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Acoustic scattering techniques provide a unique and powerful tool to remotely investigate the
physical properties of the ocean interior over large spatial and temporal scales. With high-frequency
acoustic scattering it is possible to probe physical processes that occur at the microstructure scale,
spanning submillimeter to centimeter scale processes. An acoustic scattering model for turbulent
oceanic microstructure is presented in which the current theory, which only accounts for fluctuations
in the sound speed, has been extended to include fluctuations in the density as well. The inclusion
of density fluctuations results in an expression for the scattering cross section per unit wajume,

that is explicitly dependent on the scattering angle. By relating the variability in the density and
sound speed to random fluctuations in oceanic temperature and sakinitas been expressed in
terms of the temperature and salinity wave number spectra, and the temperature-salinity
co-spectrum. A Batchelor spectrum for temperature and salinity, which depends on parameters such
as the dissipation rates of turbulent kinetic energy and temperature variance, has been used to
evaluateo,. Two models for the temperature-salinity co-spectrum have also been used. The
predictions indicate that fluctuations in the density could be as important in determining
backscattering as fluctuations in the sound speed. Using data obtained in the ocean with a high
resolution vertical microstructure profiler, it is predicted that scattering from oceanic microstructure
can be as strong as scattering from zooplankton2@®3 Acoustical Society of America.
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I. INTRODUCTION acoustic scattering techniques to remotely infer physical
properties of the scattering medium. Such measurements
High-frequency acoustic scattering techniques are comeould be valuable, for example, for the remote determination
monly used to obtain highly informative, though often quali- of fundamental ocean mixing parameters. The smallest
tative, images of the biological and physical processes thaength scales before mixing is complete, referred to as the
occur in the ocean interior. For example, these techniquegicrostructure scale, are set by molecular diffusion. Large
have been applied, with varying success, to the assessment@hdients in the media properties can occur at these submil-
the distribution of zooplankton and figHlolliday and Pieper, limeter to centimeter scales with the potential of creating
1995; Medwin and Clay, 1998It is also common to observe measurable acoustic scattering returns. The acoustic wave
high-frequency acoustic scattering images of internal wavefengths of interest are commensurate with the scale set by the
(Proni and Apel, 1975; Hauretal, 1979; Farmer and physical process, corresponding to high-frequency sound
Smith, 1979; Sandstronet al, 1989; Trevorrow, 1998; spanning tens of kHz to a few MHz.
Farmer and Armi, 1999; Oret al, 2000. However, the ex- There are many alternative techniques for acquiring in-
act interpretation of the scattering images in terms of &ormation regarding the physical and biological processes
physical or biological process remains poorly understood. Ithat occur in the ocean interior. However, most of these tech-
is possible that the scattering arises from turbulent micronjques are limited by either the volume sampled or the spa-
structure created by breaking internal waves, biological ortja| and temporal resolution of the measurements. For ex-
ganisms or other particulates acting as passive tracers of thgnple, free-falling vertical microstructure probes have
different physical processes, or, as is most likely, a combinagyremely high spatial resolution, and yet are inherently one-
tion of these processes. dimensional in nature. The primary advantage of using
In this paper we focus on the scattering of sound fromgcoustic techniques is the possibility of synoptically imaging
turbulent oceanic microstructure. There is a significant b0d¥arge volumes of the ocean interior without compromising on
of evidence suggesting that high-frequency acoustic scattefne high spatial resolution of the measurements. The primary
ing from oceanic microstructure can be as strong as that dugyajlenge involves the interpretation of the received signal in
to zooplankton(Munk and Garrett, 1973; Proni and Apel, torms of relevant physical and biological parameters.
1975; Goodman and Kemp, 1981; Thorpe and Brubaker,  accyrate scattering models are key to the interpretation
1983; Goodman, 1990; Seigt al, 1995; Seim, 1999 This 4t the received acoustic signals. With such models, though
observation has led to an interest in the possibility of Usingypically also in conjunction with supporting physical and
biological information, it may be possible to distinguish be-
dElectronic mail: alavery@whoi.edu tween the complex scattering signatures characteristic of dif-
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ferent physical and biological processéStanton et al, salinity, two expressions far, are derived. One expression
1994; Trevorrow, 1998 Under sufficiently well- uses an upper bound for the temperature-salinity co-spectrum
characterized environments it may even be possible to infefBendat and Piersol, 1986and represents the case of a per-
properties of the processes that give rise to scattétihgr-  fect correlation between temperature and salinity fluctua-
mitte and Lemmin, 1993; Goodmaet al, 1992; Stanton tions. In addition, we have developed an expression for the
et al, 1994; Menemenlis and Farmer, 1995; Oeschger ando-spectrum that is based on Stern’s the(968. In Sec.
Goodman, 1996 Of most interest to the current investiga- 1V, general predictions for scattering from turbulent oceanic
tion, if the contribution from turbulent oceanic microstruc- microstructure are made and the range of model input param-
ture can be isolated, it may be possible to use scatteringters for which the density contribution is important are iso-
models to determine parameters such as the dissipation ratieged. We also make acoustic scattering predictions based on
of turbulent kinetic energy or temperature variance. microstructure data obtained using a high resolution vertical
Over the years a number of investigations have premicrostructure profiler(Schmitt et al, 1988. From these
dicted that volume scattering resulting from fluctuations indata, all the model parameters necessary for making scatter-
oceanic temperatur&rising from sound speed fluctuations ing predictions at relevant scales can be determined. Finally,
alone can be significan{Kraichnan, 1953; Munk and Gar- in Sec.V, the results are summarized and recommendations
rett, 1973; Proni and Apel, 1975; Goodman and Kemp, 1981are made as to the conditions under which it is important to
Goodman, 1990 These predictions are supported by highly include the density term in predictions of acoustic scattering
suggestive, though infrequently conclusive, evidencgrom oceanic microstructure.
(Thorpe and Brubaker, 1983More recently, it has been pre-
dicted that the effects of salinity fluctuatioagain arising
from sound speed fluctuations algrean also be important !l SCATTERING FROM TURBULENT OCEANIC
(Seim et al, 1995; Seim, 1999 particularly at higher fre- MICROSTRUCTURE

guencies and at locations where salinity plays a significant A general expression for the scattering cross section per
role in determining the vertical density stratification. To date nit volume. o . due to random fluctuations in the com-
Oy

though, acoustic scattering models specifically developed f%ressibility and density of a weakly scattering medium is
turbulent oceanic microstructure have only included the efyerived in Sec. 11 A. The resulting expression foy is not
fects of sound speed fluctuations, ignoring the effects of dengpecific to oceanic microstructure, and alternative derivations
sity fluctuations. Yet temperature and salinity microstructurean pe found in a number of standard text bo@REernov,
gives rise to small scale fluctuations in both the sound speeg%o; Tatarski, 1961; Morse and Ingard, 1968; Ishimaru,
and the density. 1978. In order to facilitate the application of this formula-
In this paper we show that under some circumstances ¥on to oceanic microstructure, the expressiondgiin terms
is critical to include the effects of density fluctuations to of the medium compressibility and density is then expressed
accurately predict acoustic scattering by turbulent oceanig, terms of the medium density and sound speed, though the
microstructure. It has been common practice to considegxpression that is derived is still not specific to oceanic mi-
fluctuations in the medium denSity in both the fields of medi'crostructure’ but holds for any Weak|y Scattering random me-
cal ultrasound and atmospheric turbulence. The theory befium. Assumptions specific to oceanic microstructure are
hind these seemingly disparate fields is broadly similarmade in Sec. I1 B, where the temperature and salinity depen-

though there are differences in the details of the applicatioience of density and sound speed are explicitly included in
of the theory to the different fieldChernov, 1960; Tatarski, the expression fov, .

