Coupling between a moving air-pressure disturbance

and the sea surface

By WILLIAM L. DONN and N. K. BALACHANDRAN, Lamont Geological
Observatory of Columbia University, Palisades, N.Y .

(Manuscript received January 23, 1969)

ABSTRACT

On 23 November 1953 an atmospheric pressure disturbance travelled eastward across
Long Island Sound (east of New York City) at an average speed of 42 ft/sec. Simul-
taneously, abnormal water level heights were recorded with increasing amplitude in
Long Island Sound eastward from New York City. This is explained as a disturbance
produced by near resonant coupling between the atmospheric pressure disturbance and

the free wave traveling in the region of appropriate depth in the Sound.

Introduction

Coupling between a squall-line and a high
wave in the English Channel has been discussed
by Proudman (1952). Resonant coupling be-
tween atmospheric pressure-jump lines and the
waters of Lake Michigan (U.S.A.) have been
shown for cases of surface gravity waves and
edge waves, respectively by Ewing, Press &
Donn (1954) and Donn & Ewing (1956). Donn &
McGuinness (1960) showed a case of coupling
between atmospheric gravity waves and low
amplitude (20 mm) long period (10 min) ocean
waves recorded off New York City at Texas
Tower No. 4 (before its collapse in a storm).
Redfield & Miller (1957) suggested that hur-
ricane storm surges affecting Long Island may
at times be explained by resonant coupling
between the ocean wave and the storm traveling
northward over the shallow continental shelf
off eastern United States.

This report deals with a case in which a rela-
tively strong coastal sea level disturbance is
related to a travelling atmospheric pressure
disturbance. Cases of this type are of importance
in the understanding of air-sea energy coupling.
They are also of value because of the cata-
strophic effects of storm surges that have been
generated in the past by resonant coupling to
hurricanes, squall lines and related phenomena.
In view of the difficulty of developing exact
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mathematical solutions of this problem because
of the complex configuration of natural water
bodies, more case studies, as noted by Harris
(1957) are of particular value. In this report
we will consider a case of an anomalous sea wave
associated with a moving air-pressure disturb-
ance.

Tide Gauge Data

During the early evening of 23 November
1953 an unusual increase in water level occurred
at Woods Hole, Massachusetts. This disturbance
was recorded with increasing amplitude at tide
stations in Long Island Sound eastward from
New York City. The locations of the tide sta-
tions whose records are illustrated in Fig. 1 are
shown in the bathymetric chart of Fig. 2. At
Montauk, the wave height is 0.42 feet; at New-
port 0.55, and at Woods Hole, 0.93 feet. At
Montauk and Woods Hole the effect occurs with
one wave being especially prominent and with
wave periods of about 20 min. At Newport a
high amplitude train of waves with a period of
about 10 min occurs for about three hours.
Unfortunately, no other tide station existed in
Long Island Sound east of New York City.

In Table 1, the arrival times of the main peak
of the sea level disturbance is given together
with a summary of the wave heights.
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Air Pressure Data

During the afternoon of 23 November a cold
front crossed the region shown in Fig. 2 from
west to east. The front was preceded by pressure
irregularities for several hours as illustrated in
the microbarograms in Fig. 3. The pressure
fluctuations are more prominent on the New
York and New Haven records which have been
recorded on a compressed time scale—one clock
rotation per week, compared to one rotation
per day at other stations.

The pressure irregularities at New York and
New Haven begin with a sharp increase in
pressure (pressure-jump) at 0500 and 0600 re-
spectively, and culminate with a stronger pres-
sure drop with the trough arriving at 1345 and
1445 respectively. At Hartford, Providence and
Woods Hole, the initial jump is very weak (not

evident on these extended records) but the ter-
minating drop is present with diminishing am-
plitude. Travelling air pressure disturbances of
this nature apparently result from internal
gravity waves in the atmosphere (e.g. Tepper,
1952; Balanchandran & Donn, 1964).

It is this last strong pressure trough propagat-
ing over the entire critical area (Fig. 2) that
correlates well with the sea level disturbance.
The microbarogram from Nantucket, about 90
km to the southeast of Woods Hole, has no
indication of the air pressure fluctuations. The
data of arrival times and magnitudes of the
culminating pressure trough are given in Table
2. Arrival times refer to the negative peak
point. Although data for Boston are included
to show the extent of the disturbance, they are
not involved in further discussion because the
station is somewhat outside the critical area.
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Table 1. Water disturbance data

Arrival Height of
Station time (EST) disturbance (ft)
Sandy Hook — 0.00
Montauk 1842 0.84
Newport 1842 1.10
Woods Hole 1924 1.86

We calculated the speed and direction of
propagation of the air pressure trough with the
assumption that it extended as a straight line
perpendicular to the travel direction. This is
justifiable in view of the well known behavior
of pressure-jump lines and the presence of a
squall line on the U.S. Weather Bureau map
just preceding the critical time.

