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ABSTRACT

The ATOC Project has aquired tramacific acoustic data from twacoustic sources: one
located on Pioneer Seamourff the coast of California, the other located north of Kauali,
Hawaii. Transmissions from these sources are detected by A§. 8OSUS arrays located
throughout the NorthPacific. The time series of acoustic &rel times from the Pioneer
Seamount and Kauai transmissions are about 1 1/2 and 1 year long,ivelypeBbth time
series hve highly irregular sampling because of marine mammal protocols and temporary cable
failures; the timeseries deed from the tw acoustic sourcegverlap by about 75 daysThese
acoustic data are used to accurately estimate ocean tempefdta@/erlapping time series for
the first time albw estimates of temperature maps of the N&dbific basin using long-range
acoustics because the acoustic paths from these sources criss-cross tlRadifarthMaps of
depthaveraged temperature of the Nofhacific Ocean are deted using the time series col-
lected through 1998.

INT RODUCTION

The Acoustic Thermometry of Ocean ClimatdQC) program has aadsied its original goal
of acquiring time series of acoustiemel time over basin-scale paths (Figure 1) and using that
data to accurately determine range- and depthaged ocean temperaturg-3]. Acoustic
sources were deployed on Pioneer Seamount near San Francisco in October 1995 and on the
north slope of the Avaiian island of Kauai in July 1997The Pioneer Seamount and Kauai sites
were selected to allv much of the acoustic ergy to leave the source without interaction with
the ocean bottomTo date sveral time series of acoustic data of about 15 months duratie@n h
been obtained from acoustic transmissions from the Pioneer Seamount acoustic sourse to rece
ing arrays located throughout the NoR#cific ocean, including taymooredvertical line arrays
of hydrophones (VLAs) and U.SNavy SOund SUreilance System (SOSUS) bottom-mounted
horizontal line arraysThe data Bve been collected since about 1 January 198e tiavel time
data are obtained in near real time, and estimates of emegmged temperature are obtained
within a few days after the data are collected.

* The Acoustic Thermometry of Ocean Clima#ddQC) Grouwp is: A.B. Baggeroe D. Mene-
memlis [row at JPL], and CWunsch (MIT); T.G. Birdsall, K Metzger (U. Mich.); C. Clark
(Cornell U.); J.A. Colosi (WHOI); B.D. Cornuelle, M. Dzieciuct\. Munk, PF. Worcester
(SIO); D. Costa (U. Calif., Santa Cruz); B.D. DashB.M. Howe, J.A. Merce R.C. Spindel
(APL-U. Wash.); A.M.G Forbes (CSRO, Hobart).



A detailed analysis of the acoustic data obtained at up to 5 Mm range and its inversion for
ocean temperature has been described by Dushaw et al. (2) and Dushaw (3). Range- and depth-
averaged temperature along the acoustic paths can be estimated to high accuracy by acoustic
thermometry, and those average estimates are robust to modeling assumptions. This brief paper
describes the inversion of acoustic data obtained from both the Pioneer and Kauai acoustic
sources for three-dimensional maps of the North Pacific Ocean. Since little resolution of vari-
ability with depth is available (2), maps of sound speed averaged e460® m depths are
derived.

TRAVEL TIME VARIABILITY

The suitability of the acoustic data for acoustic thermometry has been previously described.
The data used for inversion are the time series of ray arrivals extracted from the acoustic recep-
tions. Figures 2 and 3 show time series of ray travel times derived from Pioneer and Kauai
acoustic transmissions. The mean of the travel times has been removed to better show the
oceanic thermal variability. In all cases, the various timeseries in each panel can be identified
with a particular acoustic ray predicted using the Levitus ocean atlas (4,5). Typicalhayp
arrivals are found on each acoustic path. Note that the data obtained from the Kauai source
transmissions shows much greater "high" frequency (< 100 day timescales) variability than the
Pioneer source transmissions. Apparently the region around Hawaii has greater mesoscale vari-
ability. This phenomena was previously reported by Spiesberger and Metzger (6). The acoustic
ray paths generally turn below D0 m depths near Hawaii (Figure 5), so the observed vari-
ability is probably caused by displacement of the main thermocline; the variability is clearly not
in the near-surface. Travel times to receiMerand| show a strong annual cycle (not shown);
rays to these receivers are mainly surface reflecting the entire length of the 5 Mm long paths.

MODEL FOR SOUND SPEED VARIABILITY USED FOR INVERSION

The variation in the ray travel time&T, is given by
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For the purposes of this mapping excercise here, the valiei®imodeled as
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wheren;(z) are a set of vertical modes (3), akd=27n/L,n=1,2,3....L is a domain size
greater than the region of interest. Zero wavenumbers are obviously included'sTdre the
model parameters to solve for. The number of parameters can be calculated with the formula,

Nparameters: I\IV (1+4 ( NH + 1) NH)

whereN, and N, are the number of vertical modes and number of wavenumbers respectively.
If an inversion uses 5 modes in the vertical and 20 wavenumbers there are a total of 8405 param-
eters,Aj, to solve for.

