
Acoustic remote sensing of internal solitary waves and internal
tides in the Strait of Gibraltar

Christopher O. Tiemann,a) Peter F. Worcester, and Bruce D. Cornuelle
Scripps Institution of Oceanography, University of California at San Diego, La Jolla, California 92093

~Received 20 July 2000; revised 26 February 2001; accepted 27 April 2001!

High-frequency underwater acoustic transmissions across the Strait of Gibraltar are used to examine
the feasibility of acoustically measuring several physical processes in the Strait, a difficult area to
sample with conventional instruments. Internal undular bores propagate along the interface between
an upper layer of Atlantic water and a lower layer of Mediterranean water. As they cross the acoustic
path they are recognized by their scattering effects in the acoustic record. The time between internal
bore crossings is influenced more by the tidal phase of the bore release at the Camarinal Sill than
by variability in the bore’s propagation time to the acoustic path. When internal bores were present,
the acoustic arrival patterns could be classified as one of three types with different internal bore and
internal tide amplitudes. The arrival types alternate during spring to neap tide transitions, suggesting
that internal bore amplitude is not linearly related to tidal height. The sensitivity of acoustic
observables to several physical parameters is investigated using a forward model, and a
demonstration of inverse techniques provides estimates of several physical parameters from spring
tidal cycles. © 2001 Acoustical Society of America.@DOI: 10.1121/1.1382617#

PACS numbers: 43.30.Pc, 43.30.Cq@DLB#
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I. INTRODUCTION

The Strait of Gibraltar is a challenging environment
observe with conventional instruments. Its large variabi
over small time and space scales makes it difficult to sam
adequately, and the strong tidal currents and extensive
and fishing traffic there are inhospitable to moored inst
ments. CTD casts and moorings have provided most his
cal information about internal tides in the Strait~Armi and
Farmer, 1988; Farmer and Armi, 1988; Boyce, 1975; B
et al., 1990, 1995; Candelaet al., 1990; Ziegenbein, 1970!,
but CTD data can suffer from temporal aliasing proble
because of the brevity of some important physical proces
in the Strait. While moored instruments can sample quic
they are point measurements subject to spatial aliasing
contamination from local, small-scale variability.

Packets of large internal solitary waves routinely prop
gate west through the Strait and have received consider
attention~Boyce, 1975; Watson, 1994; Watson and Rob
son, 1990; Ziegenbein, 1970!. These solitary waves are dif
ficult to observe using CTD measurements because of t
short duration at any one point. Satellite and surface ra
images have been successful in observing their speed
horizontal wave-front shape but give no indication of th
vertical structure~Alpers and La Violette, 1993; Richez
1994; Watson, 1994; Watson and Robinson, 1990!. Echo-
sounders have successfully observed the vertical displ
ment of internal solitary wave packets~Armi and Farmer,
1988; Farmer and Armi, 1988; Watson, 1994!, but the vari-
ability of their shape with range across the Strait has
been directly observed.

Although conventional measurement techniques are s
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able in some situations, they all have limitations in the en
ronment of the Strait of Gibraltar. A technique that h
received less attention in the Strait, yet offers some adv
tages over conventional methods, is that of acoustic rem
sensing. A key virtue of using acoustics is the ability to ma
rapidly repeated measurements which eliminates any p
lems of aliasing in time. Acoustic transmissions across
Strait of Gibraltar are practically instantaneous relative to
time scales of even the briefest physical processes. Acou
measurements inherently integrate horizontally, which s
presses small-scale variability, and they can even be use
measure several parameters simultaneously, as this work
show.

The Strait of Gibraltar Acoustic Monitoring Experimen
was conducted in April 1996 as a joint project between
Scripps Institution of Oceanography and the Institut¨r
Meereskunde, University of Kiel. The Gibraltar experime
has already provided acoustically derived estimates of tra
port through the Strait~Send et al., 2001!, but this paper
provides examples of additional information that can
sensed acoustically and offers new insight into the interes
physical processes in the Strait. The potential exists to le
much about the physical oceanography in the Strait with
deploying extensive instrumentation in its interior.

Tiemannet al. ~2001! investigated the scattering effec
of internal solitary waves and internal tides on acoustic tra
missions across the Strait of Gibraltar by using a multip
rameter physical model of the Strait in the forward proble
This model can qualitatively explain many important fe
tures of the observed acoustic scattering by showing h
acoustic ray paths across the Strait evolve over a tidal cy
The same model was further used in this work to determ
how sensitive acoustic travel times are to changes in sev
physical parameters such as internal solitary wave amplitu
internal solitary wave speed, and internal tide amplitude.
110(2)/798/14/$18.00 © 2001 Acoustical Society of America
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This paper will demonstrate three different techniqu
for extracting oceanographic information from an acous
record. These analyses are independent of each other
will each appear in their own section, ordered in increas
complexity. Section II provides a general overview of t
environment of the Strait of Gibraltar, the experiment inst
mentation, and the physical model used in the forward pr
lem. Section III shows an example of how acoustics can
used to determine when internal solitary waves are pre
and, when used in conjunction with conventional measu
ments, to time the travels of internal bores through the St
In Sec. IV, three generalized acoustic travel time arrival p
terns are identified. These patterns are repeated frequen
the acoustic record, and their sequence shows some inte
ing long term trends. In Sec. V, the sensitivity of acous
propagation in the Strait to perturbations in the physi
model parameters is examined, and in some cases a qu
tive explanation for the resulting travel time changes is p
vided. Following this is a description of the linear inver
technique used to estimate several physical parameters
the acoustic data.

