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ABSTRACT

As part of the Innovative Coastal-COcean Observing
Network (1 CON), a receiver |located on Sur Ridge nonitored
transm ssions of |ow frequency tonography signals from a
sound source on Davidson Seanount. The received signals
were transmtted via underwater cable to the Point Sur
OCcean Acoustics bservatory (QAO from July 1998 through
Decenber 1999. Processed signals revealed a stable,
resol vable arrival pattern. Subsequent anal ysis included
forward acoustic nodeling to calculate predicted raypaths.
oserved arrivals were then associated wth nodeled
raypat hs, extracting observed travel tines over the 17-
nonth tinme series. Using a stochastic inverse approach,
the extracted travel tines were inverted for spatial and
t enpor al variations  of sound  speed. Sound  speed
perturbation estimates were converted to tenperature
perturbations and conpared to in situ nooring data, CID
transects along the acoustic path, and TOPEX/ POSElI DEN
satellite altinetry. Conparisons revealed that t he
tonographic estimate is in general agreement with the in
situ point neasurenents and the altineter data. The
met hods di scussed in this paper denonstrate the application
of ocean acoustic tonography to study tenperature
variability along the central California coast.
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. | NTRODUCTI ON

A PHYSI CAL OCEANOGRAPHY OF CENTRAL CALI FORNI A

The California coast is an oceanographically conplex
regi on, l[ittle understood and inadequately sanpled.
| ncreased understanding of the features and dynam cs of
this region can aid fisheries and wldlife managenent,
prediction and abat enment of pol I ution and t oxi c
phyt opl ankt on bl oons, atnospheric and climte change
forecasts, and shipping and mlitary operations (Mller,
1999)

Large-scal e atnospheric forcing in the eastern Pacific
Ocean consists of the North Pacific High, the Al eutian Low,
and in summer the thermal Iow over the western United
States. The North Pacific Hgh is nost intense during the
summer nonths while the Aleutian Low is nost intense during
the wnter nonths. During summer nonths, interaction
between the North Pacific Hgh and the thermal trough
inland helps to strengthen and expand the northerly surface
wi nds al ong the west coast of the California. This forcing
contributes to the creation of the anticyclonic North
Pacific Subtropical Gyre. The California Current System
(CCs) fornms the weastern linb of this gyre, flowng
equatorward from Washington to Baja California. The CCS
has traditionally been divided into three |arge-scale (>
500 km al ongshore currents: the California Current (CO),
the Davidson Current (DC), and the California Undercurrent
(CUC) (Hi ckey, 1998).

The CC is a surface (0-300 m deep) current, which
carries col der, fresher subarctic water equat orward



t hroughout the year with average speeds generally |less than
25 cm s'! (Reid and Schwartzl ose, 1962). Thus, the CC is
characterized by a low salinity, |low tenperature core which
usually lies between 300-400 km offshore (Lynn and Sinpson,
1987) . The CUC flows poleward over the continental slope
fromBaja to at least 50° N with a relatively narrow w dth
bet ween 10-40 km (Hickey, 1998). The CUC has its origin in
the eastern equatorial Pacific, and is identified by its
warm saline, oxygen and nutrient-poor signature. H ckey
(1979) concluded that the location, strength and core depth
show consi derabl e seasonal variability and can be related
to the seasonal variability in wind stress and curl of the
w nd stress. Peak speeds of the undercurrent are about 30-
50 cm s, being stronger at depths of 100-300 m and can be
continuous over distances of nore than 400 km along the
slope (Collins et al., 1996). The DC is a seasonal
current, flowing poleward at the surface during the fal
and winter over the shelf from Point Conception to
Vancouver | sl and. Measurenents in the region have shown
that the seasonal cycle over the slope is highly variable
with the poleward flow maxi num usually occurring in My
(Collins et al., 1996). The reversal of wnds from
northwesterly in sumrer to southeasterly in w nter, which
causes downwelling at the coast, seens to be the forcing
mechani sm of this poleward surface current (Huyer et al.
1989) . It has been suggested that the DC is a result of
the “surfacing” of the CUC during late fall (Pavlova, 1966;
Huyer and Smth, 1974).

The Central California Coast, particularly in the
vicinity of Mnterey Bay, has the added conplexity of

hi ghly variable bathynetry, which influences currents that
2



make up the CCS. Thi s oceanographically conplex region,

whi ch consists of variable currents, nesoscale eddies and
upwel ling events, exhibits significant variability from
synoptic to interannual scales. It becane apparent that a
long-term near real-tinme coastal observing network was
needed to collect information on critical ocean paraneters,

for input into predictive nodels for the purpose of

forecasting coastal ocean conditions.

B. THE | NNOVATI VE COASTAL- OCEAN OBSERVI NG NETWORK

Funded by the National COCcean Partnership Program
( NOPP) , an alliance was fornmed between governnent,
academ c, and industrial entities to inplenent an
| nnovati ve Coastal -Ocean Cbserving Network (1CON) to study
the oceanography in the Central California Coastal waters
surrounding Monterey Bay (Paduan et al., 1999). The
partnership involves a consortium of scientists and
engineers from eight organizations, including the Naval
Post graduate School (NPS), Monterey Bay Aquarium Research
Institute (MBARI), California State University at Monterey
Bay (CSUMB), University of Southern M ssissippi (USM,
University of Mchigan (UM, HOBI Labs, CODAR Ccean Sensors
Ltd. (COS), and the Naval Research Laboratory (NRL). The
goals of ICON were to bring together nodern neasurenent
technol ogi es, to devel op new technol ogies, and to integrate
them within a data-assimlating coastal ocean circulation

nmodel .

The principal conmponents of the observing network
include 1) surface current maps from shore-based high
frequency (HF) radar installations, 2) subsurface currents,

3



tenperature, salinity and bio-optical properties plus
surface nmneteorological properties from several deep-sea
nmoorings, 3) sea surface tenperature and <color from
satellites, and 4) along-track tenperature and tenperature
variances from two acoustic tonography slices through the

regi on.

