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Abstract. A systematic survey of high-frequency sea level cause severe flooding, especially in harbours characterised
oscillations &6 h) measured between 2006 and 2011 alongby a large amplification factor (Rabinovich, 2009).
the US East Coast is performed. Raw 1-min resolution sea Many barotropic ocean processes can be significantly
level data is used. After performing a data quality check,amplified over a wide shelf, as energy coming from
the nine most intense events, with maximum recorded wavehe open ocean or atmosphere can be efficiently trapped
heights ranging from 40 to 100cm, are identified. Focus-there (Vennell, 2010). For example, hurricane- or cyclone-
ing on three of these events enables us to recognize twgenerated coastally trapped waves occurring over a sloping
different generation mechanisms: (i) topographically-trappedshelf often have a meter scale (Yankovsky, 2008; Eliot and
edge waves which are found to be a significant contributor toPattiaratchi, 2010). Edge waves, occurring over super-inertial
the strongest observed oscillations, and (ii) standing wavestimescales, are amplified towards the coastline due to re-
which occur over enclosed shallow waters and may result irfraction and reflection of long ocean waves over the slop-
significant wave heights of up to 100 cm. A reproduction of ing topography (Huthnance, 1975; Yankovsky, 2008). Me-
the observed oscillations is a part of a future work, which teotsunami, long ocean waves resonantly generated over the
will include an assessment of a generating force in the atmoshelf by a travelling atmospheric disturbance (Monserrat et
sphere, allowing for a better prevention of potential flooding al., 2006), are as well amplified over the shelf. At the coast-
along the US East Coast. line, oscillations can further amplify within harbours and
bays through harbour resonant processes, which can result
in a several-meter-high oscillations over a several minute
timescale (Rabinovich, 2009).
1 Introduction A wide shelf, with a width varying from 50km (south
Florida and North Carolina) to 500 km (Gulf of Maine), en-
High-frequency sea level oscillations with periods ranging compasses most of the US East Coast. A number of stud-
from several minutes to a day in coastal regions result fromies document this shelf as a place where long ocean waves
a variety of processes: tides, direct forcing from the atmo-gre atmospherically generated (Yankovsky, 2008; Churchill
sphere, and different kinds of propagating and standing oceagt 4] 1995). Both generation and propagation of edge waves
waves, all of which can be amplified over shelves, in bays,gjong the US coastline have been documented several times
harbours and over other topographical features (LeBlond an‘i;liuring the last 60yr (Munk et al., 1956; Greenspan, 1956;
Mysak, 1977). Some sea level components (e.g. tides) argeardsley et al., 1977). Tropical cyclones moving northward
forecasted precisely, some are forecasted satisfactorily (e.gyre usually the principal generating source of these coastal
storm surges), but others occur suddenly (e.g. tsunamis) angayes (Yankovsky, 2008, 2009). An early study by Donn
can lead to severe coastal floods where coastal infrastrucgnd McGuinness (1960) focused on the effect of 4-10 min
ture is not adopted properly. Tsunamis are the best examajr pressure oscillations on the sea level, 80 miles away

ple (Bernard et al., 2006); however, atmospherically generfrom New York City. They found that the inverted barometer
ated ocean gravity waves and coastal edge waves can also
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Table 1. List of the tide gauge stations along the US East Coast used for the analysis.

Station Name Latitude Longitude Time
number sampling
8413320 Bar Harbor 44.3917 —68,205 1min
8418150 Portland 43.6567 —70.2467 1min
8419317 Wells 43.32 —70.5633 1min
8423898 Fort Point 43.0717 —70.7117 6min
8443970 Boston 42.355 —71.0517 1min
8448725 Menemsha 41.3544 —70.7678 6min
8449130 Nantucket Island 41.285 —70.0967 1min
8510560 Montauk 41.0483 —71.96 1min
8531680 Sandy Hook 40.4667 —74.01 1min
8534720 Atlantic City 39.355 —74.4183 1min
8536110 Cape May 38.9683 —74.96 1min
8557380 Lewes 38.7817 —75.12 1min
8570283 Ocean City Inlet 38.32833-75.091667 1min
8638863 Chesapeake Bay Bridge Tunnel 36.96666+76.113333 1 min
8651370 Duck 36.183333 —75.746667 1min
8652587 Oregon 35.795 —75.5483 1min
8656483 Beaufort 34.72 —76.67 1min
8658163 Wrightsville Beach 34.2133 —77.7867 1min
8661070 Springmaid Pier 33.655 —-78.9183 1min
8721604  Trident Pier 28.415 —80.5933 1min