II. OVERVIEW

An understanding of the physical processes in the S
of Gibraltar is necessary for modeling acoustic propaga
in the region. Tiemannet al. ~2001! describe in detail the
model previously developed to describe the oceanogra
processes in the Strait and aid in acoustic propagation s
ies, but key features of the environment, experimen
approach, and model parameters are repeated briefly he

The basic circulation of the Strait is relatively simpl
with an upper layer of relatively warm, fresh Atlantic wat
about 100 m thick flowing east into the Mediterranean S
and a lower layer of relatively salty, cold Mediterrane
water flowing back west through the Strait into the Atlant
This mean flow is modulated by large semidiurnal tid
flows, and there are tidal fluctuations in the depth of
interface between the upper Atlantic and lower Mediter
nean water layers. Within the model, these fluctuations fr
the internal tide are reproduced by sinusoidal vertical sh
of the background sound-speed field of up to 25 m on
northern side of the Strait and 40 m on the southern side

Perhaps the most interesting feature, though, is
propagation of internal bores which are released at
Camarinal Sill on the west side of the Strait at the relaxat
of most high tides. As the bore propagates east through
Strait it eventually disintegrates into a train of internal so
tary waves, with waves of larger amplitude and wavelen
at the head of the packet. Within the model, the verti
amplitude of the internal solitary wave packets is based
an echosounder observation of a packet near the aco
path but is scaled with position across the Strait, increas
from north to south, with an average 100 m amplitude n
the center of the Strait. The modeled packet crosses
experiment’s acoustic path with a speed of 2.5 m/s and w
a horizontal wave-front curvature based on one observed
satellite image.

The geometry of the Gibraltar experiment was selec
to give both lower acoustic ray paths across the Strait
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001 Tie
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were confined to the lower layer of Mediterranean water a
upper ray paths that acoustically sampled the interf
between Atlantic and Mediterranean waters and the inte
solitary waves which propagate along that interface. Th
2 kHz transceivers~labeled T1, T2, and T3 in Fig. 1! were
installed just above the sea floor at about 200 m depth, at
endpoints of two acoustic paths. Transmissions every 2
from T1 to T3 will be examined in this paper; the T1–T
path was perpendicular to the current flow to minimize a
acoustic travel time variation due to currents. The tilts a
orientations of the instrument moorings were measured ev
5 min and used to correct acoustic travel times for instrum
motion, but close examination of the T1 instrument tilt da
showed brief but violent tilts occurring roughly every 12
These ‘‘kicks’’ are due to the passing of an internal solita
wave over the instrument and provide a hint as to where
look in the acoustic data for internal solitary wave effects

The observed acoustic scattering was quite complica
as ray paths were repeatedly created and destroyed with
passing of internal solitary waves and the evolution of
internal tide. The background sound-speed field used in
model was constructed from environmental data taken du
the experiment and has double minimums in the sound-sp
profiles at every range. Within the model, the sound-sp
field is shifted vertically and adiabatically in accord with
mode 1 internal tide. Furthermore, when an internal solit
wave crosses the acoustic path, it temporarily displa
warm shallow water deeper, perturbing the sound-speed
files even further. The internal solitary wave is modeled
another mode 1 vertical displacement which sharpens so
speed gradients. The increased sound-speed gradients
then refract acoustic rays away from their usual sound ch
nels. To illustrate this, Fig. 2 shows absolute acoustic tra
times to the T3 instrument over two tidal cycles, and Fig
shows the predicted ray paths and soundspeed field alon
T1–T3 acoustic path at several instances in a tidal cycle.
ray identifiers~‘‘a’’ through ‘‘e’’ ! of Fig. 3 correspond to the
same labels on the travel times of Fig. 2. Ray path ‘‘a’’ w
be referred to as the ‘‘lower ray’’ because it consisten

FIG. 1. Bathymetry of the Strait of Gibraltar with instrument positions a
acoustic paths indicated. Due to inaccuracies in bathymetry, depth con
do not exactly match instrument depths.
799mann et al.: Acoustic remote sensing in the Strait of Gibraltar
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FIG. 2. Absolute travel times as a
function of yearday 1996 for transmis
sions from T1 to T3. Each arrival pea
is plotted as a dot, with size propor
tional to SNR. Vertical lines indicate
times of internal bore crossings and a
rival structure type~Type I solid, Type
II long dash!. Labels ‘‘a’’ through ‘‘e’’
identify key features of the acoustic
data which were matched in the pre
dicted data and correspond to the ra
identifiers of Fig. 3. Small arrows in-
dicate times for which ray paths ar
shown in Fig. 3. Large arrow indicate
time of a large tilt of the T1 instru-
ment. Type I and II arrival structure
labels are described further in Sec. IV
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sampled the lower water layer. Its travel time of 9.655 s
nearly constant throughout the tidal cycle. Ray paths ‘
through ‘‘e’’ will collectively be called ‘‘upper rays,’’ and
they showed much more travel time variability, such as
rapid 15 ms decrease in travel time near Hour 4 of Fig
Despite such complexity, the acoustic scattering is surp
ingly robust, and the repeatability of key acoustic featu
made the Gibraltar data set a good candidate for modeli

III. INTERNAL BORE TRAVEL TIME

The internal undular bores in the Strait of Gibralt
originate at the Camarinal Sill to the west. A lee wave in t
form of an internal hydraulic jump appears behind the
during strong westward tidal flows. When the tide relax
this wave is free to cross the sill and moves east as an in
nal bore along the interface between the Atlantic and Me
terranean waters. Using temperature and salinity reco
from several moorings along the main axis of the Str
Armi and Farmer~1988! timed the passage of a mode
internal bore through the Strait; they predict the bore sho
cross the Gibraltar experiment’s T1–T3 acoustic path
proximately 5.5 h after its release from the Camarinal S
Acoustic data can also be used to time the passing of a
over the acoustic path because its scattering effects in
acoustic record are recognizable. Note that by that time,
bore will have evolved into a packet of internal solita
waves.

