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ABSTRACT

Soundwaves propagating nea the groundare scatered by randam fluctuations in the vel ocity
and temperature fields. We revisit the problem of scattering of sound ty turbulenceusing an
improved vonKérman-type model for the amospheric turbulence spedrum. The new model
incorporates large boundiry-layer scde aldies generated by atmospheric convedion, aswell as
smaller height-scae eldies generated by surfacelayer shea. We show that velocity fluctua-
tions from the large cnvedive aldies are typicdly the caise of randam signal behavior for low
aoousticd frequencies and li ne-of-sight propagation. For higher frequencies and scatering
angles, the shea turbulence becomes more important, with the relative importance of scattering
by temperature and velocity fluctuations depending on the degreeof atmospheric convedion.
By applying the new model to monastatic sodar systems, we find that sodar measurements of
the temperature structure parameter can be systematicdly contaminated by the velocity struc-
ture parameter in strong wind condtions. We dso discusshow the new model can be used to
determine gpropriate baselines for diredion-finding arrays when thereis sgnificant
degradation d signal coherence caused by turbulence

INTRODUCTION

Turbulence plays an important role in the propagation d soundwaves through the amosphere:
it causes randam fluctuations in the anplitude and phase of amustic signals, diminishes wave-
front coherence, and randamly scatters energy into shadow regions (regions where dired sound
transmissonis blocked by refradion a hard oljeds). Asaresult, modeling of the spedrum of
atmospheric turbulence has become an important issiein acustics. Of primary interest are the
wind and temperature spedra, sincethese fields have the strongest effed on soundwaves.
Turbulent motionsin the amosphere span a broad range of spatial scdes, from lessthan a
millim eter to akilometer. The spedrum of these motions can be partitioned into threedistinct
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spedral regions or subranges. In order of deaeasing eddy size, these ae the energy-containing
(or source), the inertial, and the dissipation subranges (Hinze, 1975. Much previous reseach
onwave scatering by turbulence has focused onthe ntribution coming from the relatively
small eddies of theinertial and dsdpation subranges. Kolmogorov (1941) developed asimple
statistica scding for charaderizing the inertial-subrange part of the spedrum, and Tatarskii
(1971 and ahers succealed in applying Kolmogorov's gpedrum to wave scattering.

The disgpation subrange can generally beignored for outdoar sound popagation. For most
frequencies within the audible range, disspation-subrange eddies are too small (Ilessthan abou
1 cm) to affed the propagation. Therefore the energy-containing and inertial subranges play the
primary role. Broadly spe&ing, the large-scde (100m and larger) eddies of the energy-
containing subrange drive aoustic phase fluctuations, whereas snall er-scae motions with sizes
onthe order of an acustic wavelength (10 cm to 10m) drive the anplitude fluctuations. How-
ever, the interplay between the propagation geometry, refradion, scatering, and acoustic wave-
length often complicaesthisidedized picture.

The nedd for apradicd spedra modd valid in bah the energy-containing and inertial
subranges has forced the @amospheric amustics reseach community to look beyond
Kolmogorov'smodel. Wave propagation caculations furthermore require athreedimensional
spedrum for the turbulence the structure in the diredion d propagation, aswell asthe
transverse diredions, must be known. Hencethe one-dimensional models developed by
micrometeorologists from time series (such as Kaimal et al (1972 and Hgjstrup (1982) canna
be used dredly.

For these reasons many papers on soundscatering in the amosphere have used Gaussan
spedral modelsinstead of Kolmogorov's (e.g., Daigle @ al, 1983 Daigle d@ a., 1986 Johnson
et a, 1987 Wilsonand Thomson, 1994. The Gausdan model is smple and reasonable for the
energy-containing subrange. Unfortunately, it is very poar for theinertial subrange. To
improve on the behavior of the Gaussan models, vonKéarman-type models have recently been
considered (Ostashev, 1997 Ostashev et a, 1998 Wilson 199§. These models behave simi-
larly to Gausdan oresin the energy-containing subrange, yet still reproduce Kolmogorov's
spedrum in the intertial subrange.