1961; Morse and Ingard, 1968; Ishimaru, 1978; Goodman ) )
and Kemp, 1981; Waag, 1984The theory is based on far- A. Weak scattering by random media
field weak scattering for which the Born approximation can A sound wave traveling through a regiéof volume V)
be used to evaluate the scattering cross section per unit vatontaining turbulent microstructure will be scattered from
ume,o, . However, unlike for medical ultrasound and atmo- the changes in the medium density and compressibility. Sup-
spheric turbulence, the contribution to scattering from ocepose the densityy(r,t), and compressibilityx(r,t), in the
anic microstructure due to fluctuations in the density hasegion fluctuate randomly in space and time, deviating from
typically been neglected. We have included the density conthe average values of the medium dengity, and compress-
tribution to o, for oceanic microstructure and have found ibility, 5. From this point on, we assume that the density
that it can be comparable to the contribution from soundand compressibility do not change significantly during the
speed fluctuations, leading to increasessinas large as a time of the measurement, and therefore {i{aj and(r) are
factor of 4 (corresponding to a 6-dB increase in the volumetime independent. Any temporal changes that might occur
scattering strengjhunder certain conditions. In addition, the are simply considered as different realizations of the real
inclusion of density fluctuations leads to an expression forandom fields(r) and «(r). For a weakly scattering medium
o, which contains an explicit dependence on the scatteringn which the fluctuations in the compressibility and density
angle. are small, such as that produced by turbulent microstructure,
This paper is organized as follows. In Sec. Il, we derivethe Born approximation can be used. In this case, there are
an expression forr, that includes contributions from both well known solutions to the wave equation, and the far field
density and sound speed fluctuations. Then, in Sec. lll, bgcattered pressure wave is given(Morse and Ingard, 1968,
assuming a universal Batchelor spectrum for temperature arpl 411, Eq. 8.1.14
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K=kg- k; shown to be smaller than the other contributions by various
0 Receiver orders of magnitudéGoodman, 1990 In fact, for back-
scattering, fluid velocity fluctuations do not contribute to
scattering at all. It has also been assumed that the scattering
volume is bounded and in the far field of both the transmitter
and the receiver and that the transmitter and receiver are in
the far field of the scattering volume.
s S O The solution to the wave equation for bounded weakly

Tmsi'm scatte_ring targets giyen by_ E®) has bee_n used on many
occasions as a starting point for developing scattering mod-
els for random media variability; it has been used for scat-

Volume containing random, homogeneous and isotropic tering of electromagnetic waves from atmospheric turbu-

fluctuations in density and sound speed. lence (Chernov, 1960; Tatarski, 1961; Morse and Ingard,
FIG. 1. Scattering geometry for an incident plane wave scattering from al968; Ishimaru, 1978 scattering of ultrasonic waves from
bounded region of volume V containing random, stationary, homogeneouglifferent tissues in the field of medical ultrasou(‘\d/aag,
and isotropic fluctuations in the density arld sound spegth the position 1984; Waaget al, 1985, 1989, and it has also been used
vector of an infinitesimal vo[ume elemerk; is a unit vector along the previously for Scattering of high-frequency sound from tem-
direction of the incident \ivaveAkS is a unit vector along the direction of the perature microstructure in the ocedklunk and Garrett,
scattered wave, ari=k(k;—k;). The angIeAbeAtween the incident and scat- 1973: Goodman and Kemp, 1981; Goodman, 1980addi-
tered wave vectors is given byd (ki-ks=cosf), and K=[K| oy it has been used as a starting point for a number of
=2k sin(@/2). K is maximum at backscattering whefe= 7. . . .

acoustic scattering models for weakly scattering zooplankton

(McGeheeet al, 1998; Stantoret al, 1998; Chu and Ye,
1999; Laveryet al, 2002. In contrast to the models devel-
Ps(r) = POTf’ (1) oped for individual zooplankton, scattering from random me-
dia fluctuations is typically described in terms of the statis-
tical properties of the medium. Thus, the scattering cross
section per unit volumey, , with units of inverse length, is
g{'yen by (Ishimaru, 1978, p. 332, Eq. 16-10a

eikr

where k is the incident acoustic wave numbes27/\,
where\ is the acoustic wave lengttr is the range from the
scattering volume to the receiver, af} is the incident
acoustic pressure at some known reference range. The sc

tering amplitudef, is a measure of the efficiency with which r2(psp¥)
sound is scattered and is given @ylorse and Ingard, 1968, Tv=Typ2
p. 413, Eq. 8.1.20 0
K2 | _ L
- —iKer, ——<ff >
f yp= fvy(rv)e dr,, (2 vV
4
where :i K f j B.(rq,r )efiK-(rlfrz)dr dr (5)
V24ﬂ_2vvyl!2 10l 2,

Y(rv): yk(rv)+ ’)/p(rv)lzi : I,(\S: ’)/K(rl)) + ’Yp(rv)cosav
(3)  where(...) represents an ensemble average, gndndr,
are integration vectors over the volume V. The term

r, is the position vector of any volume element relative to 8 ; i
B,(r1,r2)=(y(r1) y*(r2))=(y(r1) ¥(r2)) is the spatial cor-

some arbitrary center point chosen within the volumeé;\fs relation function of the real random field, that describes

a unit vector along the direction of the incident wakeis @ yhe physical properties of the medium in the volume V. Note
unit yectpr alo_ng the direction of the scattered_ Wf_;\ve, Bnd ot the term volume scattering coefficiefenoteds,) is
=k(ks—kj) (Fig. 1). The angle between the incident and more commonly used in the literatufimstead ofo,) when
scattered wave vectors is given By(k;- ks=cos6), andK referring to an aggregation of discrete scatter@dsick,
=|K|=2ksin(#/2). The wave vectoK is often referred to 1980; Medwin and Clay, 1998

in the literature as the Bragg wave vect@oodman, 1990 Following the bulk of the published literature on scatter-
K is maximum at backscattering whefie= 7r. The termsy, ing from turbulent microstructure we assume that the me-
andy,, describe the variations in the medium compressibilitydium properties are homogeneous, meaning that the mean
and density and are given jlorse and Ingard, 1968, p. value of y is constant and that the correlation function,