response was dynamically multiplied by about 100 times.2 Data and methods
Several other papers deal with the resonant energy transfer
over the shelf (Donn and Balachandran, 1960; Churchill etSea level data covering the period of 2006 to 2011 were taken
al., 1995; Paxton and Sobien, 1998). Tropical storm and asfrom twenty tide gauge stations spread along the US East
sociated long ocean waves have been found to excite oneZoast from 2830 N (Trident Pier) to 4425 N (Bar Harbor).
meter-high sea level oscillations over the coasts of New-Sea level and meteorological data were downloaded from the
foundland (Mercer et al., 2002; Mecking et al., 2009); both NOAA CO-OPS website aittp://opendap.co-ops.nos.noaa.
resonantly generated waves and waves reflected/refracted gbv/axis/webservicesvhile MERRA website Ifttp://gmao.
the shelf edge are found to contribute to the observed coastgjsfc.nasa.gov/meryravas used for investigations of synoptic
sea level oscillations. conditions. The 1-min raw data were used when available, in
The most intense sea level event along the US Easbrder to properly capture high-frequency events. Otherwise,
Coast occurred at Daytona Beach, Florida, on 3 July 1992-min preliminary data were used when 1-min resolution was
(Sallanger et al., 1995; Churchill et al., 1995). Daytonanot available. Table 1 contains basic information about the
Beach was hit by 3-m-high waves, hypothesized to be a resulgtations, while Fig. 1 illustrates their geographical positions.
of alongshore propagating squall line, which resonantly gen- Several quality check analyses indicated a number of prob-
erated long ocean waves through the Proudman resonancelems with 1-min sea level raw data. The corrupted data are
All of these events were a posteriori examined, while nodetected through a presence of isolated spikes, gaps in the
systematic investigations on the East Coast high-frequencyime series and sometimes several hours of continuous aber-
sea level oscillations were conducted. Our research aimeeant values. Isolated spikes differing for more than 20cm
to systematically survey the strongest sea level oscillationgrom neighbouring values were removed. Other bad data
over short timescales (6 h or less) observed along the US Eastere removed manually after visual inspection. An exam-
Coast between 2006 and 2011, when sea level data at 1-miple is shown in Fig. 2, where the presence of bad 1-min sea
resolution were available along the whole coastline. The datdevel data results in artificial peaks and oscillation throughout
and the methods will be presented in Sect. 2; Sect. 3 will fo-the time series, when detiding and digital filtering is applied.
cus on three selected events and display their different natur8everal stations had abnormal fluctuations during the stud-
and underlying physical processes, ending with some discusied period, and these fluctuations were all removed manually
sion and conclusions outlined in Sect. 4. before further processing.
T-tide software package (Pawlowitz et al., 2002) was used
to subtract tides from the series. The subtraction has been
done on the whole time series, i.e. over 5yr of data span,
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the analyses.