The acoustic tonography conponent consists of two
aut ononmous sound sources, one placed on Davidson Seanount
and the other on Pioneer Seanpbunt. These seanmpunts all owed
for the placenent of transmtters near the sound channel
axi s. In addition, the transmtter would be in close
proximty to the bottom which keeps nooring notion within
tolerable [|inuts. A receiver located on Sur Ridge
noni tored the acoustic transm ssions from these two sources
conti nuously. The data were transmtted real tine via
underwater cable to the NPS Ccean Acoustic Observatory
(QAO) facility at Point Sur.

C. OCEAN ACQUSTI C TOMOGRAPHY

Ccean acoustic tonography is a technique for observing
the dynam c behavior of ocean processes by neasuring the
changes in travel tinme of acoustic signals transmtted over
a nunber of ocean paths (Spindel, 1986). The word
tonmography is derived fromthe two Geek roots neaning “to
slice” and “to look at.” Tonography is an inmaging
technique that inverts propagation neasurenents through
many sections of a volume to determne the physical
characteristics of the interior of the volune (Medw n and
Clay, 1998). Anal ogous techniques are enployed in nedical
tonography (e.g., X-rays in Conputer Assisted Tonography

4



(CAT) scans) or geophysical tonography, which uses nmanmade
shock waves to explore the earth’s interior. Munk and
Winsch  (1979) first proposed application of t hese
techniques to the ocean as a neans for nonitoring ocean
basins for nmesoscal e fluctuations. Ocean acoustic
t onogr aphy uses sound energy to “look at” a “slice” of the
ocean by neasuring the travel times of wvarious signals
propagating along different acoustical paths through the
vol une. As acoustic energy travels along its path, sound
speed fluctuations affect the travel tine. Since sound
speed in the ocean is a function of tenperature, salinity
and pressure, information is acquired about t hese
paraneters as well as current speeds and direction. These
data are in the form of sound pulse travel tinme changes

Usi ng these neasurenents of travel tinme perturbations, an
estimate of the ocean structure can be constructed using
mat hemat i cal inverse techniques.

Ccean acoustic tonography has several advantages over
nore traditional oceanographic study nethods (Chiu et al.,
1987) . An acoustic tonography system can be installed in
the ocean as a sem -pernanent, cont i nuous, weat her -
i ndependent observing system The |ow spatial attenuation
rate of sound and high tenporal resolution allows the
system to nonitor l|arge volunes of the ocean interior,
sanpling many different I|evels sinultaneously. Si nce
relatively few acoustic noorings are required for ocean
acoustic tonography, costs associated with such a system
are significantly |lower than conventional “spot” nporing
syst ens. Furthernmore, wth each additional conventional
nmooring only one piece of information is added such that a

1:1 nooring increase to information-gain ratio occurs. I n
5



contrast, the addition of one tonographic nooring adds nmany
new distinct ray paths, each of which adds a piece of
information to the system (Munk and Winsch, 1979).

The applicability of acoustic t onogr aphy for
nmonitoring ocean variability is dependent upon the
following four i mpor t ant I Ssues: 1) stability, 2)
resolvability, 3) identifiability, and 4) signal-to-noise
ratio (SNR). Stability addresses the property of whether
or not the sane individual arrival exists over successive
transm ssi ons. Stability requires transmtter-receiver
paths to be insensitive to changes and not fade away or
di sappear. These transmitter-receiver paths are called
ei genr ays. Resolvability requires that the arrival tine
separation between eigenrays be sufficient to resolve
i ndi vi dual rays. The third issue, identifiability,
requires that measured arrival times  of ei genrays
correspond to nodeled arrival tinmes, thus associating
arrivals to raypaths. Lastly, adequate signal-to-noise
ratios are required to ensure travel time precision, and
that the signals are strong enough to be received over
background noi se.

An ocean acoustic tonography experinment can be divided
into two separate and distinct parts. The first is the
forward probl em whi ch est abl i shes t he physi cal
rel ati onship between the data and the unknown structure
given the characteristics of the sound channel and sensor
configuration. The second is the inverse problem which
demands calculation of the wunknown ocean perturbations

gi ven raypath geonetries and travel tinme neasurenents.



D. THESI S OBJECTI VES AND APPROACH

The principal objective of this thesis is to study the
tenperature variability along the California coast between
Davi dson Seamount and Sur Ridge during the period from 30
July 1998 to 31 Decenber 1999. During this tinmefrane, the
sound source at Davidson Seanount emtted tonographic
signals continuously, with the exception of intermttent
data gaps. Although the data gaps preclude the analysis of
fast tenperature fluctuations, the overall tine series
allows for an adequate analysis of nesoscale variability.
In conjunction wth nooring tenperature data in the
vicinity of the acoustic path, the Davidson Seanount to
Point Sur transmssion has allowed for an in-depth
eval uation of the feasibility of using acoustic tonography
in nonitoring the coastal environment for nesoscale

fluctuations.

The anal ysis of the tonographic data has been divided
into three distinct areas:

1. Forward Mbdel i ng. Acoustic propagation nodeling

was first conducted to examne the expected ray
arrival structure. The acoustic nodeling uses a ray
t heory approach, which incorporates a reference or
“background” sound speed profile derived from data
acquired in July 1998 by the RV. PONT SUR and a high
resolution bathynetric dataset obtained from the
Nat i onal Cceani ¢ and At nospheri c Adm ni stration
( NQAA) . To validate the nodel results, predicted
arrivals wer e conpar ed to observed arrival s,
associating the observed arrivals with the predicted
ei genr ays.



2. Time Series Construction. Travel tines for stable

and strong ray arrivals were extracted from the tine
series data. A 7'"-order polynomal was used to
interpol ate through data gaps and snooth edge effects,
while a 4'"-order, 10-day |lowpass filter was used to
filter out f ast fluctuations such as tida

oscillations.

