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Abstract - Since it was first proposed in the late 199@®unk and Winsch 1979,
1982), ocean acoustic tomogrggias @olved into a multipurpose remote sensing
measurement technique that has been graglin a wide ariety of plysical set-
tings. In the contd of long-term oceanic climate change, acoustic tomograph
provides intgrals through the mesoscale and other highenumber noise \eer

long distanceslin addition, tomographic measurements can be made without risk
of calibration drift; these measurementsddne accurag and precision required

for large-scale ocean climate obsaion.

On a rgjional scale, tomograghhas been used for observingiens of actre
corvection, for measuring changes in igtated heat content, for observing the
mesoscale with high resolution, for measuring barotropic ocean currents in a
unique vay, and for directly observing oceanic relai \orticity. The remote
sensing capability has pren efective for measurements under ice in the Arctic
and in rgions such as the Strait of GibraJtathere comentionalin situ methods
may fail.

As the community mees into an era of global-scale obsatiens, the highest
priorities for these acoustic techniques appear to be (1lxpditethe unique
remote sensing capabilities forgrenal programs otherwise fidult to carry out,
and (2) to mwe owad deplyment on basin to global scales as the acoustic tech-
nology becomes more rost and simplified.The transbasin acoustic measure-
ments ofer a signal-to-noise capability for ocean climatgiability that is not
readily attainable by an ensemble of point measurements.

A number of tomographic f&frts are currently planned or contemplated in the
North Racific Ocean.The goals range from the measurement of gyre-scale tem-
perature (heat contentanability to the study of the kroshio Extension.

1. INTRODUCTION

Various potential elements of a future ocean observing system for studying climate are currently
being proposed and wddoped for understanding, modeling and predicting the ocean and climate
system. Long-rangacoustic remote sensing of the ocean interior (tomograptthermometry)
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can praide horizontally intgrated synoptic informationver large scales andver a large depth
range, with high accurg@nd in real time. Tomograply is naturally complementary to other tech-
niques. Altimetrysenses the ocean sagé (i.e., depth-inggated density), while tomograpbkenses
the interior (i.e., horizontally-intgated sound speed*Profiling floats pruide broad spatial aer-
age and highertical resolution of the upper ocean, while tomogyagippresses internalaveand
mesoscale noise, reaches the deep ocean, and is sometimes suitable forgisesiwhere the
floats can be problematid&ulerian obsermtions preide excellent sampling at one location, while
tomograply can add the intgrals between the Eulerian stations.

The unique properties of tomogrgpimake it suitable for addressing aaxiety of scientific issues
relevant to CLIVAR in the Rcific, including basin-scale obsations of temperature (heat content)
and rgjional, process-oriented studies.

2. BASIN-SCALE OBSERVAT IONS

Basin-scale thermometry holds promise of becoming a cfesitieé method to ma& large-scale
temperature and heat content obagons on a long-term basigemperature measurements from
tomograply are rolust Eulerian measurements of thgy&ascale ariability with no calibration drift.
Tomographic measurements directly probe théstence and nature of signals at thevdet
wavenumbers. Thesdata are also sensi o variability almost to the ocean bottom, and thus can
detect changes belothe depths at which XBT and float data are obtairidte impact of the inte-
gral measurements on the quality of ocean estimation using numerical models remains an open
guestion, havever. This impact is best assessed when all data types — tomggreRBO, XBTs,
TOPEX, etc., are used-or basin-wide thermometryhe number of receers can be maximized at
minimal cost by using recers of opportunity such as Comprehenva Test Ban Teaty (CTBT)
hydrophones, or simple acoustic reees placed on DEOS (Dynamics of Earth and Ocean Sys-
tems), GEO, and AD moorings or on RLACE floats. Amortized wer a few decades of ocean
monitoring, the cost of operating a tomognap@iray to obserg an ocean basin is estimated to be
around $50 per acoustic transmission (Gestsbelow); the per transmission cost declines with the
number of receers that are\ailable.