This paper describes our recently developed, isotropic von Karman model for the amo-
spheric wind and temperature spedra. As described in the foll owing sedion, the model para-
meters are determined from atmospheric turbulence simil arity scding theories and previous
atmospheric measurements. After introducing the model, we discussits reduction for the two
speda caseswhere ediesin either the energy-containing or inertial subrange dominate the
scdtering. Lastly, we cnsider predictions from the model for two important appli cations:
monastatic sodar systems and ground-based acoustic arays used for diredion finding.

THE VON KARMAN TURBULENCE MODEL
The von Karmén model for the turbulent velocity fluctuations is based onthe foll owing spec
trum for the spedfic turbulent kinetic energy (Ostashev, 1997 Ostashev et a, 1998 Wilson
1998:
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where k isthe turbulencewavenumber, g/ the variance of one of the velocity comporents,
and ¢, alength scde representative of the transition between the energy-containing and inertial
subranges. (Notethat E(k) inthis paper is equivalent to 47k °F (), and / equivalent to K,
in Ostashev (1997 and Ostashev et a (1998.) The spedral density @, (k) between thei and]
comporents of the velocity field follows from the energy spedrum (Batchelor, 1953:
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The integra of one of the autospedra (the spedrafor which i = j) over the threedimensional
wavenumber space guals the variance o2

For ascdar quantity such as the temperature field, the spedral density is modeled by the
equation
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(Equation (3) isequivaent to (6.44) in Ostashev (1997, as can be shown by substituting for
CZ with (6.49), applying several identiti es for gamma functions, and repladng K, by /- .)
Given equations (1) to (3) for the spedral densities of the velocity and temperature fields,
our next step isto determine gpropriate values for the variance and length-scde parameters. In
boundiry-layer meteorology, parameters sich as these ae usualy estimated through the use of
turbulence similarity scding theories. In the foll owing we consider separate scdings for shea-
and bugancy-produced turbulence, and then combine the scdings.
Shear-produced turbulence. When nea-groundturbulenceis produced predominantly by
wind shea, the parameters generall y accepted as being most important are the friction velocity,
u. ; the height from the ground,z, and the kinematic surfacehed flux, Q,. A temperature scde

T. isformed by dividing Q, by u.. The velocity variance shoud therefore be propational to

(DT(K;GTz’fT):

u?, the temperature varianceto T.”, and the length scaesto z. Based oncomparisons with
existing atmospheric data and spedral models, Wil son (2000 determined o = 3.0u’ and
¢, =1.8z for the velocity field. Stull (1988 suggests g = 4.0T.> based on pevious resultsin

the literature, and Ostashev and Wil son (2000 found ¢, =1.57T (1/3)/~/niT (5/6)] = 2.0z.
Buoyancy-produced turbulence. Atmospheric data show that the horizontal velocity

comporents and the temperature obey diff erent simil arity scding rules when buoyancy

production d turbulence (primarily heding of the layer of air adjacent to the ground is grong.

For bath fields, the kinematic surfacehed flux Q andthe Boussnesqg bugyancy parameter

B =9g/T, (wheregisgravitational acceerationand T, surfacetemperature) appea important.

However, the gpropriate length scde for the horizontal velocity fluctuations is the boundary-
layer inversion reight, z , whereas for temperature it is the height from the ground,z. The

velocity scae formed from Q,, B, and z is w. = (Q.8z )®. Thetemperature scae formed



from Q,, B,and z isO, =Q,/u,, where u, = (Q,Bz)""*>. Wilson (2000 determined
o2 =0.35w’ and ¢, =0.23z for the velocity field, while Stull (1988 suggests 07 =1.967,

and Ostashev and Wilson (2000 ¢, =1.4z, for the temperature field.