3. | nverse Anal ysi s. The tine series of ray trave

times were then “inverted” using a m ninmum nmean-square
error estimator. The tenporal and horizontal
structure of tenperature along the acoustic path was
estimated by constraining the vertical structure using
a 3-layer nodel appr oach. Validation of the
t onmogr aphi c i nverse and interpretation of t he
oceanographic variability were aided by nooring
tenperature data, CID transects and TOPEX/ POSElI DEN
satellite altimetry.

E. THESI S OUTLI NE

The remainder of this thesis <consists of four
addi tional chapters. Chapter 11 includes a discussion of
acoustic tonography and oceanographic neasurenents as they
pertain to this thesis. Chapter IIl presents and discusses
forward nodeling results, the extracted tinme series of ray
travel tines and ray identification. Chapter 1V presents
the vertical structure and constraint of the tonographic
estimate, discusses devel opnent and results of the inverse
probl em and conpares the observed acoustic variability in
relation to observed oceanographic processes. Concl usi ons
are presented in Chapter V.



I'1. OBSERVATI ONS

A ACOUSTI C TOMOGRAPHY
1. The Experinent

Source, Receiver and Mooring Locations
T T

T T

Santa Cru=z=

Monterey

[
®
o

Latitude (N)

36

35.5 ! !
-123 -1225 -122 -1215

Longitude (W)

Figure 1 - Contour map depicting the orientation of
t he tonography source and receiver

The tonography experinent extended from a transmtter
| ocated on Davi dson Seanmount northeast to a receiver placed

on Sur Ridge. This region and location of the transmtter

and receiver are shown in Figure 1. The transmitter and
receiver were J|ocated at depths of 1270 and 1359 m
respectively. The transmtter produced phase-nodul ated

signals, with a source level of 180 dB re 1uPa, center



frequency of 400 Hz, and bandwidth of 100 Hz. The
tonmographic signals recorded at Sur R dge were transmtted
via underwater cable to the NPS Point Sur QAO
Transm ssions were recorded from July 1998 through Decenber
1999. Figure 2 depicts a vertical cross-section of the
bat hynetry along the 66-km acoustic path. The bat hynetry
was interpolated from a high-resolution digital dataset
extracted wusing CEOCDAS (CEOphysi cal DAta Systen), an
interactive database nmanagenent system obtained from the
NOAA Nati onal Geophysical Data Center (NGDC).

Davidson Seamcunt to Sur Ridge Depth Profile
1000 T T T T T T

Davidson Seamount

H-

Sur Ridge

1500

2000

Depth (m)

2500

3000

3500 ! .
10 20 30 40 50 60
Distance (km)

Figure 2 — Davidson Seanmobunt to Sur Ri dge Bathynetry

In a bottomlimted configuration, ray propagation
becones nore conplex as rays interact wth the bottom
Complicated nultipath arrivals or “mcro-multipaths” may

10



reach the receiver simultaneously, which exacerbates the
problem of identifying individual observed arrivals wth
nodel ed ray paths. Figure 3 offers a three-dinensional
view of the source-receiver configuration with associated

bat hymetry and exanpl e ei genray paths.

Source/Receiver Locations, Bathymetry and Example Eigenrays

-500,,

-1000 |Sur Ridge
1500

-2000., Davidson Seamount

Depth (m)
I\_r-:
o
o

Latitude (deq)

Figure 3 — Sanpl e eigenrays, Davidson Seanpunt source,
and Sur Ri dge receiver

During the course of data acquisition, numerous
outages at the NPS Point Sur QAO resulted in data gaps in
the travel tinme series. Significant outages (> 2 days) are
summari zed in Table 1.

11



?3;;%;3?6 L(ehnrgst)h Reason for Qutage

1998 226- 231 119.3 |[oss of buil ding power

1998 318-321 49.1 |di sk storage 100% ful |

1999 012-147 3239.1 (inme synchronization | ost
1999 147-167 498 time synchronization errors
1999 251-297 1104.55 |power transfornmer damaged
1999 338-344 159. 48 |power outage - bl own breaker
2000 001 all transm ssions stop

Length of all outages: 5356.04 hrs

Percent of study period: 43.06%

Table 1 - Significant outages affecting data continuity

2. Signal Characteristics

The traditional approach to signal design and

processing in ocean acoustic tonography is that described
by Birdsall and Metzger, 1986.

nmodul ati on of

Their nmethod exploits phase
the periodic signals using maximal |ength

(binary) sequences (msequences) to achieve optiml pulse

conpression with no side |obes. Modul ating the signal’s
phase with an m sequence and processing with a correl ation-
mat ched filter
whi ch
(where 511 is the msequence I|ength).

results in a determnistic narrow pulse,
10l og(511)
Transmtting this

leads to a signal processing gain of

sequence repeatedly leads to additional signal processing

gain of 10l o0g(35) at the receiver by coherently averaging

12




the consecutive

Sour ce signa

sequences

(35 msequences

transmtted).

characteristics are summari zed in Table 2.

Source Characteristics -

Davi dson Seanpunt

Sour ce | evel 180 dB re 1uPA at 1 m

Center frequency 400 Hz
Ful | bandwi dth 100 Hz
m sequence | aw (octal) 1021

m sequence | ength 511 digits

(signal processing gain of 27 dB)
Digital wwdth (resol ution) 4 cycles = 10 nsec
m sequence peri od 5.11 sec

m sequences transmtted
(signal

35 sequences
processing gain of 15 dB)

Transm ssion | ength

178. 85 sec

Table 2 — Characteristics of the 400 Hz tonography signal

The sound source was programed to transmt

two different rat es, for the
oceanographic variability. From 30
the source transmtted every 30
being to resolve high-frequency
internal tides. From 28 August
transmtted every 12 hour s to
vari ations. At the Point Sur OAQ
rates were utilized. A sanpling

initially utilized.

Nyquest
i nproved SNR t hrough coherent

Even though thi

criterion, it proved

structures.
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1998 thereafter,

i nsufficient

signal s at

pur pose of resol vi ng
1998

the objective

July to 28 August
m nut es,
such

oscill ations as

t he source

resolve longer-term
two different sanpling
rate of 1000 Hz was

t he
to produce an

s sanpling rate net

averaging of nmultiple arrival
The sanpling rate was changed to 2000 Hz on 29




August 1998 and continued at this rate through Decenber
1999.