3 Results
removing all significant tidal harmonics froms; to M = 8 ] ] o o
from the series. Residuals were high-pass filtered with alime series containing the strongest oscillations from three
6-h Kaiser—Bessel digital filter, in order to document the representative stations during all nine events are presented
strongest oscillations with periods shorter than 6 h. Once del? Fig. 3. At first sight, we can observe a wide variety of
tected, we also used a 12-h Kaiser-Bessel digital filter for in-0Scillations, differing in oscillating periods, amplitudes and
depth investigation of events which had strong oscillations aduration. Also, itis interesting to notice that most of the os-
periods close to the 6 h period. cillations occurred from January to early April, except events
The high-frequency series were further analysed, and thé (June) and 9 (late October).
nine strongest events were extracted. Table 2 displays ba- Maximum recorded oscillations were found to have wave
sic characteristics of each event, including the list of stationd1€ights between 40 and 100cm. The highest oscillations
where the 9 strongest events were detected. All of the analvere recorded during events 6 and 7 at the Boston and At-
ysed events were recorded at three tide gauges at least atfMtic City tide gauges, respectively. Dominant periods were
had maximum wave heights of at least 40 cm. The duratiorfound to range from less than 1 h to 5-6 h periods. The events
of an event is defined as a time in which a wave height ex-With longer periods lasted longer, on average about 20h,
ceeds the threshold of 10 cm, following a similar criterion while some events were characterized by an isolated abrupt
introduced by Rabinovich and Monserrat (1996). sea level peak over tens of minutes’ timescale (e.g. the event
Spectral analysis was applied to sea level data, using'©- 4 atDuck). _ _
a 2048 point length Kaiser—Bessel window (Emery and A variety of differences between the investigated events
Thomson, 2001), 75% overlapped, over a five-day periodindicates a difference in the uqderlying physics. The most
(7200 point), centred over the maximum observed oscilla-cCOMMon property was a slow increase of wave amplitude
tions. Additional smoothing over high frequencies was per-during several hours. During the same event, waves were
formed by window averaging, which increases the degreeé‘sua"_y ou.t of phase atdlffer(_ant stations (e.g. at Sandy Hook,
of freedom. Cross-spectra and coherence spectra were corfiflantic City, Cape May during events 1, 3 and 7). On the
puted between pairs of stations, in order to document thé)tht.ar.hand,. the major wave peak Observeq durmg event 6
standing or propagating nature of the observed oscillations€XNiPits an in-phase behaviour between stations. Differently,
using the same procedure as for spectral analysis. event 8 shows again another kind of configuration, where
Following Marcos et al. (2009), we computed separately®n€ can observe the superposition of strong high-frequency
event and background spectra, the event spectra centred ov@fcillations at Trident Pier, presumably amplified within a
the event, and the background spectra over calm intervaldiarbour or bay, over lower frequency oscillations, the latter
Event-to-background spectral ratios were estimated in orde!OWly decaying in time.
to separate local topographic effects from energy of the ob-
served ocean waves.
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Table 2. List of strong sea level oscillation events, their dominant period, maximum wave height and duration, and tide gauges where the
oscillations have been recorded.

Events Date Dominant Duration Maximum Stations where the
period wave height waves were recorded
1 05/03/2008 5-6h 24h  0.5m (Atlantic City) Montauk, Sandy Hook, Atlantic City
2 17/06/2008 60 min 20h 0.4 m (Duck) Montauk, Sandy Hook, Atlantic City, Ocean
City, Chesapeake, Duck
3 08/01/2009 3-4h 24h  0.5m (Atlantic City) Bar Harbor, Boston, Montauk, Atlantic City,

Chesapeake, Duck, Beaufort, Wrightsville
Beach, Springmaid

4 29/01/2009 1h 1h 0.6m (Duck) Atlantic City, Ocean City, Duck

5 29/03/2009 5-6h 24h  0.5m (Wrightsville Beach) Duck, Beaufort, Wrightsville Beach, Spring-
maid Pier

6 26/02/2010 3h 17h  1m (Boston) Bar Harbor, Portland, Boston

7 13/03/2010 60 min 48h 1m (Atlantic City) Montauk, Sandy Hook, Atlantic City, Ocean
City, Chesapeake, Duck, Beaufort, Wrightsville
Beach

8 05/04/2011 60 min 16h 0.7 m (Trident Pier) Atlantic City, Ocean City, Chesapeake, Duck,

Beaufort, Wrightsville Beach, Springmaid Pier,
Fort Pulaski, Trident Pier
9 28/10/2011 40 min 6h 0.5m (Duck) Atlantic City, Ocean City, Chesapeake, Duck