As an internal solitary wave train crosses the T1–
acoustic path the travel times for both upper and low
eigenray paths should decrease sharply as they are refr
down deep due to large sound-speed gradients at the so
This ray path refraction is illustrated in Fig. 3, Hour 4. Th
horizontal wave-front curvature of the solitary wave pac
prevents discrete oscillations for each solitary wave fr
appearing in the acoustic record~Tiemannet al., 2001!. The
severity of the travel time drop varies with the vertic
amplitude of the passing internal solitary waves; larg
waves cause larger sound-speed gradients and steepe
path refractions. Such rapid drops in travel time are of
seen in the acoustic data, once per tidal cycle, and they
incide with the violent kicks seen in the T1 instrument’s t
800 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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data.~The 10–15 ms travel time decrease for upper ray pa
is not the result of instrument motion.! However, not every
abrupt travel time decrease has a corresponding indicato
the instrument’s motion data. The data from both semidiur
tidal cycles of Fig. 2 show sharp decreases in travel time
yeardays 121.68 and 122.17, indicative of an internal solit
wave packet crossing the acoustic path, but the acoustic
suggest that the earlier packet at day 121.68 has a bi
amplitude because the travel time decrease of the upper
is larger ~15 ms drop vs 10 ms drop!. The T1 instrument
motion confirms a larger internal solitary wave at day 121
as a violent tilt was recorded at the instrument, moored a
depth of 165 m, but not in the later case when sma
amplitude waves did not extend deep enough to move
instrument.

A sudden travel time decrease is the acoustic signa
of a passing internal solitary wave, and for every tidal cy
where one occurred, the yearday at the maximum decre
was noted as the time of the internal solitary wave cross
Not every tidal cycle has an associated crossing, particul
during neap tides when the internal bores are smaller
amplitude or nonexistent. Figure 4~a! shows the spacing in
time, as a function of yearday, between internal bores cro
ing the acoustic path; spacings between bores more than
tidal cycle apart are not considered here. The tidal hei
record from Ceuta is shown beneath to illustrate days
spring and neap tides and the tidal daily inequality. The m
time between bore occurrences is 12.56 h, but their spa
oscillates shorter or longer than the mean on consecu
tides. The bore spacing also seems to vary more with the
of the tidal daily inequality than with overall tidal amplitude
Figure 5 suggests a roughly linear relationship between
time separating two internal bore occurrences and the dif
ence in low tide heights from their tidal cycles. For the tid
record shown in Fig. 4~d!, the time between consecutive hig
tides varies up to6.7 h, usually alternating above and belo
the mean period of 12.46 h. This variation in tidal peri
helps account for part of the63.5 h maximum variation in
bore spacings. The remaining variation could be due
changes in a bore’s release time from the Camarinal S
relative to high tide, or to differences in some physical pro
Tiemann et al.: Acoustic remote sensing in the Strait of Gibraltar
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Determining a bore’s release time from the Camari

Sill is necessary in calculating its travel time to the acous
path and its phase in the tidal cycle. To do so in this exp
ment, conventional instruments were essential. It is diffic

FIG. 3. Vertical sections along the T1–T3 acoustic path showing ba
ground sound-speed profiles and predicted ray paths at several times
12 h spring tidal cycle. Inset shows phase within the tidal cycle. The vie
looking west with the southern T1 source on the left. The ray identifi
~‘‘a’’ through ‘‘e’’ ! correspond to the same labels of Fig. 2. Scale for pro
values is the same for all profiles but offset in range. This figure is rep
duced from Tiemannet al. ~2001!.
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FIG. 4. ~a! Time between internal bore crossings separated by no more
one tidal cycle.~b! Time from a bore release to the nearest high tide
Ceuta. Positive values indicate a bore release prior to the high tide.~c! tB ,
bore travel time from the Camarinal Sill to the acoustic path. In~a! through
~c!, data points from adjacent tidal cycles are connected by a line. The m
is shown as a dotted line.~d! Tidal height record from Ceuta.

FIG. 5. Time between internal bore crossings vs the tidal daily inequalit
Ceuta for yeardays 114 to 135. The daily inequality is the difference in t
height between adjacent low tides. Dotted line indicates the mean inte
bore spacing of 12.56 h.
801mann et al.: Acoustic remote sensing in the Strait of Gibraltar
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FIG. 6. Temperature and salinity
records from 118 m depth at moorin
‘‘S’’ on Camarinal Sill, plus the tidal
height record from Ceuta, for six tida
cycles. Vertical lines indicate times o
internal bore crossings at the acoust
path and arrival structure type~Type I
solid, Type II long dash, Type III short
dash!. The bore’s travel time,tB , is
dimensioned six times in the tempera
ture series. The complete time serie
for tB is shown in Fig. 4~c!.
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to estimate the time of a bore’s release using current m
data from the sill because of uncertainties in how stron
current is necessary to hold a bore in place. Instead, ab
changes in the temperature and salinity record from the
are a better indicator of an internal bore release. Figur
shows the temperature and salinity record at 118 m de
from the sill mooring~labeled ‘‘S’’ in Fig. 1!. Data from six
consecutive tidal cycles are shown, with the tidal height
Ceuta provided for reference. The vertical bars on the fig
indicate times of internal bore crossings at the acoustic p
as determined from the acoustic data. Approximately 5
before each bore crossing, there is a rapid drop in temp
ture at the sill of about 3 °C and a simultaneous rise
salinity of about 2 psu; this event designates the time of
bore release. The clearest examples of bore releases
shown in Fig. 6, however, the temperature and salin
records were not consistently good markers. In ambigu
cases where there was no sharp temperature or sa
change, no attempt was made to time the bore release.

The time from all bore releases to their nearest high t
in the tidal record is shown in Fig. 4~b!. The bore was
released an average of 34 min before the high tide,
release can occur over 2 h before or after the high tide, o
alternating above and below the mean on successive
cycles. This series is another example where the bore’s c
acteristics are steadiest during days of small daily inequ
ties. Armi and Farmer~1988! observed a 1 hvariation in the
tidal phase of the bore release and also attributed this to
diurnal inequality in the tide.