409, Eq. 8.1.11 B,(r1,r2), does not change when the pair of points,(r,)
K— Ko CS Po p—po Po is d|§placed by the same amount in the_ same dl_rec{fl'an
Y= =—5—-1 and y,= =1-—, tarski, 1961, p. 1b This latter assumption requires some
Ko cp p justification since vertical stratification in the ocean is preva-
(4 lent. However, the vertical stratification can be overturned by

wherec?=1/kp andc, is the mean sound speed. The con-sufficiently large velocity shears. Typically, once overturning

tribution to scattering from fluid velocity has been ignored inhas occurred, physical structures that are aligned vertically or
the derivation of Eq(2). This contribution has been investi- horizontally are destroyed, and the medium becomes turbu-
gated by others and, for oceanic microstructure, can bé&nt, resulting in random homogeneous fluctuations in the
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medium properties, at least locally within the scattering resoebtain an expression fow, which is explicitly written in
lution volume. In the ocean interior the principal cause ofterms of both density and sound speed fluctuations. This re-
mechanical mixing, or the source of high velocity shear re-quires the evaluation of the spatial correlation functyin
sulting in overturning events and turbulent microstructure, igerms of sound speed and density fluctuations. Since we are
the presence of internal waves, which is where the assummonsidering a weakly scattering mediupspo+p’ andc

tions we make here are most likely valid. Consequently, with=cy+c’, where the inherent variations in the medium den-
the assumption that the fluctuations are locally homogesity, p’, and sound speed,’, satisfyc’/co<1 andp’/pg
neous:B,(rqy,r;)=B,(r;—r,,0)=B,(r), where the substi- <1. From Eq.(4),

tutionr=r,;—r, has been made. Letting=(r,+r,)/2, and

r\ —

performing the integral ovex, Y= 1+ — 1+ L _1m_20__ P
Co Po Co  Po
k* K d
_ —iKer an
Ty J'vaBy(r)e drdx , L
p p p
(mwl2) k* : Yo= 1+—) ~, 9)
= fB (rye '®rdr. (6) Po Po Po
(2m)* Jv7

where only first order terms in the primed variables have
For wave front curvature effects to be unimport&@ood- been kept. Making use of these relationships, the trigopnomet-
man, 1990; Waagt al, 1989, there must be many charac- 'iC relationship (1-cos6)=2sirf(6/2), as well as the defi-
teristic length scales of the media variability encompassedition of y[Eg. (3)], the spatial correlation function of media
within the first Fresnel radiusR-. For a point transmitter Variability becomes
and receiver, the first Fresnel radius refers to the locus of ¢ o'* o\ /c p'*
points for which the phase difference that arises from the B, (r)=4 <——> +2 sinz(—)<——>

Co Co 2/\¢co po

) /] p/ p/*
Re=\R\/2, whereR is the range from the transmitter to the + sinf §) <E E> ) (10)
center of the volume \fan expression foRg for forward

.0

many correlation lengths of the random media properties are Uu=277k4( O (K)+2 sw?(E) D, (K)
encompassed by the volume. These assumptions allow the

path length difference between this locus of points and the
center of the volume V is equal t@/2. At backscattering

scattering is given in Flattet al. (1979, p. 91, Eq. 6.2)2  Using this expression foB, , o, [Eq. (8)] becomes
Next, we assume that the volume V is sufficiently large that

integral over the volume V in Eg6) to be converted to an i 0
integral over all space: +sint| 5 | ,(K) |, 1D
(m/2) k* ik T 4 where®(K), @ ,(K), and®,(K) are the 3D wave number
0v= (2m)3 f By(re dr= Ek P(K). () spectra of the sound speed fluctuations, density fluctuations,

and the correlation between sound speed and density fluctua-
®(K) is the Fourier transform of the spatial correlation func-tjons. In arriving at this expression, it should be noted that all
tion of the medium variability, or simply the 3D wave num- cross-terms between density and sound speed fluctuations
ber spectrum of the medium variability evaluate&atf we have been included.
further assume that the medium is isotropic, thep(r) No assumptions specific to scattering from oceanic mi-
=B,(r) and ®(K)=®(K). The effects of anisotropy on crostructure have been made in deriving this general expres-
scattering have been considered by Goodr®390, who  sjon, which holds(theoretically for any weakly scattering
included a vertical wave number scaling facter(the ratio  random medium. To date, various equivalent forms of Eq.
of vertical to horizontal spatial scale sjzevhich resulted in  (11) have been used to describe scattering by atmospheric
an increaséa is typically <1) in the predicted scattering by turbulence and organ tissues. However, all formulations spe-
a factor of 2. If the degree of anisotropy is small, the cific to scattering from oceanic microstructure have only in-

scattering cross section per unit volume is given by cluded fluctuations in the sound speed, resulting in simply
the first term in this expression. The inclusion of density

a . . .
o,= §k4q)(K)' (8) fluctuations results in two extra terms, both of which have an

explicit angular dependence. It is clear from the wave equa-
As mentioned earlier, a similar expression fey can be tion where this angular dependence arises since the term in-

found in a number of standard text books and has been usé@!ving density depends on tigradientof the density. We
widely in the literature. However, when applied specifically tUrn now to the specific case of scattering from turbulent
to oceanic microstructure, the expression By inside the ~ ©c€anic microstructure.
integral is typically given in terms of sound speed fluctua-
tions alone, and the contribution from density fluctuations is o o
ignored. B. Application to turbulent oceanic microstructure

In order to facilitate the application of this formalism to The most convenient parameters for describing scatter-
the specific case of oceanic microstructure, we proceed tmg from turbulent oceanic microstructure are temperature
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TABLE |. The following parameters were used for the prediction of acoustic scattering from oceanic micro-
structure (Flatte et al, 1979: p. 5, Eq. 1.1)6 a=3.19x10 ° (°C™ 1), b=0.96x10"2 (psu'!), a=0.13

X102 (°C™Y), B=0.8x10"2 (psu!), »=0.15x10"° (m?s '), D;=1.38x10 " (m?*s 1), Dg=0.95

x107° (m?s™1), andL,=145.26. Modest values of (1x10 8 Wkg™?) and yr (1x10 ¢°C?s 1) were

chosen, giving values df* =29 (cpm), ky=769 (cpm), and kys=9207 (cpm). Acoustic frequencies ranging

from approximately 10 kHzK=42 cpm,A=15cm) to 2 MHz =8379 cpm,A=0.75 mm) were used to

make the scattering predictions. Based on these parameters, most of the predictions lie in the viscous-convective
range, wherék>k*. The following three cases were investigatetl parameters dimensionless unless other-

wise statel Note that the values fdR . in this table were evaluated at backscatterifg- (7).

ma>(of’)
maxo])
Caseno. R, R Re R, S(°Cpsu?) R/l (x1072)  [Eq.(34)]
1 1 1 1.911  0.094 0.575 0.6 10
2 3477 0288  6.646  0.325 2 2.39 0.72
3 0.165 0287 0548  0.0268 3.49 0.20 367.3

and salinity, since these are the most commonly measuredple than temperature in determining vertical density varia-
and consequently better mapped and understood oceantiens. Typical values of these parameters for an open ocean
graphic parameters. The aim of this section is to express E@nvironment are given in Table I. From these valugsg,