3.1 Event of 5 March 2008 Smaller energy differences were found at periods of 5to 6 h,
with a maximum of energy at Sandy Hook and Atlantic City.
Sea level oscillations became apparent during the mornind=vent-to-background spectral ratios exhibit a common be-
and midday hours of 5March 2008, slowly decaying andhaviour: a broad maximum may be found between 3.5 and
disappearing a day later. The strongest sea level signal wagh, with a pronounced peak at 5.5 h, and another broad max-
found at Atlantic City and Sandy Hook, where trough-to- imum between 1.6 and 2.7 h. At higher frequencies spec-
crest values reached 85 and 45cm, respectively (Fig. 4)tral ratios do not contain maxima; the only exception be-
Three strong waves were observed at each station, followethg Sandy Hook, where a broad event-to-background en-
by slowly decaying oscillations. Recorded oscillations hadergy maximum may be found between 45 and 60 min. Cross-
roughly 5h periods with some higher frequency waves su-spectral analysis confirms that these two parts of the spec-
perimposed, particularly at Atlantic City where a 60 cm neg- trum (3.5-6h and 1.6-2.7 h) are coherent over the stations,
ative peak was recorded at the beginning of the event. Thavith high coherence levels varying between 0.7 and 0.9. The
5h oscillations are not in phase. Namely, sea level begingphase shift between pairs of stations is estimated, resulting
to increase at 06:00 UT at Atlantic City, whereas at Sandyin a phase difference of 90-108etween Atlantic City and
Hook, Lewes, Ocean City and Montauk the increase beginsape May, 100between Atlantic City and Lewes ardl2(
at 06:00a.m., 09:00 a.m., 08:00a.m. and 11:00 a.m., respedetween Atlantic City and Sandy Hook. The phase differ-
tively. Also, the Atlantic City and Sandy Hook records are ences between Atlantic City and Sandy Hook and between
clearly out of phase. This phase shift could be a sign of wavedtlantic City and Cape May are roughly in agreement with
propagating along the coastline. estimates based on visual inspection of the series (Fig. 5).
The propagation velocity can be determined by taking Velocities computed from the cross-spectral phase differ-
peak-to-peak time differences between the stations. In ordeences, the respective periods, and alongshore distance be-
to better visualize peaks of interest, times series were bandween a pair of stations are reported in Table 3. We can note
pass filtered to keep periods between 2 h and 6 h (not shown}he similarities between velocities estimated by both meth-
The relationship between time difference of sea level peak®ds, indicating a dominance of the most pronounced oscilla-
versus alongshore distance can be seenin Fig. 5. Quasi-linetions around 5-6 h. Phase information as well as visual in-
relationship between Sandy Hook and Lewes becomes visispection of sea level time series confirm that the recorded
ble, equivalent to a phase speed of 18.0th &nd between waves propagated southwards along the coast.
Sandy Hook and Cape May to a phase speed of 16:3ms  Synoptic analysis of the meteorological conditions re-
The propagation of the waves along the coastline is southvealed the presence of a low pressure systet®96 hPa)
ward. with a centre positioned inland (100-300 km from the shore)
Spectral analysis (Fig. 6) shows that high-frequency sedhat travelled fast to the northeast with an average speed
level oscillations contained the most energy at Atlantic City. of 22ms™t. The associated cold front passed over the
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Fig. 5. Position in the time and alongshore distance of wave crests

for each station during event 1.
investigated area in late morning and midday hours, resulting
in an abrupt pressure changes. Matching between the passage
of the cold front and the occurrence of sea level oscillations For the lowest moden(= 0, also called Stokes mode),
is apparent. which is normally found to be the most intense one along the