The Acoustic Thermometry of Ocean Climate (AOC) project. ATOC (Figure 1la) has been
using acoustic trael time data obtained from avieacoustic sources and reeeis located through-
out the North Bcific basin to study the climati@anability of the thermal field at the st scale
(The ATOC Consortium 1998).The ATOC project has n@ completed seeral important phases.
An acoustic source bthe coast of California (Pioneer Seamountyanetransmissions in early
1996; this source transmitted for about 24 months ajutae intenals in accord with marine mam-
mal research protocol$A second acoustic source north of thealdagan island of Kauai transmitted
signals from late 1997 througlalF 1999. The acoustic recegrs are those of opportunity such as
the U.S. Nay SOSUS receers, as well as twwdedicated ertical line arrays that were located near
Hawaii and Kiritimati. In addition, signals transmitted from the California source were detected by
a temporary receer (a Sngle hydrophone) located to the east of the North Island @f Realand at
10 Mm range (ihdle and Bold, 1999)Receptions of these and otheF@C transmissions e
also been made by a Russian group whee hdetected the Kauai Sourcgansmissions using a
recever near Kamchatka.This Russian group is interested in continuing to wecéie transmis-
sions from the Kauai acoustic source.

* With the bottom-mounted instruments presently eygadoin the North Ecific the acoustics
can only measure the depthesage sound speeddith instruments depy®d near the sound
channel axis, hwever, 2-3 degees of freedom in theevtical can be resobd. Theavailable \er
tical resolution aries from rgion to region. Inmost cases, the measured sound speed can be
corverted to a measurement of temperature withyittle error because sound speed is only
weakly influenced by salinity
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The data obtained duringTl®C haveshownn that acoustic ray amals may be resokd and identi-
fied to at least 5-Mm range so that these data can be used for acoustic therméheitryacoustic
travel time data obtainedver 2—-4 days of transmissions are used, the estimated uncertainties in the
range- and depthveraged temperature measurements are about°’@ fhhetime series obtained
using the California acoustic source wied a clear annualycle whose amplitude as similar to
that derved from climatology (Vérld Ocean Atlas 94Levitus et al. 1994; hatus and Bger 1994)
and from XBTs of opportunityyet smaller than the amplitude of the annualle derved from
TOPEX/POSEIDON altimetry (The POC Consortium 1998).The time series obtained using the
Kauai acoustic source is of similar quality in its ability to measure the theamabiity, but it
shavs greater ariability at 100-day timescales (Figure 2, and Dusktal. 2000). Focus of the
ATOC research has recently shifted from establishing th@ribyeof the acoustical measurements
(Dushav et a. 1999; Dushar 1999; Worcester et al. 1999) to emping the data oceanographically
One original and continuing goal of th&@®C program is to use the line-igal data to study pat-
terns of climate ariability such as thedeific Decadal Oscillation (PDO) (Latif and Barnett 1994).

In accordance with marine mammal protocols, the acoustic sourcegelelio Pioneer Seamount
ceased transmissions in late 1998 and hashba®n decommissionedlhe second acoustic source
located near Kauai, Maii stopped transmissions inafF 1999, and permission is being sought to
continue its operationProvided that the outcomef the erironmental rgiew process isdvarable,
the Kauai acoustic source will transmit for thexin® years to U.S. SOSUS/dirophone arrays, as
well as to other potential rewers. Thevarious time series already obtained at 10 SOSUSversei
during the past @ years shw that the acoustic data are an accurate measure ofwHeelguengy,
long-wavdength thermal ariability. The goals of thesexeended obseations are to study the spa-
tial structure of the thermahkwability of the Northeastdeific at the laggest scales and to determine
the tent to which the acoustic data and other data types, sucOREXVIPOSEIDON altimetry
can best be combined for optimal estimation of the ocean Sthese measurements will fit natu-
rally into the Rcific Basin Extended Climate Study (PBECS), which is a component ofARLIV
Other possible acoustic reeeis in the North Bcific Ocean, such as those dgpld at or near
NOAA ocean stations (e.g., MOMMAAPA, TSUMAMI) or as part of the proposed DEOS moor
ings (DEOS 1999; NRC 2000),onld greatly enhance the spatiave@ge of the thermometry
array in an opportunisticay (e.g., Figure 1b).