(11) in terms of the wave number spectra of temperature ane-3.32 § andR,=0.16 6. There is typically larger variability
salinity, instead of density and sound speed. Fluctuations im the parametes than ina, b, «, or 8. However, it can be

the sound speed and density are related to the small scadeen that the range of values 6f(—6.25<6<6.25) for

fluctuations in temperaturd,’, and salinity,S’, by which —1<R,<1 is significantly wider than the range of
, values ofé (—0.30< §<0.30) for which—1<R.<1. In ad-
c 1 dc 1 dc o . . ;
— = _T'+——S'=aT’'+bs, (12)  dition, in order to assess the importance of including fluctua-
Co CodT Co IS tions in the density when calculating acoustic scattering from
where turbulent oceanic microstructure, it is necessary to compare
the fractional change in the sound speed from salibitygnd
Ei‘?_c and Ei‘?_c (13) the coefficient of haline contractio, Since these terms are
0dT Co 9S’ approximately equal, we conclude that it is important to in-
and clude the contribution to scattering from density fluctuations.
In order to evaluater, in terms of temperature and sa-
p' ldp_, L1ip_, , ) linity fluctuations, it is necessary to evalude in terms of
o Po F Po 38> =~ aT'+hS, 149 1 ands'. Making use of Eqs(10), (12), and(14),
where B(r)=4[AXT'T'*)+BXS'S'*)+2AB(T'S'*)],
18
B 1 dp 4 = 1 dp 15 (18)
a= %07_1— an 'B_Ré’_s (15 where
Here « is the coefficient of thermal expansion agds the A=a—asinz(g and B=b+,85in2<g). (19)
coefficient for saline contraction. The importance of salinity 2 2
versus temperature in determining scattering from soundjsing this expression foB.,, o, becomes
speed and density variations can be gauged by examining the 4l no 7 5
vertical changes in sound speed and density, 0,= 27K (A*D1(K) +B“Dg(K) +2ABPs(K)), (20
1 dc aT 9S 1 dp - oT 9S where®+(K), ®4(K), anddg(K) are the 3D wave num-

c_d_z:aEerE and —dz_ %z B ber spectra of temperature, salinity, and the temperature-
0 Po (16) salinity co-spectrum, all evaluated at the wave nuniber

This is a general expression for the scattering cross sec-

and forming the sound speed and density ratios: tion per unit volume describing scattering from stationary,
a o 9Tl oz homogeneous, and isotropic turbulent oceanic microstruc-
Rczgé and RPEE(S' where 6= Sz (17)  ture. Unlike previous formulations of scattering specific to

turbulent oceanic microstructure, which only included fluc-
HereR. andR, indicate the relative importance of tempera- tuations in the sound speed, the scattering cross section per
ture versus salinity in determining the vertical sound speedinit volume derived here also includes the contributions
and density gradients, and play a critical role in determiningrom variability in the density. It has typically been assumed
the contribution to scattering from salinity relative to tem- (Tatarski, 1961; Goodman and Kemp, 1981; Thorpe and
perature. If- 1<R.<1, then salinity plays a more dominant Brubaker, 1983; Goodman, 1990; Seghal, 1995; Seim,

role than temperature in determining vertical sound speed999 that scattering from oceanic microstructure is domi-
variations. If —1<R,<1, salinity plays a more dominant nated by sound speed fluctuations, thapigdps<c’/cy. In
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this case it follows from Eq.(9) that y,~—2c’'/c, ated with resolving the salinity spectrum with standard
=—2aT' and y,~0. If the effects of salinity are ignored, oceanographic measurement techniques, @dbtain an
this is a reasonable assumption since for typical open oceastimate for the yet unmeasured temperature-salinity co-
environmentsa/a~0.03. As a resultg,=27wk*a?®(K),  spectrum.

which is the first term of Eq(20) with the coefficientA

replaced bya. Seimet al. (1995 developed this theory one

step further, and included the contributions to scattering frony;; pARAMETRIZATION OF SCATTERING IN TERMS
fluctuations in the sound speed originating from both temor MEASURABLE PHYSICAL PARAMETERS
perature and salinity microstructure. In this scenario,

Y,=p'lpo=0, y,~—2c'lco,=—-2(aT’'+bS’), and the The 1D wave number spectra of temperature, salinity,
scattering cross section per unit volume is given by and the co-spectrum must be expressed in terms of measur-
able physical parameters in order to predict acoustic scatter-
o, =27k} (@*®1(K) + b*Pg(K) +2abdPsy(K)). (21)  ing from turbulent oceanic microstructure. In this section we
derive expressions for] and o> based on wave number

e spectra for temperature and salinity similar to those proposed
coefficientA replaced bya, andB replaced byb. However, by Batchelor(1959. In addition, two models for the co-

the coefficientsA andB contain terms involving the coeffi- spectrum of temperature and salinity are used to calculate
cient of thermal contractiofw), the coefficient of haline ex- %T P y

pansion(B), and the bi-static scattering anglé) that are To -
specific to the inclusion of density fluctuations. It can be seem\. The temperature and salinity spectra
from the expressions foA and B that the contribution to As suggested by Seirat al. (1995, 1999, we use an

scattering frof" the density term is maximum at baCkscatT‘efnertial-convective model for spatial wave numbers smaller
(6=) and disappears at angles close to forward scattering, -\ x _ (1/2) (el v3) V4

(6=0). Finally, it should be noted that sinee=a while
B~Db, the contribution to scattering from density fluctuations

This expression is identical in form to E20) with the

, and a viscous-convective model at
higher wave numbers, where (m?s 1) is the molecular

. o L i ) ~Pyiscosity, ande (W kg™1) is the dissipation rate of turbulent
will be most S|gn|f|canF under cond|t|on§ in which salinity kinetic energy. Within the framework of these models, the
(and not temperatuyemicrostructure dominates the scatter- temperature spectruBatchelor, 1959; Dillon and Caldwell,

ing. 1980 is given b
For homogeneous and isotropic random media fluctua- 0isg y

tions, the 3D wave number spectrub(K) can be related to o7 (K)=A* yre Y% 53 for k=k*,
the 1D wave number spectrump(K) (Tatarski, 1961, p.17, (24)
~ G ~
Eq. 1.27 by qﬁ(k)zﬁ (~§T) for K=k
1 dg(k) ¢
DK)=| — 5 —— (22) N2 - .
27k dk K wherel=(e/v)~4/q is the strain rate. The spatial wave num-

ber is denoted bk to distinguish it from the acoustic wave
Expressingr, in terms of 1D wave number spectra is useful numberk. Throughout the remainder of this paper, super-
as standard oceanographic measurements typically involvéripts< and~ indicate that the quantity being referred to is
performing vertical temperature and conductivity profiles, re-alid for wave numbers smaller than, and larger thie,

sulting in 1D wave number spectra. Applying E82) to Eq.  respectively. The salinity spectrum is given by
(20), o, is given by - ~
ds (k) =A* yge Y% 53 for k=k*,