A feasible explanation for the observed waves, rangingFlorida shelf (Yankovsky, 2008), theoretical velocity varies

over super-inertial periods and propagating over a shelf aregrom 16.2 to 18.9 ms!, depending of the frequency con-
is that they may be edge waves presumably generated by asidered. Considering the approximations, uncertainties and
impulse from the atmosphere (Huthnance, 1975), as similaalongshore changes af a fair matching with the observed
oscillations (6 h) generated by a hurricane were found propvelocity of 16.3 to 18.0 ms! is reached. Other modes were
agating along the Florida Coast (Yankovsky, 2008, 2009). Tonot significant during the event, allowing no proper detec-
support the hypothesis, an analytical model for propagatiortion of their phase difference and contemporary velocity es-
of edge waves (see details in Appendix A) will be applied to timates from the sea level data.
our area and compared to observations. Considering a con-
stant slopex = 0.0006 rad, valid for the considered region, 3.2 Event of 13 March 2010
and peak periods of 4.8 h and 5.6 h characterized by highest
spatial coherence, one can estimate edge wave velocity foEvent no. 7 (Table 2) occurred on 13 March 2010. This
the lowest wave mode. These values are reported in Table 3event occurred in the same region and was detected at the
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Table 3. Periods and velocities inferred for events 1 and 7 using visual inspection, phase-shift and with analytical model, at Sandy Hook,
Atlantic City and Cape May.

Event 1 Event 7
Stations Atlantic City/Cape May Sandy Hook/Atlantic City
Period (h) 5.6 4.8 56 48 28 26 13
Velocity (from visual inspection) (mst) 16.3 16.3
Velocity (using phase information) (nr$) 16.3 19.2 118 142 81 83 43
Velocity (from analytical model, Stokes model18.9 16.2 189 162 96 89 44
n=0)(ms1)
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indicated by dashed lines.

observed edge waves lying somewhere between these two
same stations as during event 1 (Fig. 7). The biggest creststations, from which the waves were transmitted northward
to-trough values were again recorded at Atlantic City andand southward along the coastline. Therefore, this velocity is
reached 95 cm, and at Cape May, where they reached 40 cnanrealistic and should not be taken into consideration.
The oscillations between stations seem to be phase shifted, asAs for event 1, we performed spectral and cross-spectral
for event 1. For instance, the oscillations recorded at Atlanticanalysis (Fig. 9). A similarity of spectra and spectral ratio
City and Sandy Hook are clearly out of phase. The observedetween Lewes and Cape May may be found, both having
oscillations predominantly consist of low frequency oscilla- strong significant peaks at 1.3 and 2.6 h. Again, a broad en-
tions (4-5h), on which higher frequency waves are superergy maximum is found at low frequencies at Sandy Hook
imposed; the latter again with higher amplitudes at Atlanticand Atlantic City. Atlantic City has dominant peaks at 4.8
City as during event 1. and 2.4 h, but its spectral ratio, however, has dominant peaks

Between Sandy Hook and Nantucket the phase velocityat 3.8, 2.8 and 0.9 h.

is estimated at 29.6 nT$ from the 2—6 h filtered series and  The velocities have been computed using phase shift infor-
their peak occurrences at different stations (Fig. 8), while be-mation derived from cross-spectral analysis for the periods
tween Atlantic City and Sandy Hook it equals 16.3mh.s  with significant energies. We chose the following periods:
The latter velocity is similar to the one observed during 4.8, 2.8, 2.6 and 1.3 h. However, the computed phase shift
event 1. However, the wave velocity increased north of Sandydoes not have the information about the number of waves
Hook, probably due to the narrowing of the shelf and anlying between two neighbouring stations (each wave lying
increase of the shelf slope. Also, estimated velocity is between stations adds 36t the phase difference), which
unrealistically higher than expected between Atlantic Cityis particularly relevant for oscillations at lower periods,
and Cape May (37.7m3), indicating a source area for the and pure estimation of phase shift may result in unrealistic
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overestimation of wave velocities. Therefore, we applied aremesemed by dashed lines.

number of narrow band-pass filters to series (nhot shown) to

extract single-period oscillations, and to detect the number of ) ) ]
waves lying between stations. For example, the time shift bePoint and Boston (Fig. 1). Maximum trough-to-crest height
tween Sandy Hook and Atlantic City maximum waves hav- of the wave reached 95 cm in Boston, 40 cm in Portland and
ing periods between 2 and 3h indicate that approximately38 cm in Fort Point. o _ .