The travel time for an internal bore to propagate fro
the Camarinal Sill to the acoustic path is the differen
between a bore’s release time and the time of its crossin
determined from the acoustic data. This quantity is labele
Fig. 6 astB and its time series is shown in Fig. 4~c!. The
mean bore travel time is 5.4 h, and this is in agreement w
Armi and Farmer’s measurement of 5.5 h along the sa
path~1988!. The time series for bore travel time is conside
ably less variable than that of the bore’s tidal phasing, w
rms values of 0.76 and 1.31 h, respectively. The variation
802 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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the time between internal bore arrivals is influenced more
variability in the tidal phase of the bore release than by va
ability in the bore’s travel time.

IV. ARRIVAL PATTERN IDENTIFICATION

The repeatability of key features in the acoustic d
during spring tidal cycles is what made the Gibraltar data
such a good candidate for modeling attempts, and the m
developed previously~Tiemann et al., 2001! successfully
reproduced many properties of the acoustic arrival pattern
spring tides. The data set shows robustness outside of
spring tides as well. Examination of acoustic data during
transitions between spring and neap tides reveals that t
are two more broad categories of arrival structures, repe
often and usually on alternating tidal cycles.

The acoustic data from the three consecutive tidal cyc
shown in Fig. 7~a! were used as archetypes for classifyi
arrival structures according to their distinguishing charac
istics. The three arrival structures will be identified simply
Type I, II, and III, and their key features are listed in Table
and labeled on the dot plot of Fig. 7~a!. The times of an
internal bore crossing the acoustic path are indicated by
tical lines where the line type~solid, long dash, short dash!
corresponds to the classification of the arrival pattern~Type
I, II, or III ! for that tidal cycle. The analysis to follow take
advantage of the qualitative differences among arrival p
terns as listed in Table I. A later section will quantitative
examine the features of Type I arrivals.

Note that after yearday 128.0, the acoustic travel tim
will appear shifted 15 ms earlier@compare Figs. 2 and 7~a!#
because the T1 instrument autonomously redeployed it
about 23 m closer to the T3 receiver. As mentioned ear
the Strait of Gibraltar is a difficult environment for moore
instruments! That shift will not adversely affect this work
only relative travel time changes are of interest, and
eigenray paths predicted by the model are essentially
same for the new, slightly shorter acoustic path.
Tiemann et al.: Acoustic remote sensing in the Strait of Gibraltar
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travel times over three tidal cycles
The labels~‘‘Ia’’ through ‘‘IIIc’’ ! iden-
tify key features of the measured dat
matched by the model output and ar
described in the text and in Table I
Vertical lines indicate times of interna
bore crossings and arrival structur
type ~Type I solid, Type II long dash,
Type III short dash!. Arrows indicate
times of a large tilt of the T1 instru-
ment.
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The three tidal cycles of Fig. 7~a! are from a transition
period from spring to neap tides. The Type I arrival structu
shows the last of spring tides; reproducing this structure
the goal of the first modeling attempts. By changing so
model input parameters, key features of the Type II a
Type III arrival structures can be reproduced as well, prov

TABLE I. Features of travel time arrival patterns.

Feature Description

Type I Ia Sudden upper ray travel time decrease of abo
15 ms.

Ib Isolated cloud of upper ray arrivals shortly afte
bore crossing.

Ic Absence of late-arriving upper rays for severa
hours.

Type II IIa Sudden upper ray travel time decrease of abo
10 ms.

IIb Upper ray travel times continue to decrease
following bore crossing.

IIc Absence of late-arriving upper rays for severa
hours.

Type III IIIa Sudden upper ray travel time decrease of
10–15 ms.

IIIb Lower and upper ray arrivals separated throug
most of tidal cycle.

IIIc Late-arriving upper rays present through entire
tidal cycle.
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ing an understanding of the relative changes in physical p
cesses between the different arrival types. Figure 7~b! shows
predicted travel times for three tidal cycles as output by
model in attempts to match the three types of arrival str
tures. Although the key features listed in Table I were qua
tatively reproduced by the models, other details of the m
sured data are not reproduced. This is mainly due to error
the background sound-speed field as environmental
were limited during sound-speed profile constructio
Attempts to more closely match the travel time separat
between lower and upper ray arrivals~‘‘a’’ and ‘‘b’’ of Fig. 2 !
by ‘‘speeding up’’ the lower water layer and ‘‘slowing down
the upper water layer complicated other ray paths bey
what is seen in the data. Although the model for Type
arrivals does not exactly reproduce the observed travel tim
its model parameters are suitable for use as a reference
in the sensitivity studies to follow.

The model parameters used to match the Type I case
described in Sec. II and in detail in Tiemannet al. ~2001!.
When matching the Type II case, the internal bore amplitu
was reduced to 20% of the reference case; this prevents
initial upper ray travel time decrease from being so sev
~feature ‘‘IIa’’ from Table I! and allows the late-arriving
upper rays to persist longer before disappearing~‘‘IIc’’ !. The
continued drop in upper ray travel times, reaching a mi
mum in the middle of the tidal cycle~‘‘IIb’’ !, is more likely
the result of internal tides vertically shifting the backgrou

t

803mann et al.: Acoustic remote sensing in the Strait of Gibraltar



n
FIG. 8. Absolute travel times for five tidal cycles as a function of yearday 1996 for transmissions from T1 to T3. Vertical lines indicate times of interal bore
crossings and arrival structure type~Type II long dash, Type III short dash!. Arrows indicate times of a large tilt of the T1 instrument.
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sound-speed field rather than internal solitary wave effe
Thus internal tide amplitude was increased slightly by 10
and the background sound-speed profiles were unifor
shifted deeper by 10 m in order to minimize the lower/upp
ray travel time separation at the bottom of the tidal cyc
Offsetting the background sound-speed profiles from th
reference state is equivalent to changing the depth of
Atlantic/Mediterranean interface, which could reasonably
varying from one tidal cycle to the next. Furthermore, sh
ing the sound-speed field slightly is not unreasonable gi
the uncertainties in the range-dependent sound-speed
construction.
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Because the variation in upper ray travel times for t
Type III case is smaller and the lower/upper ray travel tim
separation larger, the opposite model parameter change
made: internal tide amplitude was decreased by 12 m and
background sound-speed field was shifted shallower
10 m. Shifting the background sound-speed field shallow
maintains late-arriving upper rays throughout the entire ti
cycle ~‘‘IIIc’’ !. The internal solitary wave amplitude in th
Type III case is decreased to 30% of the reference stat
order to provide an initial upper ray travel time decrease o
size between the Type I and Type II cases~‘‘IIIa’’ ! but yet
not be so large that the late-arriving upper ray paths dis
t
FIG. 9. Tidal height at Ceuta as a function of yearday 1996 overlaid with vertical lines indicating times of internal bore crossings and arrival strucure type
~Type I solid, Type II long dash, Type III short dash!. Arrows indicate times of a large tilt of the T1 instrument.
Tiemann et al.: Acoustic remote sensing in the Strait of Gibraltar
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pear. In summary, the Type I arrivals assume the larg
internal solitary wave amplitude. The Type II arrivals use t
smallest internal solitary wave amplitude but the larg
internal tide amplitude. The Type III arrivals assume
middle-sized solitary wave, but the smallest internal tide.

