuous index curves caused by data
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FiG. 7. Annual number of storms with surges over 2 std dev along
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gaps. Empirical orthogonal function (EOF) analysis is
a powerful tool for compressing interrelated data and
extracting comprehensive information (Kutzbatch 1967;
Aubrey and Emery 1986). To detect the dominant spatial
and temporal modes of historical storm activity, EOF
analysis was applied to 67 yr of index series during
1930-96. The 10 tide gauges listed in Table 1 and Fig.
1 were utilized because storm surge records at most
gauges are complete during this period.

Storm surges recorded at a particular tide gauge are
influenced by storm size, path, and local topography.
Since the east coast covers about a 3100-km length of
coastline, there are considerable spatial changes in the
storm indexes, especially duration and integrated inten-
sity. To prevent the gauges with large storm surge in-
dexes from dominating the variance when EOFs are
computed, the storm indexes were normalized by sub-
tracting their mean value and dividing by their standard
deviations.

Equal temporal observations are required to compute
eigenfunctions (Emery and Aubrey 1991). However,
small gaps exist in the storm index series (Figs. 7-9).
There are two ways to deal with the gapped data. One
is to interpolate the missing data in terms of adjacent
gauges since decadal variations of storm indexes are
correlated spatially. The other is to estimate the corre-
lation coefficients by removing data from the complete
series corresponding to the gaps in the incomplete ones.
Only those points existing in both series are used to
compute correlation coefficients (Aubrey and Emery
1986). The gapped records have little effects on EOF
resultsin our analysis since the missing pointsonly vary
from 2 to 6 (Figs. 7-9), relatively small compared with
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the length of series (normally 67). Numerical testing
shows that there is no significant difference in EOF
analysis results based on the two methods. The first
method was used for this paper.

The EOF analysis shows that the first and second
eigenfunctions for annual integrated intensity account
for 54% and 15% of the variance, respectively. This
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indicates that most of the variation in decadal changes
is described by the first two eigenfunctions. The first
spatial eigenfunction values for annual integrated in-
tensity are small at the Mayport and Charleston gauges,
and large from Atlantic City to Portland. The second
spatial eigenfunction shows a reverse pattern (Fig. 10).
These findings suggest that there are two different types
of decadal changes in storm activity along the East
Coast. The first eigenfunction mainly represents the
fluctuation pattern of storm activity north of the Hamp-
ton Roads gauge (north pattern: northeaster-dominated),
while the second eigenfunction mainly represents the
fluctuation pattern of storm activity south of the Wil-
mington, North Carolina, gauge (south pattern: influ-
enced by both northeasters and hurricanes). Results
from EOF analysis of the other two storm indices, an-
nual number of storms and annual duration of storms,
display a similar spatial pattern (Zhang 1998). It isin-
teresting to note that the Atlantic City and Charleston
gauges, respectively, can represent the storm activity for
the entire north and south parts of the East Coast in
terms of the results from the EOF analysis. Thisfinding
validates the results of Zhang et al. (1997).

The third eigenfunction is not entirely insignificant.
It accounts for 10% of the variance of the annual in-
tegrated intensity. The third spatial eigenfunction shows
a large value at Hampton Roads and Wilmington, in-
dicating that it mainly represents a hybrid fluctuation
pattern at the Hampton Roads and Wilmington gauges.
This region represents the transition between the north-
ern and southern patterns.

Figure 11 shows temporal eigenfunctions for annual
integrated intensity. There are peaks around the mid-
1940s and early 1960s; troughsin the late-1930s, around
1950s, and late 1980sin thefirst temporal eigenfunction.
The second temporal eigenfunction displays less vari-
ation than the first temporal eigenfunction. The yearly
integrated intensity increased since 1930 and reached
its maximum values in early 1960s. The yearly inte-
grated intensity declined from the mid-1960sto the mid-
1970s, then rose again slowly since the mid-1970s. Note
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that both temporal eigenfunctions display large values
in the early 1960s, indicating severe storm activity along
the entire East Coast during this period.