1.5 waves can be placed between these stations. Therefore, The pattern seems to be similar for all stations (Fig. 10).

360° should be added on phase difference estimated fromR slight increase of the sea level occurred during the last
cross-spectra for waves at 2.6 and 2.8 h periods. hours on 25 February, and sea level decreased significantly

Finally, velocities estimated from the phase shift spectra@ few hours later. Then the highest wave appeared, followed
and band pass filtering are summarized in Table 3. Differen®y several decaying oscillations. The number of oscillations
Stokes modes:y(= 0) match fairly observed velocities for 1.3 depends of the station: there were several of them in Portland
and 2.6 h periods, and overestimate slightly the observed vel>10) and just one in Fort Point. The highest wave amplitude
locities documented at higher periods. Therefore, we can hyoccurred at the same time at all stations, between 04:00 and
pothesize that the observed waves were indeed edge wave29:00a.m. on 26 February. .
having source region south from Atlantic City and propagat- SpPectral analysis (Fig. 11) documents the highest event-
ing northward as the lowest Stokes mode. to-background spectral ratios in Boston, Portland and Fort

Different to event 1, synoptic conditions during the event Point. There is a high degree of similarity between spectral
reveal the presence of a broad stationary cyclone, slowlyatios at Fort Point and Boston, both having sharp peaks at
moving eastward, accompanied with a cold front stretching#-8-5.6h and 2.6-2.8 h. Spectral ratio in Wells has a simi-
offshore, passing over the investigated area in evening hourr shape but is weaker, probably due to position of the tide
of 13 March 2010. Minimum air pressure has been recordedy@uge inside a lagoon. At Portland, two peaks may be found
at Lewes and Sandy Hook around 06:00 p.m. Strong windt 2.0 and 2.6 h, and a broader one over periods greater than
(above 10 ms?) blew onshore (towards W) at the front of 4h. At the northernmost station, Bar Harbor, there are no
the cyclone and offshore (towards SE) in its rear sector. Suct§trong spectral peaks at specific frequencies, indicating that
a stationary situation might be favourable for wind-driven the event did not occur significantly there. It is worth noting
generation of edge waves travelling away from a station-also that for all stations but Boston, the slope of the spectral
ary front as suspected from observations, but more detaile@tio increases with the frequency, indicating a strong effect
analysis of atmosphere—ocean coupling, including numericaff the forcing at short timescales.
modelling, should be undertaken to confirm the hypothesis Cross spectral analysis (Fig. 11) indicates that oscilla-

and quantify the processes. tions posed a high level of coherence between Boston, Fort
Point and Portland. Boston and Fort Point oscillations were
3.3 Event of 26 February 2010 roughly in phase at 2/2.8 and 4.8h (Table 4), and had

a high level of coherence. The coherence at 4.8h period
Event 6 occurred during 26 February 2010 and was detectedas high also between Portland and Boston/Fort Point, with
at the following stations: Bar Harbor, Portland, Wells, Fort a slight phase shift (20 deg). Therefore, it seems that the
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Event 6 - 26-Feb-2010 Table 4. Significant coherences and phase shifts during event 6 for
22; : several periods between Portland, Fort Point, and Boston tide gauge
26f Bar Harbor 1 stations.
2-4WMWMMW
22 r Portland ] Period
ZWNW/V\”/\/\A/\/‘W/‘MW Coherence
" Wells ] 2h 24h 2.6h 2.8h 4.8h
E 1'6MM P VN7 W S TRV
3 ML ] Boston/Portland 0.85 0.77 0.93
2 e FortPont 3 Boston/Fort Point 0.92 0.88 091 095
3 | A f\ e i ey | .
| — wﬂ s s ] Portland/Fort Point ~ 0.83 0.85 0.96
L Boston A H
06l : Phase-Shift9)
P e
04f ey WW ] Boston/Portland 83 62 18
B P P BN Boston/Fort Point ~ —24 -6 -5 -4
02 ] Portland/Fort Point —118 -25 =23
0.4 B