414 2 (25

oy = K| 1 gr(A“P1(K) + B ¢s(K) + 2ABgs1(K)) -~ xsG(£s) o

K s (k)=—— for k=k*.

k* [ ,dpr(K) dog(K) dos(K)
== E(AZ gk "B g T2AB— |- The dimensionless functioB(£) (valid for either¢; or &)
is defined by
(23
g2 ® o2

where the contribution to scattering from temperature fluc-  G(§)=e ¢ /2—§L e "y, (26)

tuations aloneaI, is given by the first term in this expres-

sion, scattering from salinity fluctuations alore;, is given  where &r=+2qk/ky and és=2qk/kys are dimensionless
by the second term in this expression, and the scattering fromvave numbersky= (e/vD%) V4 is the diffusive cutoff wave
the temperature-salinity co-spectrum anné,T, is given by  number for temperaturé&ys= (e/vDé)l"‘ is the diffusive cut-
the last term. Using these expressions, it may ultimately beff wave number for saltD; (m?s™!) is the molecular dif-
possible to measure the acoustic scattering from turbulerfusivity for temperature, an®g (m?s 1) is the molecular
oceanic microstructure and invert for the wave number spediffusivity for salt. A* and q are constantsA* =0.925 is
tra of temperature and salinity, and their co-spectrum. Thusshosen such that the spectra are equak*at(Dillon and
using high-frequency acoustic scattering techniques, it magaldwell, 1980, andq= 3.7 (Oakey, 1982 The dissipation
be possible td1) overcome the technical difficulties associ- rates of salt and temperature variance are givenyhy
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10™ r r A quantity which will be useful later is the ratio @fsto ¢+ :

AN o TEMP.ERATURE(T)
* . - * SALINITY(S)
5 - 75 CO_SPECTRUM: Siem Theory (moel2) <\ Y2 12
10° ¢s (k) xs| 1 ~
° — =|—| =- for ksk*,
[] <

10°F 1 ¢T (k) XT o
e (29)
- ~.\ 12 12
Em’r 1 $s(k))  [xsG(&)|~ Rg -
: sd) s 5 O
& 10° | ] ¢7 (k) XT T
[]
510_9 r 1 where Rg=(G(£5)/G(&1)) Y2 At low wave numbersRg
"5: ~1, while above the diffusive cutoff wave number for heat,
310_‘0 R¢ increases rapidly, and the temperature spectrum is much

J 1 smaller than the salinity spectrum, though both may be
10k ] small.
It is now possible to evaluate! ands?, recalling that
i the wave number spectra must be evaluated at the wave num-

1 12 13

ber, K, which is related to the acoustic wave numberpy
SPATIAL WAVE NUMBER (cpm)

K=2ksin(0/2):

FIG. 2. Estimated wave number spectb@sed on parameters for case 3 in

Table ) as a function of spatial wave number for temperatopeen circleg K4 d¢><('R)
¢+ ; salinity (crossel ¢g; and the temperature-salinity co-spectrugiyr 0.T< = A2 — T
(solid and dashed lingsTwo models have been used for the co-spectrum: v K dT(
the first is an upper bound for co-spectrésolid line), representing perfect
positive correlation between temperature and salinity fluctuations, while the 4 -
second model for the co-spectrupiashed lingwe have derived. o k 5 ¢T (K)
K/\3 K /)’

(pstts™1) and y7 (°C3s™ 1), respectively. Typical values of - (30
these parameters are given in Table |. T>__ a2 k*\ | do7 (k)

Since the parametrization of the temperature and salinity v~ K dk
spectra are identical, the only difference between these spec- K
tra is the relevant scale set Iy and kys, and the overall K4 e‘é’z 67 (K)
magnitude of the spectra, which is determined to a large part =A2[ — T ) '
by xt and xs (Fig. 2). Since xs remains unmeasured, it is K/\G(&r) K

assumed that temperature and salinity have equal eddy dif-
fusivities, from which it follows that the scalar dissipation an

rates are related bys=y1/6°> (Osborn and Cox, 1972; . Py
Gregg, 1984 The roll-off for the salinity spectrum occurs at S<__pR2 k_ dés (k)
higher spatial wave numbers-( a factor of 10 than the v K dk
roll-off for the temperature spectrum since the molecular dif- K
fusivity for salt is approximately two orders of magnitude k*\ (5 ¢5(K)
e _n2 S
smaller than the molecular diffusivity for temperature. = —|| = ,
In order to evaluater, it is necessary to calculate terms K/\3 K (
such asd¢/dk anddps/dk. Fork<k*, _ 31)
' ° . K4\ [ dep3 (®)
~ ~ o =—B?l — || =22
d¢?(k):_§¢?(k):_§ U8 Y K dk
= = XTE k y K
dk 3k 3 . 2 o
@ :Bz(k_ e m)
dgs(k) _ 5¢s(k) 5)(551/3&*8'3 K/\G(&) K
dk 3 k 3 Using Egs.(30) and (31), the ratio of the temperature to
while for k= k* salinity contribution to scattering is given by
T< 2 4 < 2
~ ~ Uv A ¢T (K) A ~
dep7 (k) _ b7 (k) e 6172 _ X e érh2 TS =52§=R§C for k<k*,
dk k G R B a2 (32
(28) Yo _ 2P (E-Dr_p2 o (E-dr Tm e+
4z g2 e d?  yoe i o5 TS T TR T Tk
dk k G(&) { R HereR, is defined by
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A _(a-asir(6/2)) 3 K dos,
Roc= 05 =3 0T psi(912) o)’ :_ZAB<E>W
(1— (ala)sin?(6/2)) 1 .. Ao

=ReT5 (aib)si(012)) (33 =A% tgoy

B

A

The definition ofR . parallels the definitions for the vertical 1
- pC . _ T< S<

density, R,, and sound spee®., ratios [Eq. (17)]. Ry R, TR0y, (36)

expresses the relative importance of temperature versus sa- P

linity in determining the vertical gradient for a combined and, for wave numbers aboke,

density and sound speed expressi®). depends on the 4\ deb>
. . . .. ST> k d)ST
multi-static scattering angle, but is independent of the acous- o, ~=—-2AB rdTe
tic wave number. For a particular set &, B, &, a, b)
values,R,. changes by approximately a factor 2 as a func- BRs . Ad o
tion of angle, decreasing froiR; at #=0° (forward scatter- A s v + B R_G‘fv
ing) to approximatelyR /2 at = 180° (backscattering The
reason for this is that for typical open ocean parameters, :& T Roc o 37
<a, and (1- a/a)~1, while B~b, and (1+ 8/b)~2. R’ " RgV
Finally, it is straightforward to show that the maximum

value of O'I occurs at a wave number corresponding t02. podel 2: Co-spectrum based on Stern’s theory

kq(2q) ~*2 (subject to the condition th&* <kg), while the
maximum value ofr> occurs akyy(2q) ~ 2 The ratio of the
maximum value ofr] to the maximum value > is given