Every tidal cycle where an internal bore crossing w
seen was catalogued as one of the three types of arrival s
tures shown in Fig. 7~a!. Although this was done by a visua
pattern matching, there was usually little doubt as to wh
archetype most closely resembled each tidal cycle’s arr
structure. For example, note how the presence of late a
ing upper rays in a Type III arrival~feature IIIc! distinguish
it from Types I and II where those rays are absent. Additio
ally, in a Type II arrival, the convergence of upper and low
ray travel times happens hours after the initial upper
travel time decrease~feature IIb!, distinguishing it from
Types I and III. Figure 8 shows acoustic data from five mo
tidal cycles where alternating Type II and Type III arriv
structures are relatively obvious. Again, the vertical bars
this figure indicate times of an internal bore crossing, a
arrows indicate an accompanying severe tilt in the T1 ins
ment. As additional examples, the travel times of Fig.
would be classified as a Type I and Type II arrival~Fig. 10 is
a Type I arrival!.

After classifying all of the tidal cycles with bore occu
rences by arrival type, an interesting pattern emerged w
plotting arrival type on a tidal height record from Ceut
Figure 9 shows times of internal bore crossings as vert
lines where line type distinguishes arrival type. The tid
record identifies days of spring and neap tides and the d
inequality. Note how Type I arrivals, modeled with the lar
est internal bore amplitude, occur during the spring tid
while Type II and Type III arrivals are seen on days to eith
side of the Type I arrivals during the transition to neap tid
Outside of the spring tides, the tidal cycles alternate betw
the small and medium bore amplitudes of Type II and Ty
III arrivals, just as the tidal height record alternates with t
highs and lows of the daily inequality. Lastly, evidence
internal bore crossings are absent only on days of neap t
as expected. Note that even if a few arrival pattern ty
have been misidentified by visual inspection, the basic p
terns presented here would still exist.

V. LINEAR INVERSE METHODS

Section IV demonstrated how the acoustic record can
used to determine the presence or absence of internal b
and make general estimates of internal bore and internal
amplitude from different tidal cycle types. However, acous
data can also be used to estimate the subtle variation
several physical parameters among tidal cycles of the s
type through the use of linear inverse methods. This sec
offers a demonstration of that technique using cases of sp
tide ~Type I! arrival structures. By varying the model’s inpu
parameters, one can calculate how a small perturbation
modeled physical process, such as an increased tidal s
or internal bore amplitude, leads in the real acoustic dat
small changes in acoustic travel times. Perturbing mo
parameters also helps quantify model stability and sens
ity. Because any single datum from the acoustic data
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001 Tie
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often be influenced by several physical processes simu
neously, inverse methods are used to determine how m
each model parameter contributes to the total travel time
turbation.

After observing how the real acoustic record varies w
time, estimates can be made of how the physical process
the Strait varied with time as well. Unfortunately, there a
few simultaneous, independent environmental measurem
to compare to the estimates calculated here, but compari
to historical data are attempted when no direct observat
are available. These estimates do provide examples of
variability in physical processes in the Strait, but because
the limited duration of the acoustic record, they are too sh
to serve as other than examples.

A. Sensitivity analysis

The model can help determine to which physical p
cesses in the Strait of Gibraltar the acoustic transmissions
most sensitive, and learning how the predicted acou
travel times vary with changing model parameters is a n
essary step in the inverse calculation. In order to objectiv
measure travel time variability, acoustic features that co
be measured on all spring tidal cycles were identified a
will be called ‘‘observables.’’ The eight observables th
were measured for each of 12 spring tidal cycles
described in Table II and identified in Fig. 10. Observab
d4 , d5 , and d6 are dependent upon placement of a 12
window defining the start and end of a tidal cycle; they re
to times relative to a tidal cycle window, not an absolu
time. For consistency, the times of the internal solitary wa
crossings (d4), seen in the acoustic data as the bottom of
upper ray travel time drop, were designated the 4 h mark for
every tidal cycle window.

Figure 11 shows time series for seven of the eight aco
tic observables listed in Table II in an effort to identify an
trends over the seven days of spring tides.~Observabled4 ,
not shown, equals 4 h for all tidal cycles by definition, and in
the inverse calculation to follow, it serves as a constraint
the time of the bore crossing.! Over this short time series, n
strong trends are seen. Some of the variability is due in p
to the difficulty in making the measurements.

It would be simplest if the sensitivity studies indica

TABLE II. Acoustic observables and uncertainties.