Shear-buoyancy combination. For the velocity field, the combined eff eds of shea and
buoyancy production are often dedt with simply by adding together spedra representing the
shea and bugancy modes of production (Hgjstrup, 1982 Peltier et al, 1999. Therefore the
overall energy spedrum would be

E(k)=E, (x;3.0u%,1.52)+ E, (;0.3502,0.237, ), 4)

where E, isgiven by equation (1). Methods for combining the shea and bugancy contribu-
tions to the temperature spedrum are not as well established. Peltier et al (1996 suggested
combining the two contributionsin reaprocd (paral el) fashion. A drawbad of this approac
isthat we can nolonger analyticdly integrate the combined spedrum. Given that the length
scdesfor shea and bugancy turbulence ae very close, however, it is not criticaly important
how the spedra ae combined: we could use equation (3) diredly for the overall spedrum, so
long as the variance is modeled well . The foll owing equation for the temperature interpolates
smoathly between the shea- and bugancy-production limits (Wilson and Thomson, 1994

o2 = 40T 1+10(- z/ L, )| *°, ()

where L, =-u’/k,BQ, iscdled the Monin-Obukhov length (k, = 0.4 isvon Karman's

constant). The following equation (based ona derivationin Ostashev and Wil son (2000) for
the temperature length scde interpolatesin simil ar fashion:
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Given eguations (1) to (6), other quantiti es of interest relevant to scattering (such asintegra
ted spedra, correlation functions, and structure-function parameters) can be determined by per-
forming various integrations and transformations. The procedures are summarized by Tatarskii
(1977 and Ostashev (1997). In the remainder of this paper we consider various appli caions of
these ejuations to acustic scattering in the nea-groundatmosphere. Comparisons are dso
made between the relative strengths of scatering by wind velocity and temperature fluctuations.

SCATTERING IN THE ENERGY-CONTAINING SUBRANGE

It was mentioned in the Introduction that for many situations amustic scatering in the amo-
sphere is affeded mainly by large-scde turbulencein the energy-containing subrange. For

example, if x/(kL$)>>1 and x/(kL§)>> 1, the variances of the log-amplitude and phase fluctu-

ations (for bath panar and sphericd waves) are nealy the same and given by (Flatté & al,
1979 Ostashev and Wil son, 2000
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Here x isthe horizontal propagation dstance k = 27ff /c, isthe aoustic wavenumber, x isthe
log-amplitude fluctuation, ¢ isthe phase fluctuation, the L’s are integral length scdes, f isthe
frequency, and T, and c, are representative values of the temperature and soundspeed. It

followsthat the ratio N of the velocity and temperature ntributions to the momentsin the
energy-containing subrange is given by

N = 4LU05/C§. (8)
L.oZ /TS

The model in the previous dionimpliesthat the variancefor the velocity field is sSmply the
sum of the ntributions from shea and bugancy turbulence i.e., o2 =3.0u” +0.35w”. The
velocity field integral length scde crrespondng to the model is (Wilson, 2000

Z1+ 0024z /2)(-z /L, )" - 9)
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An equation for the temperature variancewas given ealier (equation (5)). Theintegral length
scae for temperature, L., isequal to [\ (5/6)/T (1/3)]¢, , with ¢ given by equation (6).
The height dependence of the log-amplitude variancefor scatering in the energy-containing
subrangeis shown in Figure 1. We seethat scatering is gronger in sunny condtionsthan in
cloudy ones, andis nealy independent of height nea the ground. In thisregion, velocity
fluctuations from the buoyantly produced z -scde eldies are the main contributor to scatering.

In very windy condtions, for heights larger than 10m, shea-produced velocity fluctuations
take over as the main contributor to scatering.

Theratio of velocity and temperature wntributions (equation 8 is snown in Figure 2. For
scatering in the energy-containing subrange, the velocity fluctuations are dways much more
important than the temperature fluctuations, even for sunry, light wind condtions. Thisis
particularly so nea the ground.

SCATTERING IN THE INTERTIAL SUBRANGE

Theinertial subrange consists of wavenumbers such that k7 >>1. Inthislimit the energy
spedrum of the velocity fluctuationsis

E(k)=2T0716) o siapzis . 55 copeens (10
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Scaled Log-Amplitude Variance
Figure 1. Height dependenceof the scded log-amplitude variance. Solid lines are for

scatering in the energy-containing subrange (plotted is L,a? /4T + L,02 /¢, with the

L'sin meters), and dashed lines are for the inertial subrange (plotted is C2 /T, +

22C?/3c?). Blue: cloudy with light wind (u. = 0.1 m/s, T. = -0.33 K); green: cloudy
with strongwind (u. =0.7 m/s, T. = -0.046 K); red: sunny with light wind (u. =0.1
m/s, T. =-1.6 K); yellow: sunny with strongwind (u. =0.7 m/s, T. =-0.23 K). For all
cases, z =1000 m.