One of the fundanental issues in ocean acoustic
tomography is the ability to record time accurately. A
SeaScan t enper at ur e- conpensat ed quartz crystal cl ock

provided timng control at the source. The receiver used a
GPS trigger to start data acquisition, with a crystal
oscillator determning the sanple rate. Significant rate
variability was observed after power outages. This led to
the calculation of drift rates, which are summarized in
Table 3 along wth additional timng inconsistencies
determined during the July 1998 to Decenber 1999 tine

seri es.

Timng Error Dat a Set Correction
Cl ock of fset Entire tine series -0. 098307 sec
File-by-file drift |1998-1000 Hz +0. 4548 sec/ day

File-by-file drift |1998-2000 Hz (242-317) |+0.4619 sec/day

File-by-file drift |1998-2000 Hz (318-365) |+0.3629 sec/day

File-by-file drift |1999-2000 Hz +0. 4012 sec/ day
Source drift Entire tine series +0. 00126 sec/ day
Leap Second 1999- 2000 Hz +1.0 sec

Table 3 - Timng Corrections

3. Arrival Structure

A correlation-matched filter was applied to the data,
with the output corresponding to a sum of pulses arriving

14




from the nultiple eigenray paths. An inproved signal-to-
noi se rati o was obtained through coherent averaging. Each
transm ssion was processed and inspected individually.
Figure 4 depicts a typical arrival pattern of one
transm ssion while Figure 5 shows an exanple waterfall plot
of transm ssions from 30 July 1998 to 12 January 1999. The
waterfall plot is wuseful for examnation of arriva
stability, and assists in determnation of whether the

arrival peaks are resolvable over the entire tinme series.

Once all transmssions were processed, the travel
times of the arrival peaks were extracted. Travel tinmes
within a wndow were picked for peaks that exceeded a
medi an anplitude threshold value for that w ndow. Si nce
the time series covered over 17 nonths, the travel tinme of
an individual arrival can change nore than the separation
bet ween individual arrivals. This led to using nultiple
wi ndows and adjusting the w ndow accordingly to keep the
arrival tinme peaks wthin the Ilimts of the w ndow
Applying a 7th-order polynomal to fill in small data gaps
and smooth edge effects further refined the arriva
structure. Hi gh frequency oscillations were renoved using
a 10-day low pass filter. Results are shown in Figure 6 as
a dot plot (the two large gaps in the dot plot correspond
to outages addressed in Table 1). The dot plot allows
identification of individual rays at the receiver |ocation
and match these to the nodeled arrivals, which wll be
di scussed in Chapter 3.

15



Normalized Amplitude
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Arrival Time Dot Plot
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Figure 6 — Travel tine dot plot of observed arrivals

B. OCEANOGRAPHI C DATA
1. Shipboard Data

Acoustic nodeling of the received signal requires
creation of a “background” or “reference” ocean. One input
required by the nodel is a reference sound speed profile.
During July 1998, an oceanographic cruise aboard the R V.
PO NT SUR provided CID data at 9 stations along a path
bet ween Davi dson Seanmount and Sur Ridge. Based upon the
CTD data, a nean sound speed profile was derived (Figure
7). This nean profile represents the reference ocean in
forward nodeling, and serves as an initialization for the

i nver se.
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Figure 7 — Mean sound speed profile and reference
sound speed field (upper 1000 m
2. Moored Tenperature Data
During the acoustic transm ssions, oceanogr aphi c
moorings M2 and M4, (depl oyed by MBARI and  NPS,
respectively) provided in-situ tenperature data. The M

tinme series covered the entire period of transm ssions,
recording tenperature every 10 m nutes at depths of 10, 20,
40, 60, 80, 100, 150, 200, 250 and 300 m M4 included an
additional tenperature neasurenent at 350 m but was only
operational for the last four nonths of transm ssions
(Sept enber through Decenber, 1999). Geographic | ocations
of M and M4 are depicted in Figure 1. For an overall
sense of ocean variability throughout the time series, M

tenperature variations are depicted in Figure 8.
18
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[11. FORWARD MODELI NG

A HAM LTONI AN RAY TRACI NG

Ray theory allows the study of sound propagation
t hrough a nedi um whose refractive index can vary in space.
Raytracing provides a graphical representation of the
trajectories taken by sound energy through the nedium
According to ray theory, the signal received is the sum of
many different arrivals, each following different paths, or
eigenrays, from the transmtter to receiver. Pressure
di sturbances at the receiver are associated wth individual
ei genrays, which have different phase shifts, tine delays,
and anplitudes. The received signal can be witten as:

r (t) — Z anS(t _ tn)e—i(Zleotn+CDn) (1)

where r(t) is the conplex envelope of the received signal
s(t) is the conplex envelope of the emtted signal, fo isS
the carrier frequency of the transmssion, and t, a, and
o, are the tinme delay, anplitude nodification and phase
shift of each eigenray, respectively. Consequent | y,
forward nodeling of the received signal demands raytracing,
ei genray search, and determ nation of t, a, and &,.

The t hr ee- di nensi onal raytracing program HARPO
(Ham I tonian Acoustic Raytracing Program for the Ccean) was
used to cal culate raypaths. HARPO traces each raypath by
nunerically integrating Hamltons’ s equations of notion in
spherical coordinates wth a different set of initial
condi tions. In the high-frequency Ilimt, sound waves
behave like particles and travel along rays, according to
the equations that govern changes of position and nonmentum
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in a nechanical system (Jones et al., 1986). HARPO
requires input of a nodel ocean by the user, which consists
of a continuous representation of the sound speed field and
continuous two-dinensional representation of the upper and
| ower reflecting surfaces. The upper and |ower reflecting
surfaces are the ocean surface and ocean bottom
respectively. Continuous treatnent of sound speeds and
bat hynetry elimnates the problens of false caustics and

di sconti nuous raypath properties (Jones et al., 1986).
Si nce its i nception, HARPO has undergone  vari ous
nodi fications and inprovenents. Newhal | et al. (1990)

created supplenentary peripheral routines for efficient
eigenray finding and interpolation of gridded sound speed,
current, and bathynetric data. Bat hynetric and nean sound
speed profiles used in HARPO for this study are shown in
Figures 2 and 7, respectively.