Observable Description Uncertaint

d1 Upper/lower ray travel time
separation at 1 h

1 ms

d2 Upper/lower ray travel time
separation at bore crossing

0.2 ms

d3 Upper/lower ray travel time
separation at 7 h

1 ms

d4 Time of bore crossing 0.2 h
d5 Time of upper ray disappearance 1.5 h
d6 Time of upper ray reappearance 2 h
d7 Duration of cloud of upper ray

arrivals following bore crossing
1 h

d8 Travel time separation in cloud of
upper ray arrivals

1 ms
805mann et al.: Acoustic remote sensing in the Strait of Gibraltar
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FIG. 10. Dimension lines illustrating
the eight observables~d1 throughd8!
for a Type I arrival pattern. Observ
ables are defined in Table II.
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FIG. 11. Time series for seven observables from Type I arrivals. Data po
from adjacent tidal cycles are connected by a line. Observables are de
in Table II.
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that a travel time observable is affected by only a sin
model parameter, and thus the physical process that m
parameter represents would be a good candidate for aco
remote sensing. However, the inverse method is still able
provide model parameter estimates even when an observ
is influenced by many parameters simultaneously, as is o
the case here.

Eight model parameters were perturbed slightly, one a
time, in both a positive and negative direction from the r
erence state. The model was rerun after each perturba
and changes in the eight observables from the refere
travel times were recorded. The result was a matrix
derivatives describing how each observable responds to
turbations in each model parameter. Table III lists all t
model parameters along with the size of their perturbatio
Perturbation sizes were chosen with the goal of being la
enough to make a noticeable difference in travel time obse
ables~about 0.5 ms or 0.5 h! but small enough so that th
perturbations remained linear. If perturbed too far, eigen
paths change and some observables would no longe
measurable.

Because the internal bore amplitude is scaled with ra
across the Strait, perturbations to its associated model pa
eter, m1 , will be by a percentage of the reference sta
instead of an absolute number of meters. Model parame
m3 and m4 , internal tide amplitude at the source an
receiver, define the maximum and minimum for the rang
dependent internal tide amplitude. Linearly interpolated
tween the endpoints, the internal tide amplitude is larger
the southern side of the Strait, near the source. The b
ground sound-speed profiles can be offset vertically fr
their reference state, with the amount of offset interpola
linearly in range across the Strait between the values inm5

and m6 , profile offsets at the source and receiver. This
equivalent to changing the depth and slope of the Atlan

ts
ed
Tiemann et al.: Acoustic remote sensing in the Strait of Gibraltar
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TABLE III. Model parameter uncertainties and perturbations used in sensitivity studies.

Parameter Description Uncertainty Perturbation~6!

m1 Internal bore amplitude 12% 20%
m2 Internal bore phase speed 0.5 m/s 0.3 m/s
m3 Internal tide amplitude at source 12 m 10 m
m4 Internal tide amplitude at receiver 10 m 10 m
m5 Sound-speed profile vertical offset at source 8 m 10 m
m6 Sound-speed profile vertical offset at receiver 8 m 10 m
m7 Internal tide phase at source 0.12 rad 0.4 rad
m8 Internal tide phase at receiver 0.12 rad 0.4 rad
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Mediterranean interface. The tidal phase is also interpola
linearly in range across the Strait between the phase a
source and receiver, parametersm7 andm8 . If the source and

FIG. 12. Change in observable’s (di) reference state in response to a mod
parameter (mj ) perturbation. For each observable/parameter combinationn

indicates the change due to a positive model parameter perturbation, a,

indicates a negative perturbation. Observables and model paramete
defined in Tables II and III.
, Vol. 110, No. 2, Aug. 2001 Tie
d
he
receiver phases are unequal, this makes the Atlan
Mediterranean interface ‘‘rock’’ as the tide will at times b
rising on one side of the acoustic path and falling on
other side.

When displayed graphically, linearity of the observabl
derivatives with respect to model parameters (ddi /dmj ) can
quickly be verified and sensitivities to model paramet
compared. Figure 12 shows a selected subset from
838 matrix of derivatives. The changes to seven travel ti
observables, from both positive and negative perturbation
four model parameters, are shown. If the model reacts
early to a perturbation, the changes to a travel time obs
able will be equal and opposite for the positive and nega
perturbations. If a model parameter has no influence on
observable, its positive and negative derivatives will both
zero. For example, internal bore amplitude (m1) has no
effect on upper/lower ray travel time separation at the 1
mark (d1), but it does have an effect on upper/lower r
separation during the bore crossing (d2). The relative
strength with which a model parameter affects differe
observables can be compared by looking along any colu
of Fig. 12. For example, internal tide amplitude at the sou
(m3) has a larger influence on observabled1 than on any
other observable.

While the impact of model parameter perturbations c
be described numerically by the derivatives calcula
above, enough was previously learned of the acoustic s
tering to provide a qualitative explanation of why the acou
tic observables change as they do. Figure 3 shows the m
eled evolution of sound-speed profiles along the acou
path, and the eigenray paths that result, at several times
ing a tidal cycle. Figure 3 will be referred to in the descri
tions to follow, and the qualitative descriptions can be co
firmed with the values shown in Fig. 12.

1. Internal bore amplitude

In Fig. 3, Hour 4, the presence of the internal bore ov
the source~T1! and receiver~T3! causes large sound-spee
gradients which refract all upper rays~‘‘c’’ ! down deep, par-
alleling the lower ray~‘‘a’’ !. If m1 , the internal bore ampli-
tude, is increased, sound-speed gradients increase an
upper rays will be refracted even deeper, more closely
lowing the lower ray. Because upper rays follow almost t
same path as the lower ray, their travel times are nearly id
tical, and the observabled2 , upper/lower ray travel time
separation at the bore crossing, decreases. Internal
amplitude affects the fewest number of observables beca

are
807mann et al.: Acoustic remote sensing in the Strait of Gibraltar
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the internal bores are over the acoustic path for only a s
time.

2. Internal bore phase speed

Changing the modeled phase speed of the internal b
mainly affects the timing of the upper ray travel tim
decrease and the disappearance of the late-arriving u
rays. Increasingm2 causes the internal bore to pass over
acoustic path earlier and quicker, resulting in a decreas
the observabled4 , time of the bore crossing. An interna
bore over the source also deflects the shallowest ray a
from the shallowest sound channel, as seen in Fig.
Hour 2.58. This effect happens sooner with a faster bore
effect measured by the observabled5 , the time of upper ray
disappearance. The isolated clouds of upper ray arrival
Hour 4.75~‘‘d’’ ! are due to an internal bore over the receiv
causing sound-speed gradients which refract shallow
down on to the receiver from above. A slower moving int
nal bore will remain over the receiver for a longer time, th
increasing the duration of this effect. This increase is seen
observabled7 .