For the spedral density of temperature,

r(11/6) 2,,-11/3 y)-2/3 5 2,,-11/3
() — 7 _ K Y/ = K 11
() eera) T T 1em@a) T (11
The equaliti esinvalving the variancein length scde in equations (10) and (11) are the large-
wavenumber limits of equations (1) and (3); the second pair of equaliti es, invalving the

structure-function perameters C2 and CZ, foll ow from equation (6.38) in Ostashev (1997).
Equations (10) and (11) imply that

C2= 3r\(/57_; 6)002%2,3’ andC? = SF\(/SI_; 6)0T2E}2’3. 12




Figure 2. Height dependence of the scaed ratios M and N of the velocity term to the
temperature term for scatering of sound. Legendisthe same a Figure 1.

Equation (4) implies that the contributionsto C? from shea and bugancy turbulence simply
sum together. Theresult isthe equation

u2
e [1+ 0.85(-z/L,, )2’3]. (13

C2=39

When equations (5) and (6) are used to cdculate C?, arelationship for C? originaly suggested
by Wyngaad et a (1971) results:

2
C?= 4.9T2+3[1+ 7.0(-z/L, )" (19
VA

Itis drowninsedion 7.3.1 6 Ostashev (1997) that all statisticad moments of a soundfield
scatered by inertial-subrange turbulence ae propational to C2 /T +22C? /3c2. For exam-
ple, the variance of log-amplitude fluctuations of a plane soundwaveis given by
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Theratio M of the velocity and temperature contributions for inertial-subrange scatering is
therefore

2 2
M =228 7% (16
3 C2/T,

The height dependence of the log-amplitude variancefor scatering in theinertial subrange
Is diownin Figure 1. Theratio of velocity and temperature contributions (equeation 16 is
shown in Figure 2. In contrast to energy-contai ning-subrange scattering, inertial-subrange
scatering deaeases rapidly with increasing height. Its drength is determined mainly by the
degreeof windiness rather than the hed flux. The @ntribution from velocity fluctuationsis
normally stronger than that from temperature fluctuations, athough nea the groundin light
wind condtions the temperature cntribution can be larger.

MONOSTATIC SODAR SYSTEMS

In a paper soonto be pulished (Ostashev and Wil son, 2000, we consider the impli cations of
the preceading turbulence model for measurements made with monastatic sodar systems. When
sodars are operated with a verticd bean, it is normally assumed that the scatering results lely

from temperature fluctuations (C?). However, due to the height-dependence of the mean
horizontal wind speed, turbulent velocity fluctuations (C.) can significantly contaminate the

sodar measurements in strong winds. Figure 3isaplot, for averticdly direded bean, of the
ratio G, of the adua scatering cross dionto that given by Monin's (1962 classcd

eguation versus theratio M for different values of the wind velocity at the height of the
scdtering volume. Monin's equation predicts that the scatering cross £dion depends lely

on C? for pure badkscatering. Valuesof theratio &, larger than 1in Figure 3 imply
contamination by C. For wind speeds at the scattering height greaer than about 10 m/s, and

values of theratio M greaer than abou 1000,there isindeed significantly more scatering than
predicted by Monin’s equation. The cdculationsin this figure ae somewhat idedized in that
the mean verticd profiles for soundspeead and wind speed are assumed to belinea.

We have dso performed numericd cdculations for mean verticd profil es that obey Monin-

Obukhovsimilarity. For ascétering height of 0.5z, (with z =1000 m), we obtained the
foll owing results:

* Sunryandlight wind(u. =0.1 m/s, T. =-1.6 K): M =554, ,=1.01.

* Sunny and moderate wind (u. =0.3 m/s, . =-0.54 K): M =572, §,=1.12.
* Sunny andstrongwind (u. =0.7 m/s, T. =-0.23 K): M =874, ¢,,=2.55.

* Cloudy andlight wind (u. =0.1 m/s, T. =-0.33 K): M =1520, 6,,=1.02.