Marine Mammals and Acoustic Tomography. The ATOC project included a Marine Mammal
Research Program (MMRP) to study the potentitdcts, if ary, of the ATOC sound sources on
marine mammals and other marine lifehe MMRP did not find anovert or olvious short-term
changes in the distnition, alundance, beléor, or vocalizations of marine mammals in response to
the playback of AOC-like ounds or in response to the transmissions of If@A\sound sources
themseles. Nospecies &cated the areas around the sound sources during transmisiainsti-
cal analyses of the data sted some subtle,ub statistically significant, shifts in the distiioon of
humpback (and possibly sperm) whales during transmission periods, as well as some subtle changes
in the behwior of humpback whalesThe MMRP irvestigators concluded that these subtleets
would not adersely impact the sumal of an individual whale or the status of the NorthdHic
marine mammal populations.

Nonetheless, monitoring of the distition and abbndance of marine mammals around the Kauai
source is planned as part of the proposed continuing operation of that sear¢keeonet five
years, to look for possible longerm changes in distuthon and abndance, if ap  The Kauai
source proides one of the fe controlled sound sourcesaiable for such longeterm studies.

Costs. It appears to be a common belief that the costs of basin-wide acoustirksease pro-
hibitively high. A comparison of these costs to the costs of the ARGO program (ARGO 1998,
1999) shwvs this is not soEach ARGO float costs roughly $20K (including float, dgpient, and
data transmission costs; S. Riser personal communication 28806uld an ®ended Rcific Basin
acoustic array be geloped wver a 5year period, the annual capital cost for uM be roughly
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comparable to the capital cost of avfleundred ARGO floatsThe costs of the acoustic netik are
not particularly greater than other obsdional approachesWe b not wish to suggest that the
acoustic array is a substitute for ARGO; the tsystems preide complementary data types (e.g.,
Figure 2).

Summary. A timeseries of sampling of thaéific ocean by acoustic tomogrggdias bgun with
the installation of the Kauai acoustic sourdéeasurements using this source are funded by ONR to
continue for the né five years. Shouldhese data be s to be an important contubon to
resolving the climateariability of the North Bcific Basin, additional basin-wide sampling can be
implemented at a cost that is no greater than other @tssral approachesThe major costs of
tomograply are the initial capital costs of the instrumentation and its installaidforts are cur
rently under vay to reduce the costs of sources and verei Oncethe instruments ha& been
installed, havever, the operational costs to makontinuing measurements arevloThe amortized
cost of the technique is therefore attnagteven using present-day source and rgeetechnology

Duration: Start2001, acoustic ansmission for five yegr

Location: NorthPacific Ocean.

Sample RatesEvery four hous a four day intervals.

Parametes Measued: 10006-5000-km ange and depth avexrges o ocean tempeature (heat con-
tent) to high accuacy and pecision.

Contact Rrson:  Reter Wrcester (pwatester@ucsd.edu) and Brian Dushaw (dushaw@apl.wash-
ington.edu).

3. REGIONAL, PROCESS-ORIENTED STUDIES
Recently Completed Measuement Programs.

The Central Equatorial Pacific Tomography Experiment (CEPTE). CEPTE (Figure 3) is a
program conducted byAMSTEC (lwao Nakano, Humio Mitsudera, Gangian) to obsem the
very weak meridional currents of the Subpical Cell (STC) (Gu and Philander 199Analysis of
this data is underay (G. Yan).

Duration: Two yeas, completion in &l 2000.

Location: Aboutl8C° East and 214° North.

Sample RatesEvery fav hours for a day and every fev days.

Parametes Measued: 500-1000-km aveages o ocean tempexture and ocean cuents to high
accuracy and pecision.

Contact Rrsons: Iwao Nakano (nakanoi@mstip5.jamstec.go.jp) and Humio Mitsuder
(humiom@soest.hawaii.edu).