3. Internal tide amplitude

The model parametersm3 and m4 for internal tide
amplitude dictate the maximum extent the backgrou
sound-speed profile will be shifted vertically over a tid
cycle. Comparing the soundspeed profiles of Fig. 3, Hou
and Hour 7 most clearly illustrates this shifting~after scaling
by a vertical mode 1 function!. Outside of Hours 2 to 5
changes in upper ray travel times are due to the inte
tide’s changes to the sound-speed field instead of from in
nal bore activity. As an upper ray will stay within the sam
sound channel over much of the tidal cycle, its path len
changes as the sound channels shift vertically, thus chan
its travel time. Lower ray travel times do not change sign
cantly with the internal tide because sound-speed pertu
tions are small in deep water due to scaling by the vert
mode 1 function. An increased internal tide amplitude cau
~at Hour 1! a larger upward vertical excursion by shallo
sound channels, longer path lengths for that channel’s eig
rays, and longer ray travel times. This is seen as in incre
in observabled1 , upper/lower ray travel time separation
1 h, since the upper ray takes longer to arrive but the lo
ray travel time remains constant. During times of downwa
internal tide displacements~Hour 7!, the sound channel
carry rays into slightly faster water, thus decreasing a s
low ray’s travel time and decreasing observabled3 . In all
cases, observables seem more sensitive to internal tide
plitude changes on the source~southern! end of the acoustic
path than at the receiver end. This may be because the so
is shallower than the receiver and often within the dou
minimums of the sound-speed profiles where sound-sp
gradients are stronger.

4. Sound-speed profile offset

The model parameters for adding a constant vertical
set to the background sound-speed field,m5 andm6 , affect
observables similarly to parameters of internal tide am
tude. The profile offset parameter defines a constant ver
808 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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shift to be added to the sinusoidal shifting defined by
internal tide parameters. Interestingly, parameterm5 , the
profile offset at the source, has a large effect on observa
d6 , the reappearance time of the late-arriving upper ra
while parameterm6 has no effect. The reappearance of t
upper ray arrivals indicates that the shallowest sound cha
is once again being used. Rays refract up into the shal
sound channel immediately after leaving the source o
when the source is below the deeper sound-speed minim
This happens sooner when profiles at the source are o
shallower, and thus observabled6 decreases.

In most cases the observables respond linearly to pe
bations of a single model parameter; some may show
slightly unequal response to the positive and negative per
bation for a given parameter. Their successful use in
inverse calculation also requires that their responses be li
when several model parameters are perturbed simu
neously. Fortunately, the derivatives of the observables
add linearly when tested with several combinations of p
turbations to internal tide amplitude, profile offset, tid
phase, and bore amplitude. However, testing the linearity
every combination of eight model parameters before p
ceeding with the inverse calculation was not feasible. It w
assumed that the observables would behave linearly prov
that model perturbations were small, and this was tested
confirmed in calculations using the new model parame
estimates provided by the inverse.

B. Linear inverse calculation

The sensitivity studies confirm that most observables
dependent upon more than one model parameter; observ
d5 , time of shallow ray disappearance, is the only excepti
When many observables change from their reference s
simultaneously, inverse techniques can estimate what com
nation of model parameter perturbations will provide outp
that most closely matches the observables. The follow
matrices are used in the inverse calculation~Wunsch, 1996!:

d Data vector. For each of 12 spring tidal cycles, the diff
ence between observables predicted for the refere
state and measured observables.

G Derivatives (ddi /dmj ) as measured in the sensitivit
studies.

R Data uncertainty covariance matrix. The diagonal of t
matrix is the expected uncertainty for each observab
shown in Table II.

P Model parameter uncertainty covariance matrix. T
diagonal of this matrix guides how far the inverse
allowed to perturb each model parameter. Values
shown in Table III.

Once the above matrices are defined, they can be use
the inverse equation~1! to calculatem̂, estimates of the
amount to perturb each model parameter in order to ma
the data from each tidal cycle:

m̂5~GTR21G1P21!21GTR21d. ~1!

Uncertainties for them̂ estimates are calculated as follows

P̂5~GTR21G1P21!21. ~2!
Tiemann et al.: Acoustic remote sensing in the Strait of Gibraltar
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The precision with which the observations were requi
to match the model output depended on both the precisio
the data~observation error! and the ability of the model to
reproduce the observable~representation error!. The uncer-
tainty assigned to a given observable has variance that is
sum of the variance of the observational and representati
error. While observational error was similar for most obse
ables, representational error varied greatly, and domin
the uncertainties in matrixR. Observables that could b
reproduced well in spite of the limited parameterization
the inverse model were given smaller uncertainties, t
requiring the inverse to match them more closely. In assi
ing values for the data error uncertainty matrix, the smal
uncertainties were given tod2 andd4 , the observables from
the time of the bore crossing.

The difference between the measured and modeled
ues for an observable is the residual, and the least sq
inverse procedure more strongly penalizes residuals

FIG. 13. Time series for eight corrected model parameters (mj ), plus the
tidal height record from Ceuta. The uncertainty for each parameter is i
pendent of yearday and shown only on the first data point. Data points
adjacent tidal cycles are connected by a solid line. Dotted lines indicate
model parameter value for the reference state. Model parameters are d
in Table III.
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observables with small expected uncertainties. The inve
solution (m̂) was optimized to have a low data misfit pena
while also minimizing the weighted magnitudes of the mod
parameter perturbations. The estimated model parameter
turbations were added to the reference model paramete
make corrected model parameters. Time series for the
rected model parameters, and thus the physical proce
they represent, are shown in Fig. 13. Parametersm1 andm2

are not specific to the source or receiver side of the acou
path as the other parameters are. However, they have
scaled per the range-dependent functions used in the m
~detailed in Tiemannet al., 2001! before being presented i
Fig. 13. Error bars showing the standard deviations of
model parameter estimates are independent of yearday
are shown on the first data point only.