Figure 3. Normalized badscatering cross ®dion & (180°) for amonastatic sodar

versustheratio M = (22/3)(C2/c2)/(C? /T2) for different values of the horizontal

wind welocity at the height of the scatering volume. The lines correspondto Om/s
(blue), 5m/s (gree), 10m/s (red), 15m/s (yellow), and 20m/s (purple).

» Cloudy and moderate wind (u. =0.3 m/s, T. =-0.11K): M =1970, 6,,=1.56.
» Cloudy andstrongwind (u. =0.7 m/s, T. =-0.046 K): M =4760, J,,=1133.

In sunny weéaher with strong wind, a in cloudy weaher with moderate to strong wind, the
scatering cross ®dionis sgnificantly affeded by atmospheric winds and velocity fluctuations.

COHERENCE AND DIRECTION-FINDING ARRAY S

Most new U.S. Army amusticd systems use small, groundbased beanforming arrays (foot-
print small er than abou one square meter) to determine the horizontal beaing angle of sound
emitting targets. The aility of these araysto trad targetsislimited by the wherence between
the signals recaved by the aray sensors. Propagation through turbulencereduces the awher-
ence asill ustrated in Figure 4.

When the integral length scde of the refradive index field is large compared to the
separation ketween the sensors, the wavefronts (viewed onthe aray scde) have asmoath,



Figure 4. lllustration o randam variationsin propagating wavefronts resulti ng from
propagation through turbulence

nealy planar appeaancewhen they arrive a the aray (upper Figure 4). (On ascde much
small er than the microphore separation the wavefronts may have arough, randam appeaance)
For the oppasite extreme, when the sensor separations are large compared to the integral length
scde (lower Figure 4), the wavefronts take on arough, randaom appeaance. In analogy to
optics, the former situation would correspondto variationsin the gparent position d an image.
The latter situation would correspondto randam distortions in the image.

Note that both situations manifest themselves as areduction in coherence (consistent ampli -
tude and phese relationship) between the sensor signals. Having a sensor separation that is
small compared to the integral |ength scde does not guaranteethat the wherenceis goodon
average sincethe phase fluctuations can till belarge. The variationsin angle of arrival would
still randamize the phase relationship between the receved signals. One important pradica
distinction between the two situationsisthat if the sensor separationislarge compared to the
integral length scde, there is no additional lossin coherence from moving sensors farther apart.
The mutual phase variations between the sensors are dready fully saturated. For relatively
small separations, howvever, increasing the sensor separation increases the randam phase differ-
entials. Thereforeit isimportant that one know the charaderistic integral length scde for the
soundfield when designing an array.

Based onequation (20) to follow, the dfediveintegral length scde for the a®ustic index-
of-refradion fluctuations (parall e to the propagation dredion) is

_O7L /TS +40]L, /¢,
02T +40?ic;

o 17
Figure 5 shows caculations of L from our model. The longest values for the integral length

scde (>100m) occur when the wind is we& there islittl e hea flux from the groundto the ar
(cloudy condtions). Inthese situations ea-induced velocity fluctuations and temperature



Figure 5. Effediveintegral length scde for several atmospheric condtions. Legendis
the same & Figure 1.

fluctuations have littl e dfed onthe length scde. The shortest values (<20 m) occur nea the
groundwhen the wind and hea flux are both strong.

Based onthe parabdic and Markov approximations, the aherencefor a propagating wave
can be written in the general form

r(f,xr)=exd-a(f,r)x], (18)

wherer isthe separation between the sensors perpendicular to the propagation peth, andf the
frequency of the soundwave. The quantitya(f , r) can be thought of as an attenuation coeffi-
cient for the mherence As $hown by Ostashev (1997) for sphericd wave propagation through
arandam medium with bah temperature and velocity fluctuations, the value of a(f,r) is

a(f,r)= nzkzj'j’[l— Ik rt)] @4 0.k, di, dt. (19)

Here J, isthe Bessl function d the first kind, and the wavenumber vedor has been decom-

posedas = ,+ _,where  isthe comporent perpendicular to the diredion d propaga-
tion. The dfedive spedrum for the aoustic index-of-refradion fluctuations is given by