We have developed a model for the co-spectrum that is
based on Stern’s theo($968. Batchelor spectra fof andS
are used in this derivation to evaluate the variances as a

by function of wave number, and we assume that this model is
max o) Ky Dg| 2 2 valid for all wave numbers of interest here. Our co-spectrum
——< =R’ (—) =R’ (—) ~= (349 model is given by
max o)) "\ Kgs P\ Dt 10
~  ¢1(K) ~
B. The temperature and salinity co-spectrum psi(k) = F) + L_ed’S(k)' (38)

Currently, there are no data regarding the co-spectrum afjhereL, (=D /Dg) is the diffusivity ratio, or Lewis num-
temperature and salinity, and the existing theory is based oper, and varies from=80 in warm water to~230 in cold
limiting cases, such as perfect correlation between temperavater. It can be seen from Fig. 2 that at high spatial wave
ture and salinity, or no correlation at all. We make predic-numbers our co-spectrum model predicts a higher correlation
tions based on two models for the co-spectrum. The firspetween temperature and salinity fluctuations than the upper
involves an upper bound for the co-spectréBendat and pound model.

Piersol, 198§ representing a perfect correlation between  The scattering contribution from this co-spectrum model
temperature and salinity fluctuations. This upper bound fois given by
the co-spectrum has been used previously by other authors

(Washburnet al, 1996; Seim, 1999 The second model for oST— _2AR k_4 dés(K)
the co-spectrum we have derived and it is based on the v K ok
temperature-salinity co-variance theory of Stéi969. It
should be noted that a zero-correlation model can be imple- 2B 5§ A
mented by neglecting the contribution to scattering from the = 5 ;UU +2 L EUU
co-spectrum term. e
=icr-ur+ ﬁof. (39
1. Model 1: Upper bound Roc Le

The upper bound for the temperature and salinity co- ~ Since the sign oR,. is determined bys, and all terms
spectrum is given byBendat and Piersol, 1986, p. 117, Eq. relating to the co-spectrum contribution to scattering have
5.10) $sr(K) = ((K) ds(k))¥2 To evaluatezrfT using this R, or R;cl as a prefactor, the effect of the co-spectrum on

model for the co-spectrum it is necessary to first evaluat€ IS determined by the sign of. If &'is positive, either
model for the co-spectrum results in an increase in the mag-

désr/dk nitude ofo,: o,=0>+0) . If Sis negatives,<o>+a) .
1/2 —-1/2
d¢s;1(¢_s> d¢T+1(¢_s) dos oo
Jk 2\ 1 dk 2\ ¢r K J IV. PREDICTIONS

_ _ . To illustrate many of the points of this paper, values that
whered¢r/dk andd¢s/dk are given by Eqsi27) and(28).  are typical for an open ocean environment were chosen for
From Eq.(23), for k<k*, the model input paramete($able ). Modest values o€& and
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O G i . trast, sinceb~p, and B=b+ Bsir?(4/2), the inclusion of

the density term increases; from b? to B2~4b? at back-
scattering. This corresponds to approximately a 6-dB in-
crease in the scattering level. The magnitudea(?fT in-
creases from &b to 2AB~4ab due to the inclusion of the
density term, corresponding to a 3-dB increase. Theke

tive increases do not depend strongly on the model input
16-006 r T T parameter values, the form of the spectra or co-spectrum, or
on the acoustic wave numbgat any given scattering angle
However, the effects of including density fluctuations are
strongly dependent on the scattering angle, with the largest
effects occurring at backscattering, while becoming negli-
gible at angles close to forward scattering. From this point
on, all predictions will include the contribution to scattering
from density fluctuations.

1e-006

1e-008[
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1e-012

16008
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=

1e-012

1e-006

SCATTERING CROSS SECTION PER UNIT VOLUME (m

1e-008[

B. The relative contribution to scattering from

Te-0t0p temperature versus salinity microstructure

= = without p . . .

= - - The relative magnitude of | ando? is strongly depen-
ACOUSTIC FREQUENCY (kHz) dent on the spatial wave numbiig. 3), which is related to

h ic wave number through th ndition

FIG. 3. The temperatures, , and salinity,c, contributions to the scatter- t_eka?OUStC ave u | ber through the ::d(:ﬁld thO that
ing cross section per unit volume as a function of acoustic frequéaicy _22 Sln(0/2_). For spatia wave numbers beldw, t se term
backscatteringfor model input parameters given in Table I. The solid lines R7. determines the relative magnitude GJ]T and o, [Eq.
correspond tar! and o> calculated with the density fluctuations included, (32)]. SinceRic is independent of wave number, at any given

. . s . ’ ]
yvh|le _the dasheq lines correspond dd anq fop calculz_ated Wltho_ut the scattering ang|ea.I and 0'5' are simply offset by a constant
inclusion of density fluctuations. The inclusion of density fluctuations does

. T : .
not significantly affect the value af! at any frequency or angle. In contrast, amounst' if | R_PC| >1, then Oy d(_)m'nates' Wh'le 'ﬂ Rpc| <1,
inclusion of the density term significantly increases the valueSbver the ~ theno, dominates the scattering. For spatial wave numbers

entire frequency range investigated. Thedative increase in scattering that * 2 —(E-E)2 ; ; ;
quency rang 9 9 abovek*, the termR? e (749" which is a function of

occurs due to the inclusion of density fluctuations does not depend on thBOth anale and wave number. determines the relative maani-
values ofe and y1 . Thus the importance of including the density term can g T S ! ) - 9
be assessed without precise knowledge of the dissipation rates. tude of o, and o, [Eqg. (32)]. Above the diffusive cutoff
wave number for temperaturk,, the exponential term de-
cays rapidly and, for any reasonable valueRgf, o3> o,

(though both may be smallFor wave numbers betwedsi

1e-012

xT1 were chosen. Changes j simply result in an overall

|nhcreasebor %ecr(;asehtm 'hang dcr)] not ch.ar;fge tge ﬁvﬁra” and kg, the exponential term does not yet deviate greatly

shape olo, . & n the other hand, changesdmiiect both the g, 1, andR2C is again critical in determining the relative

overall magnitude as well as the wave number dependence %agnitude OfapT andoS. A more general way to estimate the
. o . S v >

Ty Smce the' parametét,,; is important in deter.m'mmg th? importance of salinity versus temperature in determining

relative magnitudes of the temperature and salinity contribu

. . . . ) -~ “scattering is to examine the maximum values attained@y
tions to scattering, and thus is also important in determmlnqa

L : ndo! [Eq. (34)]. The maximum value o6 is larger than
the relative importance of the density versus sound spee, o, [Eq. (34)] 0 g