Wthin HARPO, a fan of rays from -15° to +15° was
traced at a resolution of 0.002°. Rays greater than 15° and
less than -15° were omtted due to nunerous bottom
interactions, which lead to a significant energy |oss at

t he receiver

B. ARRI VAL STRUCTURE

The output of HARPO includes eigenray geonetry and
travel tine. Processing of the HARPO output was
acconplished using the program “ray2db” devel oped by Chiu
(1994). This program searches for eigenrays, conputes
travel times, calculates phase shifts as a result of bottom
and surface reflections, and estimates signal |osses due to
rayt ube spreading. Program “ray2db” operates on the HARPO
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output file utilizing input paraneters set by the user in
t he initialization progr am “ray2dbstart”. I nput
paraneters include source and receiver separation, |ocation
and depth, source signal <characteristics, and boundary
condition paraneters. Boundary conditions affect both the
magni tude and phase of the eigenray arrivals through
surface and bottom reflection. A root-nmean-square sea
surface height of 1 m represented the surface boundary
condi tion. At t he bottom boundary, conpl i cat ed
interactions of sound waves with the upper sea floor |ayer
require geoacoustic nodeling to conpute general values and
restrictive par anet ers for vari ous mari ne  sedi nment
properties. These sedinment properties vary between the
source and receiver. At Davidson Seanount, the bottom is
conposed of rock outcroppings interspersed wth coarse
grained sedinment, while at Sur R dge the bottom is

primarily coarser, gl auconite-rich sedi nment (Gabriel,
2001) . In between, the upper layer is generally conprised
of fine to nedium grain sedinent. Based upon sedi nent

chart and geoacoustic paraneter tables (Hamlton, 1980),
i nput paraneters were determned for the bottom boundary
(Table 4).

Aver age sedi nent sound speed | 1650 n's

Aver age sedi nent density 1600 kg/ n?

Sedi rent attenuation rate 0.04 dB/ M kHz

Tabl e 4 — Geoacoustic Parameters

G ven the HARPO output along with input paraneters,
“ray2db” conputes the envel ope of the received signal. The
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nodel ed signal included 113 eigenrays, which are shown in
Figure 9. The nodeled arrival structure is shown in Figure

10 as a stemplot of the 113 individual arrivals.

Eigenray Tracing from Davidson Seamount to Sur Ridge

Depth (km)

30
Range (km)

Figure 9 — Eigenray Geonetry
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Figure 10 — Stem pl ot of individual eigenray arrivals

The original nodeled arrival tine included a bias
error associ at ed with t he act ual sour ce/ recei ver
separati on. An iterative |east squares inversion was used
to estimate the range error. A final range error
estimation of 0.2496 kmresulted in a travel tine change of
-166 ns. This estimated travel tinme change was then
applied to the nodeled rays, which assisted in identifying

observed arrivals with nodel results.
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C. RAY | DENTI FI CATI ON

| dentification of ray arrivals was initially conducted
by conparing the stem plot of the nodel ed eigenray arrivals
(Figure 10) to the observed arrivals, waterfall plot and
dot plot (Figures 4, 5 and 6, respectfully). To further
identify rays with observed arrivals, additional plots of
the nodeled arrivals were created. First, travel tines
versus |aunch angles were plotted, which reveal ed that each
of the arrivals not only is associated wth individual
ei genrays but groups or “bands” of eigenrays with each band
representing a set of mcro-nmultipath that reach the
receiver at the same time and sanple the sane space in the
ocean. Next, a series of ray diagrans were constructed
associ ating each eigenray band with each isolated arrival
Travel times versus |launch angle are shown in Figure 11,

while the geonetry of the eigenray bands are shown in

Fi gure 12.
Arrival Time wversus Launch Angle (Modeled)
47 T T T T T
_|
46.5
-
g
§ 46 + _
@ +
=
-~
g455——H|— } -
-
E
]
g G
-g 45 -
- -
_|_
44.5 b

a4 1 1 | L 1
-15 =10 5 0 5 10 15

Launch Angle in Degrees

Figure 11 — Travel tine versus |aunch angle (nodel ed)
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Figure 12 — Eigenray arrival bands
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Usi ng a conbi nation of launch angle and arrival tine a
rel ati onship was established between eigenray bands and
observed arrivals. Each band of eigenrays was further
examned to assist in identifying specific observed
arrivals with nodeled arrivals. Ten observed arrivals were

associated with the 10-ei genray bands shown in Figure 12.

A band of nine eigenrays was identified in the nodel ed
structure, but could not be identified as stable and
resolvable arrivals in the observed data (e.g., a “ghost”
arrival). Two additional bands of eigenrays were not
identified in the observed data (Figure 13). At t enuation
due to numer ous surface and bottom bounces and
deconstructive interference between the mcro-nultipaths
may have contributed to a weak signal, unidentifiable in
the presence of noise. These two unidentified rays are
apparent in Figure 15, where their sound pressures are

extrenmely | ow.

Unidentified Arriwvals
0] T T T
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N
T

1
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1
4] 10 20 30 40 50 60
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Figure 13 — Unidentified arrival bands
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Once all nodel ed eigenrays bands were associated with
particul ar observed arrivals (or wer e deened
unidentifiable), a single ray was chosen from each band to
represent the path geonetry of the band in the inversion.
The eigenray geonetry representing the 10 bands is depicted
in Figure 14 while the nodeled arrival structure is shown
in Figure 15.