To examine the relative role of tropical and extra-
tropical storm activity on a decadal scale, the circle
search was used to separate the different series based
on historical storm track data. The results show that
northeasters dominate hurricanes along the East Coast;
hurricane activity increases from north to south. The
mean values of the three indexes show that tropical
storm indexes are less than 30% of those of extratropical
storms (Table 2), indicating that extratropical storm ac-
tivity dominates the entire East Coast. Thereisadistinct
pattern in the spatial changes of the three storm indexes.
The ratios of mean tropical values to extratropical ones
from the gauges north of Hampton Roads are less than
10%. These ratios increase to 10%—27%, with a max-
imum at Mayport. This means that the northern part of
the East Coast is mainly influenced by extratropical

TABLE 2. Ratio (%) of annual count, duration, and integrated
intensity of tropical to extratropical storms.

Integrated

Tide gauge Count Duration intensity
Portland 2 2 3
Boston 3 3 4
Newport 3 2 4
New York 5 5 6
Sandy Hook 5 6 6
Atlantic City 7 8 9
Hampton Roads 13 18 24
Wilmington 9 12 20
Charleston 13 15 25
Mayport 20 24 27
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TABLE 3. Results of linear regression to annual count of tropical, extratropical, and both types of storm.

Tide gauge Tropical storms Extratropical storms All storms
Portland 0.001 + 0.003 0.014 + 0.016 0.015 + 0.016
Boston —0.003 = 0.004 0.008 = 0.019 0.005 = 0.020
Newport —0.002 + 0.005 0.033 + 0.021 0.031 + 0.022
New York —0.005 = 0.004 0.014 = 0.018 0.009 = 0.019
Sandy Hook —0.002 + 0.004 0.028 + 0.013 0.026 + 0.013
Atlantic City 0.001 = 0.004 0.008 = 0.014 0.009 = 0.014
Hampton Roads 0.003 + 0.005 0.026 + 0.018 0.028 + 0.017
Wilmington —0.001 = 0.009 0.002 = 0.025 0.002 = 0.027
Charleston 0.001 + 0.006 0.016 + 0.014 0.017 + 0.014
Mayport —0.012 = 0.007 0.059 = 0.015 0.047 = 0.015

storm activity. However, the southern part shows some
influence of extratropical storms, but as expected, a
greater tropical storm activity, as can be seen in Fig. 6.

c. Long-term changes

Tables 3-5 list the linear regression rates and uncer-
tainties of the three indexes for all tropical and extra-
tropical storms. The uncertainties shown are too opti-
mistic by a considerable factor because of the decadal
and longer fluctuations in the data. Note that the linear
regression rates are very small, and there is no signif-
icant long-term trend either in annual count, duration,
or integrated intensity, indicating that there is no sig-
nificant trend in storm activity during this century along
the East Coast. In contrast, Landsea (1993) found a
declining trend in incidence of intense hurricanesin the
last 30 yr. This trend is not evident in the hurricane
surges at Atlantic City and Charleston. However, Land-
sea derived his results based on the statistics of al in-
tense hurricanes at the scale of the Atlantic basin. The
decrease in incidence of intense hurricanes at the basin
scale does not translate into a decrease in number of
hurricanes affecting a specific tide gauge because of the
limited spatial extent of hurricane influence.

6. Discussion

Mather et al. (1964, 1967) documented temporal
changes of damaging storms along the East Coast from
1912 to 1962, based on historical records from peri-
odicals, newspapers, and weather summaries. They

found that the annual number of damaging storms in-
creased from two in early 1940s to over seven in late
1950s and early 1960s. This change is much larger than
found in this study. But the damage from a storm is not
only determined by its severity, but also, to a much
larger extent, by the development status of the coast.
Popul ations and development have increased al ong most
sections of the U.S. Atlantic coast since the beginning
of this century (Hebert and Taylor 1975). Therefore,
relying on the number of damaging storms biases the
estimate of storm activity to more recent times. The
number of damaging storms cannot be used as an ob-
jective index to reflect the change of storm activity.

