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Reconstruction of the frequency-wavenumber
spectrum of water waves with an airborne acoustic
Doppler array for non-contact river monitoring

Giulio Dolcetti, Anton Krynkin, Mansour Alkmim, Jacques Cuenca, Laurent De Ryck, Gavin Sailor,
Fabio Muraro, Simon J. Tait, Kirill V. Horoshenkov

Abstract—This work presents a novel method to reconstruct vectors of the incident and scattered waves relative to the
the frequency-wavenumber spectrum of water waves based on the horizontal plane. For a monostatic setup where the signal is
complex acoustic Doppler spectra of scattered sound measuredemitted and received at the same locatiog,= 2ko cos( ;)

with an array of microphones. The reconstruction is based on a The f fth d lect fi ted
rst-order small-roughness-amplitude expansion of the acoustic € frequency or the sound or electromagnetic wave re ecte

wave scattering equation, which is discretized and inverted by from the rough moving water surface changes by an amount
means of a singular value decomposition. An analogy of this ! proportional to the wave speed (Doppler shift). Then,

approach to the rst-order Bragg scattering problem is demon- the Doppler spectrum of the scattered signal at the frequency

strated by means of a stationary phase expansion. The approachy | jg proportional to the amplitude of the water waves
enables the reconstruction of the dispersion relation of water

waves when the ratio between roughness height and acousticWlth wavenumber g, where ! = gcandcis the phase
wavelength is less than 0.1, and when the surface wavelengthSpeed of the Bragg waves on the rough surface. Measurements

is larger than 1/2 of the acoustic wavelength. The method of the Doppler spectra provide an estimate of the speed of
is validated against synthetic data and data from laboratory water waves, which can be used to infer the velocity of the
and eld experiments, to demonstrate its applicability to two- underlying ow [7].