Final Eigenray Geometry for Inverse Input
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Figure 14 — Final 10 Eigenray Paths
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Modeled Signal Arrival Pattern
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Figure 15 — Final nodeled arrivals

D. TRAVEL TI ME VARI ABI LI TY

Sound speed in the ocean is a function of tenperature,
pressure and salinity, with tenperature domnating in the
upper 1000 m where the gradient is strongest. As the
tenperature increases, sound speed increases thus travel
time decreases. Li kewi se, as the tenperature decreases
sound speed decreases and travel tinme increases. Known
ocean processes can be directly related to tenperature
changes, which can then be observed as travel tine changes.
The principle objective of this experinment is to study the
low frequency tenperature variability between Davidson
Seanmount and Sur R dge. Significant sources of |ow
frequency oscillations in the ocean include seasonal or

i nter-annual change, synoptic scale events, and nesoscal e
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vari ations. Seasonal oscillations can be clearly seen in
both the nmooring and travel time data, which are
characterized by cooling of the surface waters in wnter
and warmng in sumer. Synoptic scale events, such as
upwel I ing and downwelling, are also evident in the nooring
and travel tinme data. These types of events can be
associated wth northwest wnds off Central California
resulting in the upwelling of cool, nutrient rich waters,
and sout h-sout heast winds which result in a downwelling of
war mer surface waters. Al t hough present throughout the
year, nesoscale variations may or may not be apparent in

the mooring and travel tinme data sinultaneously. These
events can be nmuch nore localized, identified at one
| ocation (i.e., M) and not the next (i.e., Davidson
Seanount) .

Sem -diurnal and diurnal variations, such as ocean
tides and fluctuations in the mxed |ayer depth, were
observed in the nooring and travel tine data. These higher
frequency oscillations were not the subject of this
experiment and were filtered out using a 4'" order, 10-day
| ow pass filter
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V. TOMOGRAPHI C | NVERSE

A DEVELOPMENT COF THE | NVERSE PROBLEM

Qualitatively, the inverse problem is relatively
straightforward - infer the unknown ocean structure given
the neasurenents of acoustic travel tine along different
raypat hs. Quantitatively, the mathematical fornulation
requires sone forethought. To apply inverse theory, a
valid mat hematical nodel nust be established relating nodel
paraneters to neasured data. A general mathematica
expression used for ocean observing systens is the Fredholm
integral equation of the first kind:

d(x)=[g(x"x)f(x)dx+e(x) (2)

where d(x') is the data observed at some X', g(x ,X) is the
“model ” or physics of the problem f(x) is the unknown
function, and e(x’) is the noise contam nation. As opposed
to a discrete observation, equation (2) represents a
continuous observation over the space x’, and linearly
relates the data to the unknown. In this experinent the
observed data is the perturbations of the travel tines of
the resolved rays, the nodel is the raypath output from
HARPO, and the unknown is sound speed change.

Rel ati ng sound speed change to travel tine change, the
above equation can be expressed as:

511 = | ()dc(x)ds + e(x) (3)
pathj C (X)

33



where orj is the change in travel tine due to the sound

speed perturbation oc along path j, c is the reference
sound speed field, oc is the unknown variable which is the
departure from the reference sound speed field, x is the
position vector and s is the arc length along the path |
connecting the source and receiver. Contam nation by noise
is represented by e, and includes both neasurenent and

nmodel error.

The approach used will be a stochastic inverse nethod
(Chiu et. al, 1994), which is based on a spectra
deconposition of the sound speed perturbations and a
m nimzation of an objective function. This nmethod treats
t he unknowns as random vari abl es, and requires
specification of statistical information on the signal and
noi se. Specifying ocean decorrelation scales, a noise
variance and a solution variance the nethod provides an
optimal estimate of the solution, which has mninmm nean
square errors. To aid in oceanographic interpretation, the
met hod al so gives solution error and resolution estimtes.
Enpi ri cal Ot hogonal Function Anal ysi s ( ECFA) on
hydrographic data is enployed to investigate the vertica
structure for constraint in the tonographic estimate.

B. VERTI CAL STRUCTURE AND CONSTRAI NT

ECFA is a comon statistical nethod for analyzing
oceanographic variability occurring across a spectrum of
spatial and tenporal scales. This nethod is used to
redistribute the variability of a large set of variables to
a much smaller set, which contains nost of the original

vari ance. In other words, EOFA estimtes the spatial
34



variability and the tinme series coefficients nodul ating the
tenporal variability from the variance-covariance matrix of
t he observed dat a. The input is the observed data, while
t he output consists of three types of results, 1) principal
conmponent s (PCs), 2) ei genvectors (EOFS), and 3)
ei genval ues. The PCs, plotted as a tinme series, quantify
the overall strength of the associated EOF pattern over
tine. The relative relationships between ECF points (or
“nodes”) remain the sanme, but the absol ute magnitude of the
pattern changes with tine.

An EOFA was constructed from the M nooring data.
Modes 1-3 are shown in Figure 16. The anal ysis reveal ed
that node 1 was dom nant, accounting for 54% of the
vari ance. Mbdes 2 and 3 contained 22% and 8% of the
vari ance, respectively. Si mul ation studies show that they
do not contribute significantly to travel tinme change.

Addi ti onal deep CID data analysis revealed the
possibility of a phase change at 450-500 m and significant
perturbations below 500 m To account for the possible
phase change and deep perturbations in the inverse, two
additional |layers were included. One can think of the
internediate (300-500 m and deep (500-2000 nm) |layers as
two additional ECFs wth their unknown coefficients
corresponding to |ayer-averaged perturbations. Figure 17
shows the 3-layer nodel that was used to constrain the

vertical structure in the tonographic inverse.
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C. | NVERSI ON

The change in sound speed is a function range, depth
and tine. This variation in sound speed can be described

by a |linear conbination of n ECFs, i.e.,
n
ac(x,z,t) =D a(xt) fi(2) (4)
i=1
where a(xt) is the tinme and range varying anplitude of the
EOF and fi(z) is the i'" node. In this description, the
unknown becones the coefficients of the EOCFs. The

hori zontal wvariation of a(xt) was discretized with a grid
spacing of 1 km The vertical structure was fixed with the
first nmode and two |ayer-averaged nodes. The change in
travel time is referenced to the first travel tine
measured, which coincides with the July 1998 CTD transect.
An iterative solution was enployed to refine the a priori
statistical information, specifically the rms values of
coefficients of perturbation EOFs and noi se variance. The
i nverse nethod processes travel times for each iteration,
giving daily estimates of sound speed perturbation. The
solution was deened valid when statistics of the final
solution and data residual were consistent with the assuned
val ues for the statistical paraneters.