The speed and direction of travel of the air
disturbance can be found from any triangluar
array of stations. In view of the inaccuracy
involved in determining arrival times from
microbarograms of the type used, the changing

W. L. DONN AND N. K. BALACHANDRAN

appearance of the records and the nature of
the station network, the results have limited
accuracy. We used the two triangles formed by
New York, New Haven, Hartford and New
Haven, Hartford, Providence. Providence was
used in place of Woods Hole because of its
expanded barogram time scale. Wave vector
computations give for the western triangle a
speed of 54 ft/sec from 277°; for the eastern
triangle, a speed of 30 ft/sec from 280°. The
average speed over the network is 42 ft/sec.

Table 2. Air pressure data

Arrival Pressure
Station time (EST) change (millibars)
New York City 1330 3.4
New Haven 1500 2.7
Hartford 1507 2.7
Boston 1750 0.7
Providence 1815 2.0
Woods Hole 1825 1.8
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Discussion

The similarity in occurrence of the air and
sea waves suggests an air-sea coupling effect
particularly since no seismic disturbances had
occurred which might have generated a seismic
sea wave (which are practically unknown in this
region). Although no pressure data is available
from Montauk and Newport, the arrival time
of the air wave should have been about the
same as at Providence. Some uncertainty exists
because the exact orientation of the pressure
trough line cannot be determined.

The average air-pressure change over the
critical area was 2.5 mb. The equivalent equili-
brium barometric change on the water surface
is close to 2.5 ecm (1 in.) of water. Because
equilibrium would not likely develop in view
of the motion of the pressure disturbance, the
direct barometric effect would be smaller than
one inch of water. In view of the water wave
height, which varied from nearly one foot to
two feet, a magnification of about 20 times the
direct barometric effect, a mechanism of reso-
nant coupling is suggested.

Such a mechanism requires a matching of the
phase velocities of the air and water disturb-
ances. According to the phase velocity formula

for long ocean surface waves, C = V;};, where g
is the acceleration of gravity and A is the water
depth, the depth of water required to match
the average speed of the air wave (42 ft/sec) is
nine fathoms. In view of the errors inherent in
the air wave computations, an error of +2
fathoms is estimated.

As indicated by the position of the 10 fathom
contour in Fig. 2, the depth required for re-
sonance is found fairly continuously along the
northern border out to the eastern end of Long
Island. Also, according to the computed wave
direction, a considreable fetch is available along
this depth zone. The argument for resonant
coupling from air to water is supported by the
absence of a detectable water disturbance at
Sandy Hook.

In view of the irregular bathymetric and
coastal patterns and the possible increase in
wave height in the shallow confined waters of
the tide gauge sites, it is difficult to estimate
quantitatively the magnification due to reso-
nance. Also, it seems clear that the air wave-
front oriented roughly north-south, extended
across a broad zone of varying depths. The
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portion travelling over the depth zone of exact
resonance would be both limited in breadth
and shifting in location.

However, significant increase in water wave
height would occur without exact coincidence
of air and water wave speed. For a simple rec-
tangular channel Proudman (1952) has derived
the water level change that may be caused by
atmospheric pressure disturbance, The factor by
which the barometric equilibrium water wave
height is increased is given by:

2
v

2 2
v —C

where C is the speed of the atmospheric disturb-

ance and v is the water wave speed (Vg_h).

For the water wave magnification of approxi-
mately twenty-times (refered to earlier) the
solution of Proudman’s formula applied to the
average speed of the air wave yields a depth
of 10 fathoms. It thus appears that the tide
gauge disturbance in Long Island Sound on 23
November 1953 was generated by near re-
sonant coupling between the atmosphere and
the sea surface.

Because the preferred depth for coupling is
in the open waters of Long Island Sound, a
delay in the arrival of the wave at the tide
stations is expected. This can only be checked
for Woods Hole where such a delay occurs.

The train of 10 minute waves persisting for
about three hours at Newport can be explained
as seiche oscillations of the inlet region in which
the tide gauge is located. The excitation of
seiches by atmospheric pressure disturbances
moving at the speed of the free wave velocity
in the water has been described by Donn &
Ewing (1956), Greco, Calci & Visioli (1957) and
Donn (1959).
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B3AUMOAENCTBUE MEKIY ABIKYIHUMCS BOSMYHIEHUEM JABJIEHUA
B BO3JAVXE U IIOBEPXHOCTBIO MOPA

23 HoAbGpa 1953 r. BoamyweHne aTMocdepHOro
JIABJIEHUA IepeMelaioCch Ha BOCTOK 4Yepe3 mpo-
auB JloHr-AiasHy (x BocToky or Hbw-Hopka)
€0 cpefHell ckopocThio 13 M/cek. OgHOBpEMEHHO
aHOMAJbHHIE YPOBHM TORHATUA BOXH OHLIN
3aMKCUPOBAHEl C HAPACTAIOIEN AMIIMTYROM

N0 HAUpPAaBIEHUI0 K BOCTOKY B mpojuse JIour-
AftnaHn. 910 00BACHAETCA KaK BO3MYIIEHHE, [0~
POMIEeHHOe DPEe30HAHCOM MeMAY AaTMOoCPepHHM
BO3MYIIEHUEM RABIEHHUA M CBOGOTHON BOJHOMH,
ABMAYyIIeitcA B 06JacTM € COOTBETCTBYIoOIlelt
rayOuHoOl B IpOJIMBe.
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