Despite the short time series available, some conclus
can be drawn. There is more variability in physical proces
on the source~southern! side of the acoustic path than on th
receiver~northern! side, but in most cases, perturbations
the source and receiver are in the same direction for a g
parameter. The estimated internal bore amplitude,m1 , is
usually smaller than the reference case, and as predi
from the sensitivity studies, it moves exactly opposite t
time series for observabled2 , upper/lower ray separation a
the time of the bore crossing. Observabled2 would be the
best choice to use in quickly estimating internal bo
strength. The estimates of internal tide amplitude are con
tent with historic observations that internal tides are larger
the southern side of the Strait, but it is unfortunate that
error bars for the tidal amplitude at the receiver are so re
tively large. The tidal phase estimates suggest that the in
nal tides at the source and receiver should not be exactl
phase. As the Atlantic/Mediterranean interface depth ri
and falls with the internal tide, the northern side is sligh
ahead of the southern side, causing the interface to rock.
rocking was also seen in environmental data from th
moorings, parallel to the acoustic path, measured con
rently with the Gibraltar experiment’s acoustic da
~B. Baschek, personal communication!. The estimates of
sound-speed profile offsets are equivalent to a change in
reference interface depth, and they might be used to mea
the changing thickness of the Atlantic and Mediterrane
water layers.

While the time series of Fig. 13 show no obvious tren
with the tidal height record, their fluctuations and uncerta
ties give insight into how variable the physical processes
the Strait are, even over such a short time period. M
obvious trends might be seen in longer series through b
spring and neap tides or when compared to other proce
such as the size of the hydraulic jump at the Camarinal
or the current flow through the narrows. This demonstrat
of the linear inverse calculation also confirms the mode
stability and hopefully the usefulness of acoustic rem
sensing. In recalculations of the forward problem usi
newly estimated model parameters, the model responds
to changes of multiple parameters simultaneously, provid
reasonable matches to many spring tide arrivals and not
the one pattern to which it was originally fit.

e-
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VI. DISCUSSION

The Gibraltar experiment was designed to test the fe
bility of using acoustic methods to measure physical ocea
graphic processes in an environment difficult for conve
tional instruments. The opportunity for rapid sampling
time, inherent integration in space, and ability to meas
several physical parameters simultaneously and nonin
sively are key advantages of using acoustic techniques in
Strait of Gibraltar. This paper has offered demonstrations
a few techniques used to extract information from the aco
tic record. More thorough environmental measureme
would have been helpful in improving the model used
forward problem calculations and for verifying the acous
cally derived estimates presented here. Long-term trend
the physical processes still need to be identified with a lon
time series of data. The distribution of physical parameter
of interest as well; a longer time series of estimates co
determine if the parameters behave as purely random v
ables.

As shown in Sec. IV, there were at least three differ
types of travel time arrival patterns observed during the f
weeks of the experiment. Reproduction of those travel tim
assumed a mode 1 internal bore in every case, but with v
ing amplitudes. Armi and Farmer~1988! reported seeing
some mode 2 internal bores in the narrows of the Strai
addition to numerous observations of mode 1 bores, an
the use of acoustic methods to determine the modal con
of a passing bore was briefly investigated as well. The mo
was modified to scale the internal bore amplitude with
vertical mode 2 function, instead of the usual mode 1 fu
tion, and predicted acoustic travel times over a spring ti
cycle were recalculated. According to the model, a mod
bore would have caused acoustic rays to refract sha
down as they left the source, reflecting first off the sea fl
and then the sea surface, but missing the receiver for 2 h out
of the tidal cycle. As there is a continuous record of tra
times recorded at the T3 receiver, it is possible that th
were no instances of a mode 2 bore, especially since
three different types of arrival patterns can be explained
ing mode 1 bores of varying amplitude. However, the mo
may be tuned to work only with mode 1 bores as there is
other environmental data showing occurrences of mod
internal bores.

It has been suggested from studies of satellite image
the Strait that most internal solitary wave packets enter
the Mediterranean Sea can be identified as either North
or Southeast Modes, named for their tendency to propa
in the directions indicated~Apel, 2000!. Furthermore, there
is evidence that the packets may alternate modes on a s
diurnal basis. If the Northeast and Southeast Modes h
horizontal wave-fronts with significantly different shapes
they cross the acoustic path, that might also help explain
alternating Type II and Type III arrival structures seen in t
acoustic data.

Lastly, this work has offered examples where acous
remote sensing has not only confirmed previous observat
of physical processes in the Strait but also offered some
insight and questioned historic understanding. For exam
the average 5.4 h measured here for an internal bore to tr
810 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
i-
o-
-

e
u-
he
f

s-
ts

-
in

er
is
ld
ri-

t

s
y-

n
so
nt
el
a
-
l
2
ly
r

l
re
he
s-
l
o
2

of
g
ast
te

mi-
ve
s
e

c
ns
w
e,
vel

from the Camarinal Sill to the T1–T3 acoustic path agre
with Armi and Farmer’s estimates~1988!. This work has also
confirmed that an internal bore passes through the narr
on average every 12.56 h with the semidiurnal tide. Ho
ever, this brief acoustic record suggests that successive
occurrences typically alternate longer and shorter than
mean spacing, increasing in variability with the dai
inequality. The amplitude of an internal bore is reported
vary with tidal height, being largest during the spring tide
This work confirmed that is generally true when classifyi
tidal cycles according to their acoustic arrival pattern; t
Type I patterns occur during the spring tides and are mode
with largest internal bore amplitudes of the three arriv
types. However, this work suggests that internal bore am
tude does not always scale linearly with tidal height. Rath
during spring to neap tide transitions, it alternates betw
small and medium sized internal bores on adjacent t
cycles, as seen in the ordering of Type II and Type III arriv
pattern occurrences.
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