Several iterations of the inversion were used to
refine the initial estinmtes. The input statistica
parameters for the final iteration were 64 (ns)? for the
noi se variance, 26 km for the horizontal decorrelation
l ength, 25 nf/s? for the solution variance of node 1, 0.25
nt/s?> for the solution variance of the internediate depth
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layer, and 1 nf/s? for the solution variance of the deep
perturbation | ayer.

D. RESULTS AND DI SCUSSI ON

1. Resolution and WMean Square FError of the
Tonmogr aphi ¢ Estimate

Hori zont al resolution Ilengths of the tonographic
estimate are depicted in Figure 18, and represent the
smal | est ocean feature that can be seen by tonography.
M ni mum resol ution | engths of about 30-35 km occur for node
1 and the deep perturbation at about 45 kmin range, while
for the internediate node the m ninum resolution |ength of
39 km occurs at a range of 30 km At ranges between 0 and
25 km the density of raypath <crossings is mninmal,
resulting in a poor resolution. Thus, in the first half of
the transm ssion path, the tonographic system is unable to
resol ve ocean features that are shorter than the acoustic
pat h. This poor resolution is also apparent near the
receiver, where again the density of raypath crossings is
m ni mal

The nmean square error (in percentage) or uncertainty
in the estimate is shown in Figure 19. The estinmated node
1 coefficient has an average nean square error of |ess than
43% For the internediate depth layer the uncertainty in
its coefficient estimate is 100% which is due to the fact
that the corresponding travel time signal is nuch |ess than
the travel tine noise. The deep perturbation layer has an
average uncertainty of 50%
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2. Interpretation of Tonographic Estinmate

Dept h- averaged tenperature perturbation estimtes for
node 1 and the deep perturbation |ayer are shown in Figures
20 and 21, respectively. Both estimates show an initia
zero perturbation at 1998 yearday 210, corresponding to
initialization of the inverse to the first day travel tine.

The nmode 1 perturbation estimate was exam ned first
From 1998 yearday 210 to 375, the estimate showed a gradua
cooling followed by a stronger cooling in the second half
of the acoustic path. From 1998 yearday 575 to 735, the
estimate showed cooling followed by slight warm ng,
foll owed by stronger cooling. Once again the cooling is
nore defined in the second half of the acoustic path. This
coincides with Figures 18 and 19, which show acceptable
resolution and nean square error in this area. Al t hough
the error is acceptable in the first half of the acoustic
path, the horizontal resolution indicates that the inverse
was unable to adequately resolve ocean features snmaller
t han the acoustic path.

The deep perturbation estimte showed gradual cooling
foll owed by stronger cooling up to 1998 yearday 375. From
1998 yearday 535 to 735, the estimate revealed a strong
warm ng followed by gradual and then deeper cooling. The
error associated with the deep perturbation is marginal at
best, with resolution lengths shorter than the acoustic
path only between 20-55 kmin range.

40



Depth Averaged Temperature Perturbation: Mode 1
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Fi gure 20 — Dept h-averaged tenperature perturbation
estimate (node 1, 0 — 300 m
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Depth Averaged Temperature Perturbation: Deep Layer
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Figure 21 — Depth averaged tenperature perturbation
estimate (deep node, 500 — 2000 m
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3. Conparison to Mored Tenperature Data

Figure 22 shows M2 node 1 coefficients along wth
range- averaged perturbation estinates for nmpbde 1 and the
deep perturbation |layer (July 1998 — January 1999). The M
perturbations signify a change from the M2 nean, while the
range average perturbations signify a change fromthe first
day. It is readily apparent that M2 npde 1 and the
tonmographic solution for node 1 are in good agreenent.
Both show an overall cooling of simlar nmagnitude in the
upper |ayer where the nbde reaches a nmaxi num The range-
averaged solution for the deep perturbation shows a gradual
cooling over the tine series.
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Figure 22 — Conparison of M2 node 1 coefficients and range

aver aged tonographic estimate (July 1998 to January 1999)
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Figure 23 shows M2 and M4 node 1 coefficients along
wi th range-averaged perturbation estimates for node 1 and
the deep perturbation layer (June 1999 - Decenber 1999).
The M2 and M4 perturbations signify a change from the M
mean, while the range average perturbations signify a
change fromthe first day. The overall warm ng and cooling
trends of the node 1 tonographic estinmate are in genera
agreenent with the nooring coefficients, except that the
magni tude of the tonographic estimate is nuch larger than
the M and M4 coefficients. This nay be due to a |ocalized
cooling event along the acoustic path. The deep
perturbation estimate shows slight warmng followed by
gradual cooling over the tine series.
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4. Conparison to CID Transects

As a consistency check on the tonographic estinmate,
tenperature data from CID transects along the acoustic path
wer e exam ned. For conparison purposes, the July 1998
reference section is shown alongside the July 1999, August
1999 and OCctober 1999 sections (Figures 24, 25 and 26,
respectively). To  assist in examning the deep
perturbation |ayer, deep nooring data from a current neter
at M2 and a CTD at the source are shown in Figure 27.