Resio and Hayden (1975) and Hayden (1981) inves-
tigated the secular variations in mid-Atlantic extratrop-
ical storm activity by analyzing changes in frequencies
of surface pressure patterns and number of cyclones
over North America. An increase in storm frequency
from the 1940s and 1960s along the Atlantic coast was
found. Their findings are similar to the results reported
here. However, storm severity during ayear is not only
determined by count, but also, to a much greater extent,
by duration and magnitude of each storm. Thus, a com-
prehensive index such asintegrated intensity isrequired
to define storm impact.

Analysis of annual storm indexes shows that there
are significant decadal variations in storm activity.
These decadal changes have an aliasing effect on the
computed long-term trend when the storm surge record
is short and will lead to erroneous estimates of the long-
term trend of storminess. In order to demonstrate this
effect, successive linear trends of annual count and in-

TABLE 4. Results of linear regression to annual duration of tropical, extratropical, and both types of storm.

Tide gauge Tropical storms Extratropical storms All storms
Portland 0.029 = 0.041 0.318 = 0.263 0.347 = 0.270
Boston 0.037 + 0.078 0.118 + 0.381 0.155 + 0.403
Newport 0.038 = 0.072 0.028 = 0.451 0.066 + 0.463
New York —0.099 * 0.103 —0.233 = 0.390 —0.331 + 0.407
Sandy Hook 0.010 = 0.106 0.427 = 0.344 0.437 = 0.357
Atlantic City 0.073 = 0.113 0.218 + 0.358 0.291 + 0.358
Hampton Roads 0.191 *= 0.235 0.395 * 0.482 0.586 + 0.466
Wilmington 0.157 + 0.206 —0.738 = 0.521 —0.580 * 0.572
Charleston 0.035 = 0.113 0.492 = 0.284 0.527 = 0.301
Mayport —0.240 * 0.247 0.928 + 0.594 0.688 + 0.613
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TABLE 5. Results of linear regression to annual integrated intensity of tropical, extratropical, and both types of storm.

Tide gauge Tropical storms Extratropical storms All storms
Portland 0.014 + 0.010 0.025 + 0.035 0.039 + 0.037
Boston 0.023 = 0.020 —0.030 = 0.061 —0.007 £ 0.066
Newport 0.018 + 0.020 0.010 + 0.056 0.028 + 0.059
New York 0.004 = 0.020 —0.073 £ 0.077 —0.069 + 0.081
Sandy Hook 0.018 + 0.020 0.062 + 0.074 0.080 + 0.078
Atlantic City 0.017 = 0.021 —0.020 *= 0.062 —0.003 £ 0.067
Hampton Roads —0.024 = 0.047 0.044 + 0.086 0.020 + 0.098
Wilmington 0.020 = 0.025 —0.048 = 0.044 —0.029 + 0.052
Charleston —0.004 + 0.019 0.048 + 0.031 0.044 + 0.034
Mayport —0.021 = 0.028 0.080 = 0.063 0.060 = 0.066

tegrated intensity at Atlantic City were computed based
on intervals ranging from 10 to 60 yr (Figs. 12 and 13).

The Atlantic City record presents some problems.
Figures 7-9 show that Atlantic City suffered severa
years of data losses after 1970. To complete the record,
we compared data from nearby Sandy Hook (about 130
km from Atlantic City) with those from Atlantic City
over their common, completeinterval (1933-93). It was
found that there is good correlation between storm in-
dices at Atlantic City and Sandy Hook (Zhang et al.

Figure 12a.

—
A

W M

Number
15

i/

/ <
5-yr moving avs‘\'agc

0 - : -
1920 1930 1840 1950 1960 1870 1880 1990
Year

2000

Figure 12b.

T
Slide window = 46 yr ‘
S E_— - L\

1

1 Slide w ndou\:j% vr :
2 W |

- i ] I ‘
1 Slide window < 29 yr ‘ i
1 1 W\I‘W\I\M
. ; N AN

] \/\/\/ \v) VW
Slide ‘%/indow =10yr i

1950

Rate (num/yr) {offset

WTASIY

A
1920

vvvvvv

1930

1940 1960 1970 1880 1990 2000

Year

Fic. 12. (a) Annual count of storms with surge more than 2 std
dev at Atlantic City. (b) Trends of annual count at Atlantic City for
all continuous intervals of 10, 20, 30, and 40 yr in length.