25/02 26/02 27/02 28/02
Time

Fig. 10. Residual sea level time series during the event 6. Seriednidnight the cyclone reached the minimum central pressure
have been vertically offset for better presentation. Residuals wer®f 972 hPa and were positioned about 100 km south of Mas-

high-pass filtered with a 6 h Kaiser—Bessel digital filter. sachusetts coastline, then turned sharply westward. An asso-
ciated cold front passed over the Massachusetts and Maine
shelf during the morning hours of 26 February. As the Mas-
sachusetts and Maine coastal area was positioned northeast-
ward from the cyclone centre, the winds blew strongly on-
shore, e.g. average wind speed measured at station Wells in
the late evening hours of 25 February reached 20hssd

blew from E to NE. The winds relaxed after the frontal pas-
sage, enabling oscillatory sea level movements in the area.

Event 6 - 23/02 10 28/02 Event 6 - 23/02 to 28/02

——— Bar Harbor
—— Portland
— Wells

Freq - [cpm] Freq - fcpm]

Event 6 - 23/02 to 28/02 Event 6 - 23/02 to 28/02

—— Boston/Portland
—— Boston/Fortpoint
Portiand/Fortpoint {

4 Discussion and conclusions

The objective of this paper was to document and examine
the most interesting high-frequency.§ h) sea level events
extracted from 20 tide gauges operating along the US East
Coast between 2006 and 2011. Nine intense events, with a
maximum recorded wave height from 40 to 100 cm, have
Fig. 11.Power spectra, power spectral ratios, cross spectra and cdseen selected for analysis.
herence spectra, of the 6 h high-pass filtered residual sea level series A number of past studies investigated similar high-
during event 7. Ninety-five percent (95 %) confidence level is rep-frequency sea level events along the US. East Coast
resented by dashed lines. (Churchill etal., 1995; Paxton and Sobien, 1998; Yankovsky,
2008). However, these studies were based on local and sparse
measurements of lower quality. This study systematically in-
4.8 h oscillations may be attributed to a fundamental modevestigates 1-min raw sea level data over a longer time in-
of standing waves generated over the shelf, encompassingrval and over a larger area, directly benefiting from the
the region from Cape Cod Bay to north of Portland, while upgrade of sea level network following the 2004 Sumatra
2.6/2.8 h oscillation probably corresponded to the first mode.devastating tsunami. As the tsunami network with a 1-min
Finally, the 2 h oscillations observed at Portland and not ob+esolution may be found on the US West Coast as well,
served at Fort Point and Boston were possibly related to somand high-frequency phenomena has been recorded there also
standing oscillations occurring in a complex Portland area(Thomson et al., 2009), it would be interesting to compare
bathymetry. The observed stationary nature of these sea levéligh-frequency sea level oscillations observed at the US East
oscillations and their spatial outreach should be confirmedCoast with oscillations observed at the US West Coast. Me-
through numerical modelling. teorological conditions and topographical features are differ-
Synoptic analysis reveals a deep eye-like low pressure sysent along the two coasts. As for the latter, the US East Coast
tem travelling northward toward the Massachusetts shelf duris characterized by a wide shelf, while the US West Coast
ing afternoon and evening hours of 25 February. Aroundis characterized by a narrow shelf, allowing an assessment