D = e maximum value ofs, when R,<(D7/Dg)**~3,
contribution, pred|ct|on_s based_ on _three . values Ry, though it must be recalled that these maxima occur at differ-
evaluated at= 7, are discussed in this secti¢fable )): (1)

t b [ the diffusi toff b
Ry=1,(2) R,;=3.477(1), and(3) R,,=0.287(<1). We ent wave numbers since the diffusive cutoff wave numbers

‘ . ; . for heat and salt differ by an order of magnitude.
assume a backscattering orientation for most of the predic-

tions presented in this section, though the angular depe

. . . . r&’:. The relative contribution to scattering from the co-
dence is also investigated in Sec. IV D. 9

spectrum
A. The relative contribution to scattering from density

: The contribution to scattering from the upper bound co-
versus sound speed fluctuations

spectrum(model 1 is given by Eq.(36) for spatial wave
The importance of including density fluctuations in pre- numbers belovk* and by Eq(37) for spatial wave numbers
dicting scattering from turbulent oceanic microstructure carebovek* (Fig. 4). Recalling thataI<= R§CU§< [Eq. (32)],
be assessed by comparing predictiongrpfarising from the the contribution to scattering from the upper bound co-
inclusion of both sound speed and density fluctuatiddg. ~ spectrum(model 1 for wave numbers belovk* is thus
(20)] to predictions ofr, arising from the inclusion of sound given by o5 ~=0, “/R,c+R,.05~ =0, (2/R,.). The con-
speed fluctuations alori&q. (21)] (Fig. 3). The expressions tribution to scattering from our co-spectrumodel 2: Eg.
for o, are very similar in form: the coefficien&s andB in  (39)]is o} =0, ~(1+L.)(2/R,.) for wave numbers be-
Eq. (20) are simply replaced bg andb in Eq. (21). Since  low k*. SincelL > 1, the contribution to scattering fromfT
a>a, andA=a— a sir¥(6/2)~a, the inclusion of the den- is approximately equal for both models and is determined by
sity term has a minimal effect onI at any angle. In con- 2/ Rpc|.
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(a) Case 1: 8=0.575, Rpc=1 10—5

! ® 60KkHz:S __ _ ce-m===
------------- N . ___—"
1 8 = . ’ e -7 eeammmem=e
e-00! R 107 L . _\<" _____ 200 kHz:S 1
Y 4 - -~ -
- - G40, N ’ e S
~ 1e-010f T * . PERSN
— O (model 1) A 'r - N
\ - .
— Oy (model 2) \ 10-8 5 " . s~ i
1e-012 . A r -7 ~

60 kHz:T

SCATTERING CROSS SECTION PER UNIT VOLUME (ni")

g
w
=
2
-
[=3
>
E 1e-006
Z 10° F
&
a te-008F  _______ . __
g ------------- N 200 kHz:T
5 == op¥0g AN 10'10 L N
H A} 3
3 te-oron Ggy (model 1) . Sa 3!‘“2'8
2 — 0, (model 2) % ~.e
5 1e-012 . —11
P i 8 10 F L
= (c) Case 3:6=0.165, R c_0287
& 1e-006 .
E | 0 aeee=emtTTT RN 2 MHz:T p—
g _________ N 10—12 M M M M M M --S
AY
@ 1e-003F N 1 0 20 40 60 80 100 120 140 160 180
' SCATTERING ANGLE ()
te-o10p) ~~ GTHzrsnodel 1) \ 1
- §ST(model 2) Y FIG. 5. The angular dependence of the temperamle,and salinity,crvs,
1e-012 £ s contributions to the scattering cross section per unit volume)as@ kHz

1 2
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10 (region I: ky=769 cpm,k=251 cpm,K=502 cpm at¥= =), (ii) 200 kHz
(region II: ky=769 cpm, kys=9207 cpm,k=838 cpm,K=1676 cpm aty
FIG. 4. The sum of the temperature and salinity contributions to the scat=7), and (i) 2.3 MHz (region Ill: kys=9207 cpm, k=9634, K
tering cross section per unit voluned + o> (dashed ling the contribution ~ = 19268 cpm aty= ), for model input parameters taken from case 3 in
to the scattering cross section per unit volume from the upper bound moddiable 1.

for the co-spectrumy>T (model 1: thin ling, and the contribution to the

scattering cross section per unit volume from the co-spectrum model basegnd o (Fig. 5): (i) 2k<Kky, (i) kg<2k<Kkqs, and (ii)
v . . = y = = S

on Stern’s theorytrf’T (model 2: thick ling. Predictions are plotted as a .
function of acoustic frequency, at backscattering, for model input parametergkB de' In region Q)' the angular dependence of b0ﬂ5

taken from Table I. and o> is relatively flat sinceK =2k lies below the sharp
roll-off in o . In region (i), o) depends very strongly on
For wave numbers abowve,, U§>‘TI- Consequently, the scattering angle, Whilef does not. At backscattering,

for the upper bound co-spectrufmodel 1: Eq.(37)] O-ET K =2k corresponds to wave numbers above the sharp roll-off
:‘T;Q'(R ./Rg), while for our co-spectrunimodel 2: Eq. N oI, and as the angle decreases towards forward scatter-

(39)] 0} "~ 03(2R,c/L,). However, sincRg increases rela- NG, the wave numbeK spans through the sharp roll-off,
tively rapidly, and R,./L.<1 for typical values oR in-  resulting in a strong angular dependence. In contrﬁ&r{a—
vestigated here, the contribution to scattering from either comains relatively flat sinc&k <k for all angles. In region
spectrum, for wave numbers abokg, is small. For the (iii), both o] and o depend strongly on the multi-static
small range of wave numbers between approximatéland ~ scattering angle sincek2-kys>ky and asf changes fromr

ky, the wave number dependence (DjT is quite compli- to 0, K sweeps through the sharp roll-off in both the tem-
cated, depending on a delicate balance set by the values Berature and salinity. It is clear that the differences between

R,c, Rs, Le, and the relative magnitudes 0{1 and Uf the angular trends irarI and af are Iargest _in regionii),
(Fig. 4). where the wave numbét at backscattering lies between the

Briefly synthesizing, the contribution from the co- diffusive cutoff wave number for temperature and salinity. In

spectrum does not, in general, significantly alter the scattefact, the vastsdiffere?c.:es predicted between the angular de-
ing trends, particularly at wave numbers abéye The most ~ pendence o, ando, in this region of wave number space

significant changes are expected to occur over a small wav&ggest that multi-static measurements of acoustic scattering
number range betwedd andky. may provide a very fruitful technique for discriminating be-

tween temperature and salinity microstructure.