The node 1 perturbation estimate (Figure 20) was
exam ned first. Conparing the July 1998 (1998 yearday 195)
and July 1999 (1998 vyearday 560) tenperature sections
(Figure 24), significant cooling was visible throughout the
upper 300 m Overall, this <conpares well wth the
perturbation estimate. Localized events along the acoustic
path were further exam ned, specifically along the second
hal f of the acoustic path. During July 1999 (1998 yearday
560), the perturbation estimate showed regions of warner
wat er surrounded by cooler water, corresponding to positive
and negative perturbations, respectively. Upon i nspection
of the July 1999 (1998 yearday 560) tenperature section
significant warmng was evident, particularly at depths of
200-300 m near the receiver. This warm ng signature my be
due to an increase in strength of the California
Undercurrent as the *“spring transition” relaxes. The
August 1999 (1998 yearday 590) tenperature section (Figure
25) showed a reversal of the isotherns near the receiver.
This cooling signature can be seen as “nore negative”
perturbations in the tonographic estimate, which my be
indicative of a relaxation of the California Undercurrent.
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The October tenperature section (Figure 26) showed further
overall cooling across the 0-300 m | ayer, which corresponds
to the stronger negative perturbations across the gap
(Cctober 1999 (1998 yearday 640) falls within the data
gap) .

The depth-averaged perturbation estimate for the deep
| ayer was exam ned next. Conparing the July 1998 and July
1999 tenperature sections (Figure 24) between 500 and 1000
m a slight warm ng or pushing down of the isotherns was
visible in the first 30 km This was apparent in the
perturbation estimate, which showed warm ng over the depth
averaged | ayer. Anal ysis of deep tenperature data at the
source (Figure 27) was consistent with initial seasonal
cooling followed by overall warm ng. The August 1999 (1998
yearday 590) tenperature section (Figure 25) showed
additional warmng in the deeper layers while the estimte
reveal ed a gradual cooling over the depth-averaged | ayer.
The Cctober 1999 section (Figure 26) showed a reversal of
the isotherns. A data gap in the estimte precludes
conparison wth tonography, however, this cooling was
apparent later in the estimate and was consistent wth the
seasonal cooling visible in the deep nooring data. In the
second half of the acoustic path, the July 1999 (1998
yearday 560) tenperature section revealed a dom nant
cooling event followed by slight warm ng near the receiver,
while the August 1999 (1998 yearday 590) section reveal ed
warm ng followed by slight cooling. The overall cooling
signature was apparent in the perturbation estimate,
however, the slight warm ng signature at the receiver was
not . The October 1999 (1998 yearday 640) tenperature

section showed significant cooling along the second half of
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the acoustic path, which can be interpolated in the
estimate across the data gap. In addition, the seasonal
cooling was readily apparent in the deep nooring data.
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Figure 24 — Tenperature data fromJuly 1998 and July 1999

transect al ong acoustic path
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Figure 25 — Tenperature data from July 1998 and August 1999
transect al ong acoustic path
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Figure 26 — Tenperature data from July 1998 and Cct ober

1999 transect al ong acoustic path
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Figure 27 — Deep nooring tenperature data at source and M

5. Conparison to TOPEX/ POSEI DEN Al timetry

TOPEX/ POSEI DEN sea surface height anomalies in the
vicinity of the acoustic path were examned over the
tomographic tine series. The altinetry data (Figure 28) is
in general agreenent with the node 1 perturbation estimate
(Figure 20). Tonmography shows a warm ocean followed by
strong cooling, consistent with the change in sea surface
hei ght . An exception is near the source, where the
altinmetry shows stronger cooling. From 1998 yearday 550
and | ater, tonography shows a cool er ocean. A noticeable
correlation was observed in the vicinity of 1998 yearday
675, where the estimate shows a strong cooling, which is

consistent with the |lower sea surface height shown in the
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altinmetry data. The high sea surface height visible in the
altinmetry in the vicinity of 1998 yearday 600-650 is not
apparent in the tonographic data. This is nost |ikely due
to late summer surface warm ng, which was not detected by
t he dept h-averaged tonography.
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Fi gure 28 — TOPEX/ PCSElI DEN sea surface hei ght
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V. CONCLUSI ONS

The objectives of this thesis were to examne
tenperature variability between Davidson Seanount and Sur
Ri dge using ocean acoustic tonography. The study i ncl uded
solving the forward problem identifying nodeled rays wth
observed arrivals, and inverting travel tinme perturbations
using a stochastic inverse nethod. In solving the forward
problem a ray-theory approach was used to nodel the
arrival pattern. Model ed rays were associated wth 10
observed arrival peaks, and the tinme series of observed
travel tinmes were extracted. The vertical structure was
constrained using a 3-layer nodel consisting of a dom nant
surface intensified node, an internediate depth |ayer and a
deep perturbation layer. An iterative solution was used to
refine the estimated statistical paraneters, to arrive at a
best estimate of the tenperature perturbation field. Based
on the estimated perturbations, coastal ocean variability
al ong the transm ssion path was exam ned.

The following summarizes major findings of this
t hesi s:

1) Hori zontal resolution was poor near the source and
receiver. Since eigenray geonetry determ nes the
hori zontal and vertical resolving power, a |ack of
raypath crossings results in poor resolution.
Hi gher resolution could be obtained by |ocating the
source and receiver closer to the sound channel

axi s.

2) The vertical structure was not well represented by 1

node. A 3-layer nodel was used to constrain the
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3)

vertical in the tonographic estimate. An EOFA on M
hydrographic data resulted in a surface dom nated
node, which represented the upper 300 m Additional
deep CTD analysis revealed a possible phase change
at 450-500 m and perturbations below 500 m To
account for possible phase changes and deep
perturbations in the inverse, two additional |ayers
(300-500 m and 500-2000 n) were included as two EOFs
with their unknown coefficients corresponding to

| ayer - averaged perturbations.

The tonographic estimte was conpared to in situ
nmoori ng data, CTD transects along the acoustic path,
and TOPEX/ POSEI DEN satellite altinmetry. Conparisons
show that the tonographic estimate has high enough
spatial and tenporal resolution to distinguish
seasonal and nesoscale oscillations. The tinme
series was domnated by significant cooling and
warm ng events, which may have masked additional
nmesoscal e fl uctuati ons.
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