10° 10° 10"
Freq - [com]
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of the importance and efficiency of wide shelves in trappingand cargo traffic (Wang et al., 1987; de Jong and Battjes,
and amplifying high-frequency energy from the atmosphere.2004; Vilibic and Mihanow, 2005). For instance, Wang et
The importance of a proper data quality control should beal. (1987) studied 23-yr-long sea level time series in the Bo-
emphasized, as a number of bad quality data have been dé&ai Bay (China) and documented statistics of all identified
tected in the raw 1-min sea level measurements. Presentlgtrong seiche events, enabling an estimation of seiche return
6-min sea level data are quality controlled by the Na- periods. Applying this procedure to all stations along the US
tional Oceanic and Atmospheric Administration, but such coastline (and not only there) would allow a delimitation of
a resolution is not sufficient to properly investigate some*“high risk” areas. For instance, Atlantic City is found to be
high-frequency sea level phenomena, such as meteotsunaniargely sensible to high-frequency oscillations, which may
(Monserrat et al., 2006). Therefore, the need for 1-min seée quite important in harbours with large amplification fac-
level quality-checked data for research purposes is a demantbrs (Rabinovich, 2009). Combining both process-oriented
We documented a variety of processes, which should bend hotspot-oriented research of high-frequency phenomena
analysed in-depth and connected to their source in the atmas necessary to obtain proper information for hazard and risk
sphere. A preliminary synoptic analysis of events 1, 6 andassessment studies.
7 point to the extra-tropical cyclones and associated frontal
zones as the source for the observed sea level oscillations;
however, atmospheric sources may include (i) hurricanes an§PpP
tropical cyclones, which can have direct and indirect impact;

direct impact comes from landfall effects (Yankovsky, 2008, A simple analytical model for propagation of edge waves de-

2009), but indirect impact is a result of hurricane and tropi-
cal cyclone passages over variable bathymetry and shelf a}{eloped by Ursell (1952) and used by Yankovsky (2008) has

eas (Mercer et al., 2002; Mecking et al., 2009); (i) extra- been used in this analysis. The analytical theory was devel-

tropical cyclones which can quasi-resonantly excite IongOped for edge waves propagating along a shelf of a constant

ocean waves propagating along a wide shelf (Munk et al slope, and can be applied to the US East Coast shelf.
propagating 9 " The model considers three-dimensional normal modes

1956; Beardsley et al,, 1977); and (iii) high-frequency prOp_ﬁ)ropagating over a shelf with constant slapeThe disper-

agating atmospheric disturbances and gravity waves, whic Lion relation is given by (Yankovsky, 2008)
can resonantly generate long ocean waves over minutes to an

hour timescale though Proudman or Greenspan resonances _ gksin((2n + Da), (A1)
(Proudman, 1929; Greenspan, 1956). All of these processes

may result in strong high-frequency sea level oscillations,whereo is the wave frequency is the acceleration due to
and their relevance should be investigated further by numergravity, k is the wave number and is the mode number.
ical modelling tools. The slope parameterequals to 0.0006 rad, and is computed

Particularly strong oscillations have been observed in afrom the distance between coastline and 50 m isobath in the
shallow region delimited by Boston and Portland. As an ex-area of Atlantic City, where the strongest edge waves were
planation, we may assume that these oscillations are a resufetected. Considering that= § one can compute theoreti-
from combination of different resonance mechanisms, opencal velocityc of different edge wave modes
ocean Proudman resonance and harbour resonance. The first
may occur over the 20-60 m-deep shallow area bordered _ 5((2n+ D). (A2)
to the south by Cape Cod, corresponding to long ocean ©
wave speed of 15-25m$. The second is determined by
the coastline shape, as the highest waves were observed in
Boston, which is placed in a cone-shaped bay which, espeAcknowledgementsie greatly appreciate comments provided by
cially at its top, allows for the strong oscillation amplifica- two anonymous reviewers. This work was conducted within the
tion (Rabinovich, 2009). This hypothesis should be checkedNOAA/NWS project “Towards a meteotsunami warning system
through a numerical modelling approach applied to a high_a|0ng the US coastline (TMEWS)”, Award no. NA11INWS4670005.
resolution bathymetry. . o

Our study documents an extraction and basic-level re-Edited by: S. Tinti
search of the strongest events that occurred over a wig&eviewed by: A. E. Yankovsky and one anonymous referee
region; however, another approach is feasible and includes
thorough investigations and statistics of high-frequency os-
cillations collected at a “beacon” station — the station which
might be particularly sensible to high-frequency oscillations
over minutes to hours timescales. This may be particularly
interesting to the local authorities, as some of these oscil-
lations are observed in large harbours, prone to heavy ship

endix A
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