D. The angular dependence of scattering from
temperature and salinity microstructure E. Acoustic scattering predictions based on high

The angular dependence of ando® (Fig. 5 is deter-  'eSOIUtion microstructure data

mined by bothR,. and the acoustic wave numbét, How- In this section we make predictions of acoustic back-
ever, the angular dependence is significantly more sensitivecattering from oceanic microstructure based on data from
to changes ink than to changes iR, sinceR,. only  which all the necessary model input parameters can be ex-
changes by a factor of 2 between forward and backscatteringracted. This data set involves microstructure data taken on
For a fixed acoustic wave numbét, as ¢ changes from the R/V New HoORIzON in March 1991 on a cruise to the
backscattering =) to forward (#=0) scattering, the seamount Fieberling Guyot. A high resolution profileiRP)
wave numbeK spans through the values frokh=2k to 0.  (Schmitt et al, 1989 was deployed 95 times above and
There are three wave number regions that must be consi@ground the seamount, which rises from background depths of
ered in order to understand the general angular trend%?in approximately 4000 m to about 500 m below the surface.
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-50 -50 dicted for both temperature and salinity microstructure over

~100 ~100 the seamount summ(Fig. 7). Over a broad frequency range,
the predicted contribution to scattering from salinity micro-
-150 -150 structure just over the seamount summit is larger than the
200 200 contribution from temperature microstructure. The results of
our model also indicate that the contribution to scattering
—E~'25° -250 from the density term is at least as significant as the contri-
£ _300 300 bution from the sound speed term. There is a scattering layer
§' between 350 and 450 m in which the predicted scattering

levels from salinity microstructure(with approximately
400 400 equal contributions from density and sound speed fluctua-
tions) are similar in magnitude to typical scattering levels

450 -450 expected for zooplanktofWiebeet al, 1997. These results
-500 -500 suggest that if the biological processes in the vicinity of the
seamount could be accurately characterized, acoustic scatter-
-550 =T ot o o°  ing techniques might provide a viable means to map areas of
(@) e (Wkg™) (b)%T(c2 s high turbulence.

FIG. 6. Vertical profiles ofa) e (W kg™?) and(b) x7 (°C?s™ ) performed
with the HRP directly over the seamount summit Fieberling Guyot in 500 mV- SUMMARY AND CONCLUSIONS
of water. Dissipation rates just above the summit are significantly elevated.

Profiles performed off the seamount shouldeot shown hereshow less In _th|s pape_r we have extended thQ Current theory of
structure and have uniformly lower values. The noise floor is typically @COustic scattering from turbulent oceanic microstructure to
around 10** (Wkg™?) for e and 102 (°C?s™%) for 7. include random fluctuations in density. Previously, it had

been assumed that acoustic scattering from oceanic micro-
From the microstructure sensors on the HRP it is possible tetructure was due to sound speed fluctuations alone. We have
obtain all the necessary model input parameters, at scalgsedicted that the contribution to scattering from fluctuations
commensurate with the acoustic wavelengths of interest. in the density can be comparable to the contribution from
Acoustic scattering predictions were made for a largesound speed fluctuations, under some circumstances. De-
subset of the HRP profiles. We present results for a HRPending on the scattering angle, the density contribution can
profile performed directly above the seamount summit, sincéncrease the scattering levels by as much as 6 dB, resulting in
the microstructure measurements indicated that there wegeak scattering levels that, under certain conditions, could be
increased dissipation rates and velocity shear at the seamouwtdmparable to levels typically observed for scattering from
summit, resulting in increased mixing and turbule€eole  zooplankton. Neglecting to include the density term can con-
et al, 1997 (Fig. 6). The acoustic scattering predictions re- sequently lead to a potentially significant underestimate of
flect these observations, with elevated scattering levels prerolume scattering strengths.

(a) 10*1og,,o(c]) (b) 10*log, (c¥)

-60

j—

FIG. 7. Predicted contributions to
backscattering from(a) temperature
microstructure (10 log o)) and (b)
-90 salinity microstructure (10 log (rf)
as a function of depth and acoustic fre-
quency based on HRP microstructure
data obtained directly above the sea-
mount Fieberling Guyotsee Fig. 6.
The contribution to scattering from
L 4-120 density fluctuations has been included
in all scattering predictions. The con-
tribution to scattering from the co-
spectrum(not shown was found to be
small. Note the different horizontal
scales for temperature and salinity.
-150 There is a layer of elevated scattering
just above the seamount summit, with
levels that are comparable to those ex-
pected from typical zooplankton
patches.
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As with scattering from media variability in the atmo- model input parameter values that are typically for open
sphere, the inclusion of the density term results in an exprescean environments. In addition, scattering predictions based
sion for the scattering cross section per unit volume that i®n high resolution microstructure measurements obtained in
explicitly dependent on the multi-static scattering angle. Wethe vicinity of a seamount in the northeast subtropical Pacific
predict a very strong dependence on the multi-static scattepcean, Fieberling Guyot, have also been made. For these
ing angle at certain acoustic wave numbers, and suggest thdata, there are no free model input parameters outside of the
this dependence could be exploited to distinguish betweeimnitial model assumptions. Our results indicate that the layer
the contribution to scattering from temperature and salinityof elevated turbulence above the seamount summit could
microstructure. give rise to significant scattering levels, comparable to those

The derivations presented here are based on far fieldf typical zooplankton patches, particularly at higher wave
weak scattering theory, for which the Born approximation isnumbers. The possibility that particulate scatterers, such as
valid. One of the primary assumptions is that the mediummicrobubbles, small zooplankton, or sand, may aggregate at
variability is stationary and homogeneous, allowing a statisthe locations of energetic turbulence has not been considered
tical description of the scattering in terms of the spatial Foudn this analysis. Our predictions indicate that high-frequency
rier transform of the correlation function of the medium vari- acoustic scattering could be a viable technique, in combina-
ability, which is simply the 3D wave number spectrum of thetion with appropriate ground truthing, to map regions of el-
medium variability. By relating the variability in the density evated turbulent microstructure.
and sound speed to fluctuations in temperature and salinity at  In conclusion, models such as the one presented here are
the microstructure scale we have obtained an expression fdmportant for the accurate interpretation of acoustic scatter-
the scattering cross section per unit volume in terms of théng data, though supporting physical and environmental in-
wave number spectra of temperature, salinity, and the cdoormation, gathered by any variety of techniques, will prob-
spectrum of temperature and salinity. The assumption of isotably always be necessary for the unambiguous interpretation
ropy also allows the 3D wave number spectra to be exOf high-frequency acoustic scattering data in terms of either
pressed in terms of the 1D wave number spectra, which ardhysical or biological processes. However, before it is pos-
more representative of spectra derived from oceanographiible to fully capitalize on the acoustic scattering model pre-
measurements. sented here for scattering from turbulent oceanic microstruc-

By assuming a 1D Batchelor Spectrum for temperaturéure, controlled field and Iaboratory teSting and validation are
and salinity, expressions for the scattering cross section péecessary, in which the physical environmeemperature,
unit volume have been derived in terms of parameters sucgonductivity, and fluid velocityis characterized at least at
as the dissipation rates of turbulent kinetic energy, temperdl® same resolution as the acoustic wave length, in addition
ture and salt variance. We have found that the paranfgfer to the adequate characterization of particulate scatterers that
is critical in determining the relative contribution to scatter-May be present in the areas of elevated turbulence.
ing from temperature and salinity microstructuRe, is de-
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