and three-dimensional complex patterns of water waves, and . .
speci cally to the surface deformations that arise naturally in a Applications of Doppler _SPeCFra gnaIyS|s for the non-contact
turbulent open-channel ow. Fitting the reconstructed data with ~Measurement of ow velocities in rivers or open-channel ows
the analytical dispersion relation enables the non-contact estimate employed both radar [4], [5], [8]-[10] and acoustic [11] sig-
of the underlying ow velocity for hydraulic conditions where  nals. These applications can suffer from large uncertainties be-
the coexistence of different types _of_turbulence-forced and freely cause of the complex dynamics of the water waves when they
propagating water waves would limit the accuracy of standard . . . .
non-contact Doppler velocimetry approaches, paving the way for interact with a turbulent ow. Turbulent foru_ng can modify the
robust and accurate non-contact river monitoring using acoustics. SPeed of water waves [12] or generate additional wave patterns
[13] making the identi cation of the Doppler velocity and their
Index Terms—Wave spectrum, Doppler, non-contact, river ”'t'k_ with the underlying depth-gverage_:d ow velocity non-
monitoring, frequency-wavenumber spectrum, acoustics. trivial [4], [11]. Measurements with a bistatic geometry (sep-
arate source and receiver) allow focusing on longer and more
predictable waves while increasing the signal-to-noise ratio,
but at the expense of the ease of data interpretation [8], [14].
HE properties of water waves measured by means of scélie main obstacle to the interpretation of the Doppler spectra
tered electromagnetic or acoustic signals have been ugedriver monitoring is the fact that waves with different wave-
to monitor currents [1], bathymetry [2], and signi cant wavdengths, speeds, and/or directions of propagation can produce
height and period [3] in the oceans, and surface ow velocities peak at the same Doppler frequency [11]. The frequency-
in rivers [4], [5]. In most cases, the dominant mechanism thagvenumber spectrum of the water surface uctuations allows
in uences the scattered acoustic or electromagnetic sign#éfe separation of the contributions from the different types of
is Bragg scattering [6]. The scattered signal is selectivelyaves (gravity-capillary waves and turbulence-forced patterns)
sensitive to water waves with the Bragg wavenumbgr=  that appear in a turbulent ow, according to their speed of
ko[cos( i)+ cos( ()], whereky = ! 9= is the wavenumber propagation and dispersion relation [15]-[18]. The analysis
modulus of the incident signdly is the corresponding angularof such spectra enables a more accurate and robust estimate
frequency,c is the speed of light or sound (as appropriatedf the time-averaged surface ow velocity [3], and also of
and ; and , are the elevation angles of the wavenumbéhe water depth [19]. However, the calculation of frequency-
wavenumber spectra requires measurements of the surface
G_. DoI(_:etti is v_vith t_he Department of Civil, Environmental and Mechanicajjeformations in time and in space which is challenging.
Engineering, University of Trento, Italy.
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water wave spectrum, which can be revealed by expandiwgves. The method is derived in Section Il and validated both
the scattering equations with respect to a small ratio afimerically (Section lll) and experimentally (Section IV) in
surface amplitude over signal wavelength [20]. Voronovich arabnditions that are representative of a small river or open
Zavorotny [21] proposed a method to reconstruct the spat@iannel. The potential application for the non-invasive mon-
spectrum of water waves based on the rst-order expansidaring of river ow is demonstrated by estimating the time-
of the Doppler HF/VHF radar signal emitted and recorded averaged ow velocity based on the reconstructed spectra in
a moving antenna on an airplane, using a synthetic apert&ection I1V-B.
approach. The detection of the Bragg peaks in the Doppler
spectrum is facilitated in the case of radar scattering in the 1. DERIVATION
ocean, where measurements are usually performed in }Qe
Fraunhofer zone, i.e., for small values of the ratio between
the effective size of the illuminated area and measurementrigure 1 illustrates schematically the problem of acoustic
range [22], and where the angle of incidence of the signal afigfttering by a dynamically rough water surface. The surface
the Bragg wavenumber are well de ned. This facilitates thEUghness is de ned as function expressing a perturbation
estimation of the wave speed but provides little informatioff the planex y, z = (x;y), with z pointing upwards. A
about the spectrum of scales other than the ones identi ed Bgrmenic signal with angular frequen¢y and wavenumber
the Bragg wavenumber. In turn, information about the broadgs iS €mitted by an acoustic source locatedat (Xs;Ys; Zs)
water wave spectrum can be extracted from the continudfishe far eld with respect to the scattering surface. The signal
second-order terms of the backscattering Doppler spectraSffttered by the surface is recorded Ky receivers with
the neighbourhood of the Bragg peaks [23], [24]. Such &®-ordinatesM m = (Xm;Ym;Zm), m = 1;:::;Ny that are
approach has been applied mainly to sea surface scatterin@/gf Set up in the far eld. The directivity of the source is
high-frequency radar, and was later improved and extend@@delled by the functioD (' s(x;y;2)), where s is the angle
to multiple radar systems to address an ambiguity in tetween the porm_al to the acoustic wavefront and the axis of
wave travel direction [25], [26]. These methods require pridh® Speaker, identi ed by the unit vector. For an acoustic
knowledge of the dispersion relation (and therefore of ttiéave with wavenumber vectdi, ko ns = Ko cOS( s). Here
speed) of water waves to relate the temporal information in tR s(X;¥;2)) is approximated by the directivity pattern of a
Doppler spectra with the spatial spectrum of the rough surfagéston of radiusa, with an in nite baf e as [36]
therefore they are not applicable in river ows where the _ . Ji(koagsin( s))
dispersion relation depends on the (unknown) ow velocity. D(s)=2 “koagsin( 5) )
Alternatively, the continuous spectrum of relatively long water ) ] )
waves can be estimated from the modulation of shorter Braj§jereJi() is the Bessel function of the rst kind and rst
waves, which results in a pattern of spatial and/or tempor%rlder- It is as_sumed that_: (i) the maximum surface elevation
variations of the Doppler velocity [27]. The approach employ$ small r_elatlve to the dlstqnce be_tween the source and the
the linear water wave theory to express the modulation ag@face, i.e. max (x;y)g j z Sj, and to the distance
function of wave frequency. It assumes the velocity of the offetween the surface and the receivers, i.e.fmexy)g
to be constant, and requires a capability to clearly identitg‘e Zj; (ii) the maximum surface slope is small relative to
the frequency of the Bragg peaks with a high spatial and/t angle of incidence of the signal w.r.t. the hor!zorgtal plane,
temporal resolution. i.e. ma>fr___ (x;y)g tan( ), V\_/here_z i = sin _(ez_