With this model, the equation for travel times may be written,GA +n whered is a vector
of ray travel timesG is the matrix whose components consist of the integral of one of three
dimensional functions for sound speed over an acoustic rayAatthe vector of model parme-
ters to solve for, and is noise. As described in detail by Dushaw, et al. (2), typical values for
noise in the travel times are 12500 m$. In this case, the noise is mainly caused by compli-
cations to the receptions resulting from near-source and near-receiver bottom interaction (2).

A major component of the inversion of the travel times is the relative weights to be assigned to

the model parameters throuBh,. From an assumed correlation function
C(x) = <x®>exp(- [x|/(L'/12pi)) = < x*>exp(- Kq|X|)
the spectrum, or weighting, of wavenumbers in two dimensikpsk(, )is

2 <x%> 1
S(k) - L’ (k)z( + k)2/+ k(z) )3/2

wherek, = 27/L' gives an e-folding length scalk). k, also prevents the variance from going to
infinity at zero wavenumber. The prime bhis to separate it frorh in the discrete wavenum-
bers used in the ocean modetn2L, for whichL = 7000 km.

INVERSION

With G and the travel timeg\T, the inverse gives the model parametersOne requires an a
priori model covariance matrixRfa)j; :<(Aj)2> (assumed diagonal), and an a priori data
noise covariance matriR(,); = <(n,)>> (also assumed diagonal). In generak n; fori # j.
Then ifRyy = GRas G' + R,,,, the inverse operator particular to the choice of ocean model and
a priori variances i¢ = Ry, G" R3j. The model solution i® =Ld. The model error covari-
ance matrix i€ = Ry = LG R (LG)T. In general, the model solution and error covariance
are transformed into the physical space which is of greater interest to oceanographers. In the
present case we apply an operafix, y) that results in a two-dimensional map of sound speed



averagel over 0-1000 m depthsThe map of sound speed istjM(x, y) = O A, while the co-
responding uncertainty map is/gn by the diagonal bOE O'. Inthe case of acoustic tomogra-
phy, much of the information about the lineegtal sound speed estimates is carried in fiie 0
diagonal elements of this errasvariance, bwever. While the two-dimensional error maps may
have large uncertainty atrgg one point, the uncertainty of awerage along an acoustic path is
quite small.

SOME MAPS

Figures 5 and 6 skv two sample objeote maps of the NortfPacific Ocean using thaTOC
data Thes are maps of €1000-m deptraveraged sound speed, withlues ranging from -0.5
m/s (dark blue) to +0.5 m/s (dark redJhe uncertainty map is superimposed using the white
contour lines The yearday associated with each map is indicated by the bottom Fdeel
travel time residuals associated these olyeanaps are presently toordge by fa, but this is the
first attempt at constructing these mapsirthe, because most of the reéeer positions are clas-
sified, fictve positions are used for theversion, and so the fit cannot &gected to be as good
as when the true positions are us§@bjecive maps with the true positions will be completed
soon] The horizontal correlation length assumed for theersion is sbwn by the width of the
uncertainty contour lines across an acoustic.p8thce the ray paths do not sample to the ocean
surface in theegion near Hwaii like they do in the northern or eastern pacific, the mapswsh
here must be interpreted carejullTo best estimate the ocean state, the acoustic data might be
better employed by combining them with other data using a dynamical ocean model and data
assimilationbut it is still important to madthe zero-order ocean estimate foraaiety of dvi-
ous reasons, e.g. a sanity check.

CONCLUSIONS

The work described here is at tleed of a mappingexcercise at the momenthis work will
continue with the goals of making the most statistically consistent maps possible, and then com-
paring and combining these maps with other data such asatbaidh OcearTimeseries (IDT)
or TOPEX/POSEIDON altimetric dataEven with the brief timeseries that ameailable, one
catches a glimpse of the impregspossiblities of the acoustic dat®ne can imagine what a
complete 3-year timeseries of maps of the NBdtific would look like, and what an interesting
oceanographic obsetion this would be We hope that the results described here are just the
beginning of a long and continuous timeseries.
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Figure 1 The ATOC arrgy. The array spans most of the NoRhcific Ocean Acoustic paths to
the various recevers from the Kauai and Pioneer Seamount acoustic sourcesoane dPaths
noted by havy lines are those for which rayael time data bve been dewved Paths noted by
light lines have weaker or noisier receptions in which clear rayvafs are noevident,but travel
time data mayventually be deved for these pathsModified from (2).
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Figure 2 Travel time variability obseved on the acoustic paths from Pion8eamount tovari-
ous recevers as indicatedModified from (2).
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Figure 3 Trawel time variability obseved on the acoustic paths from Kauaivarious
recavers as indicatedThe data sbwn in Figure 2 and here are both for tegion between Cali-
fornia and Hwaii, yet the tavel times from the Kauai acoustic sourceowhmuch greater
mesoscal@ariability.
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