Planned Measuement Programs.

The Hawaiian Ocean Mixing Experiment (HOME) Farfield Program. HOME is a program
funded by NSF The Farfield component of HOME (Figure 3) is to obsemternal and xernal
tides near Haaii. Two sparate tomographic arrays of 500-km scale are to beyaeptn either
side of the Havalian Ridge for about six months eaclglmning in April 2001. This is a short-term,
process orientedxperiment, It eforts will be made to record the signals at SOSUS vexein
the North Rcific to obtain lagerscale temperature data.

Duration: April — September 2001, October 2006May 2002.
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Locations: Northof French Frigate Shoals, and South of Kauai.

Sample RatesEvery 3 hous.

Parametes Measued: 500-kmaverages d ocean tempeture and ocean cumnts to high accuarcy
and pecision.

Contact Rrsons: BrianDushaw (dushaw@apl.washington.edu) areteP \Wrcester (pwores-
ter@ucsd.edu).

The Kuroshio Extension System Study (KESS)omographic Array. JAMSTEC is funded to
deploy 8 reciprocal tomographmoorings in the Kiroshio Extension (centered on 35N, 150E; Fig-
ure 3) for four years to study the climatological vatee of the Kiroshio Extension/mode ater
variability. A U. S. component designed taildl upon the Japaneseats was proposed to NSF
(submitted August 15, 2000); this additional component has been declined bipulBértions of
it may be resubmittedContacts for the Japanese KESS project as® INakano AMSTEC) and
Humio Mitsudera (IPRC).The complete U. S. KESS proposal had numerous ffom seeral
institutions.

Duration: SummeR001- Summer 2005.

Location: Kuroshio Extension.

Sample RatesEvery thee hous on every fourth day (?).

Parametes Measued: 506-1000-km averges o ocean tempeature and ocean cuents to high
accumacy and pecision.

Contact Rrsons: Iwao Nakano (nakanoi@mstip5.jamstec.go.jp) and Humio Mitsuder
(humiom@soest.hawaii.edu).

Contemplated Measuement Programs.

The North Equatorial Curr ent Bifurcation Region Experiment. It is our understanding that
JAMSTEC plans to mak tomographic obseations of the North Equatorial Current bifurcation
region in the Philippine Sea (Figure 3), after the conclusion of tlredfio Extension wrk, start-
ing in about 2006.

Duration: 2006 (?)

Location: NorthEquatorial Curent Bifucation Rgion, Philippine Sea.

Sample Rates?

Parametes Measued: 5006-1000-km aveages o ocean tempexture and ocean cuents to high
accumacy and pecision.

Contact FPRrsons: Iwao Nakano (nakanoi@mstip5.jamstec.go.jp) and Humio Mitsuder
(humiom@soest.hawaii.edu).
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Figure 2. A comparison of line-integral, altimetry and point data. (a) Acoustic thermometry
(red) compared to TOPEX/POSEIDON altimetry (blue) for two acoustic paths as indicated (See
Figure 1; receiver "d" is located near the California coast, receiver "k" is located in the central
North Pacific). The error bars on the acoustical results are small. The annual cycle was removed
from the TOPEX/POSEIDON data for the acoustic path from Kauai to d; the acoustic data on this
path sample below the seasonally varying surface layer so that the annual cycle is not observed.
(b) A similar comparison of 0—1000 m averaged temperature derived from HOT hydrographic
data (each point of this time series shows the average and rms of 10-20 CTD casts obtained dur-
ing each HOT cruise) and from TOPEX/POSEIDON. All panels have the same scaling of both
axes. The differences between the temperature inferred from TOPEX/POSEIDON and the direct
measurement at HOT (a point measurement) are comparable to the temperature signal observed
in the line-integrating data. The error bars of the hydrographic data are comparable in magnitude
to the signal observed in the line-integral data, and the hydrographic time series is dominated by

mesoscale variability. [Modified from Dushaw et al. 2000.]
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