1997), so the Atlantic City record was made complete
by using interpolated values from Sandy Hook.

Figure 12 shows storm count trends at Atlantic City
for al continuous intervals of 10, 20, 30, and 40 yr in
length. The raw data were used to compute the trends
by linear regression. Each point corresponds to the trend
over the preceding and following n (2 yr)~—*, where n
is the interval in question. The 10-yr linear regression
rate varies from —0.5 to +0.7 events per year. There-
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fore, it isincorrect to use 10 yr of data to estimate the
long-term trend of annual storm counts. The 20-yr win-
dow lowers drastically the fluctuations of linear regres-
sion rates for count, but there are still considerable
changes (Fig. 12). Linear regression rates from a 40-yr
window shows little variations from zero. The linear
regression rates for the integrated intensity index from
20-, 30-, 40-, and 50-yr windows show that at least 50-
yr records are required to obtain a reliable estimate of
the underlying long-term trend in this century for that
parameter (Figs. 13a and 13b).

Carter and Draper (1988) and Bacon and Carter
(1991) reported that the North Atlantic has become
rougher in recent years in terms of 25 yr (1962—86) of
instrumental recorded wave data. Although wave height
and storm surge are different climate indexes they are
related closely because they are normally induced by
the same meteorological events. Tancreto (1958) dem-
onstrated a high correlation between maximum storm
surge and significant wave height. Thus wave height
will display similar decadal fluctuations, and using
short-term wave data to estimate the long-term trend in
coastal storm activity will produce biased results.

Although there is no significant long-term trend in
storminess based on the storm indexes along the East
Coast, sealevel rise has resulted in the increase of storm
impact on the shore. The long-term trends at Atlantic
City and Charleston are 3.9 and 3.4 mm yr—1, respec-
tively (Douglas 1991). This sea level rise, amounting
to nearly 40 cm century 1, islarge compared to the rms
value (about 16 cm) of the nontidal water level varia-
tions (the rms value of anomalous water level including
storm surge events over the record is so small because
storms are infrequent). This makes the apparent number
and severity of storms appear to increase with time be-
cause of sea level rise (Zhang et al. 1997). While re-
moval of the trend of sea level is needed to reveal the
true number of storms as well as their intensity, it is
also true that sea level rise inexorably exacerbates the
damage done by a storm of a given magnitude at any
particular coastal area through time.

7. Conclusions

Storm surge records can be used to document quan-
titatively the number of storm events and their severity.
The three indexes proposed here (count, duration, and
integrated intensity) computed from storm surge records
provide an objective, quantitative, and comprehensive
measure of historical storm activity.

The count, duration, and integrated intensity of storms
along the East Coast display considerable interdecadal
variation. There was more storm activity (number) and
intensity (duration and magnitude) during the mid- to
late 1950s and early 1960s over the period of record for
10 locations along the East Coast. Also, there are clear
seasonal patterns in storm activity. North of Hampton
Roads, Virginia, northeasters dominate, and the storm
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activity is concentrated from November to April. For
southeast coast, storm activity during June, September,
and October is aso significant; the influence of hurri-
canes increases southward.

Analysis of the hourly tide gauge records from 10
tide gauges along the East Coast does not show any
discerniblelong-term secular trend in storm activity dur-
ing the twentieth century. This suggests a lack of re-
sponse of storminess to minor global warming along the
U.S. Atlantic coast during the last 100 yr. However,
climate can change abruptly. Relatively large global
warming is predicted in the next century, which may
cause a major change in coastal storm activity. If future
hourly tide gauge records are evaluated using methods
employed in this paper, it will be possible to detect the
response of tropical and extratropical storms to global
warming.

Finally, although there is no significant long-term
trend of storm activity along the East Coast during this
century, the effect of sealevel rise over the last century
has exacerbated the flooding from modern storms that
would have been less damaging a century ago. Thusthe
intensive coastal development that has taken place over
thelast half century becomes more subject to flood dam-
age from coastal storms even though the trend in the
number and severity of storms has remained unchanged.
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