Figure 6. Inverse atenuation coefficient for the mherence (i.e., the distance d which the
signa coherencediminishesto 1/e) for four example amospheric states. The @mntours
arein unts of meters, asafunction d the aoustic frequency and the separation between
the sensors. Upper left: mostly sunny and cadm condtions (u. =0.1 m/sand T. =-3.3
K). Upper right: mostly sunrny and windy condtions (u. =0.5 m/s, T. =-0.65 K).
Lower left: mostly cloudy and cdm condtions (u. =0.1 m/s, T. =-0.33 K). Lower
right: mostly cloudy and windy condtions (u. =0.5 m/s, T. =-0.065 K). For all cases,
z, =1000 m.

CDT( )+ 4ch1( ) (20)

q)eff( 1 D): T2 CZ
0 0

Notethat it is primarily the wind fluctuations in the diredion o wave propagation that affea
the mherence



Calculations of a*(f,r) for the four diff erent atmospheric conditions are shown in Figure

6. The cntours represent the distance @ which the signal beames incoherent, as afunction o
frequency and sensor separation. We seethat sunny and windy conditi ons constitute the |east
favorable propagation condtion. Large, vigorous turbulent eddies forming in such condtions
weeken amustic signal coherence @nsiderably. The most favorable propagation condtionis
mostly cloudy and cdm, sinceonly very week turbulenceis present in this case. The model
cdculations show, for a sensor separation d 1 m and frequency of 1000Hz, that coherent
propagation generally occurs only out to distances of several hunded meters. Fortunately the
situationimproves dramaticdly for lower frequencies; for 1-m separations at 100Hz, coherent
propagation persiststo well over 10 km. If the separationisincreased to 10m, ore can till
exped good coherencefor propagation dstances of several kilometers.

Some caveas must be kept in mind regarding these cdculations. Firgt, little experimental
data on amustic coherence degradation by atmospheric turbulence has been coll eded and
analyzed. This stuationis quite surprising, and demands redification, given the importance of
the phenomenonfor modern acoustic diredion-finding systems. Sewnd,the cdculations are
for “line-of-sight” (straight line) propagation. Refledions from the groundand refradion from
atmospheric wind and temperature gradients (with subsequent creaion d refradive shadow
regions) bath affed the mherence Reseach into these dfedsis 4dill at an ealy stage (Daigle
et a, 1986 Havelock et a, 1995 Ostashev and Goededke, 1999.

CONCLUSIONSAND RECOMM ENDATIONS

The turbulence model in this paper was g/stematicaly developed from simil arity theory and
previous, well -acceted experimental results for the amospheric boundry layer. Becaiseit is
based on vonKarman's threedimensional turbulence spedrum, it can be readily applied to
aooustic wave propagation problems. It isavauable improvement over previous models based
onthe Kolmogorov ar Gaussan spedra, in that it provides reasonable results acossthe entire
range of sizes of boundxry-layer eddies. It shoud work well for atmospheric condtions
ranging from neutral to highly unstable.

The model in this paper is, however, imperfed in that it does not acourt for some known
feaures of atmospheric turbulence such as anisotropy. For example, shea forces are known to
stretch eddiesin the diredion d the mean wind. For this reason we have recently begun apply-
ing Mann's (1994 spedral model for a shea surfacelayer to acmusticd caculations.

Anather asped of atmospheric turbulencenot acourted for by the model is the “gustiness’
of thewind. Large boundiry-layer scde aldies cause the windto gust ontime scdeslasting
several minutes. These gusts can crede locdly high wind shea. Hencethe present model is
misleading in predicting the dsence of shea-generated turbulence d very low mean wind
spedds. It isaso probable that the strength of the large-scd e aldies diminishes smewhat nea
the ground,whereas the present model predicts a height-independent variance from these
eddies.

Besides turbulence, other randam atmospheric behavior can affed soundwaves. In parti-
cular, duing stable nighttime condtions, turbulenceis suppressed and gravity waves probably
play the primary role in randamizing acustic propagation. This phenomenon tes gone nealy
unstudied in acoustics, and reals to be addressed, since aousticd systems off er particular
tadicd advantages during the nighttime.
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