More recent approaches attempted to directly reconstrlfeko); (3"') the Kirchhoff approximation [37] is valid, i.e.,
the instantaneous shape of the water surface based on sirf#/ ¢ SIN” i > 1, wherer. is the curvature radius of the scat-
taneous measurements of the scattered electromagnetic [E%rl,ng surface; and (iv) the deformation of the surface shape
[29] or acoustic [30]-[35] signal at different receivers alonlj! UMe is slow relative to the speed of sound. Condition (ii) is
an array. These methods, derived for static surfaces, negféggessary for the linearisation of the scattering equation with
the effects of the surface dynamics on the scattered eff! acoustically rigid boundary and ensures that shadowing can
(e.g., Doppler shift), which can limit the reliability of theP€ neglected [37]. _
reconstruction over longer periods of time. Under these conditions, the scattered acoustic pressure at the

Here we propose a method for reconstructing the frequend§cationM m can be approximated by the Kirchhoff integral

wavenumber spectrum of water waves from the rst-ordéfduation [22]

Doppler spectra of scattered acoustic signals without any prior 7

knowledge of the surface dynamics. The method produces a(M m;t) =exp( i! ot) Ho(Mm;X;y)

estimate of the dispersion relation of the water waves that . . o i
enables the characterization of the surface and ow dynamics exp[ ig(Mmixiy) (xy;t)ldxdy; (2)
even in turbulence-dominated environments such as rivgyigere
and partially lled pipes. Combining a single omnidirectional 7 z
narrow-band acoustic source with an array of receivers ar- (M mn;X;y) = ko v m_ — + S
ranged within a region of specular re ection, the method fm (Mm:xy)  rs(Gy)
allows the characterization of the behavior in space and timg&(M m; X y) = (Xm X)2+(ym Y)?+ 22 andr2(x;y) =

of small-amplitude (relative to the acoustic wavelength) watéxs x)2 + (ys y)? + z2 are the squared distances to the

3D surface

)
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source and receivers from a point with coordinagesy; 0) Ny=2;:::;Nx=2, ky = b ky, b= Ny=2;:::;Ny=2; and
and is the projection of the rough surface on the-plane. ! = n !, n= N, =2;:::;N, =2; and assuming a surface
The kerneHo(M ny; X;y) is a function of the geometry of the spectrum with an upper cutoff to satisfy the Nyquist-Shannon
array that is independent of the shape of the surface andsampling theorem ((;! ) =0 forj j>ks=2), then, at rst

timet, order ofkgh
iD( s(Xy)) Ng =2 Ng =2
Ho(Mm:Xy)= —————G(Mn;X;
O( m Y) 4k0 qZ( m y) p(Mm;n !) kx ky
expfiko [rm(Mm;x;y) + rs(x;y)19. @) a= Ny=2b= Ny=2
Fs(GY)lm (Mmix;y) HiMm; @ ke b k) (@ kab kyin 1 o),
Assuming a small relative surface deformatidg, 1, if n ! 61y (10)

and expanding Eq. (2) in a Taylor series, one obtains
Equation (10) can be rewritten as a matrix product,

p(M ;1)
w Z2Z P=A : (11)
=exp( il ot) Ho(Mm;xy) [ (6y:t)]" dxdy; , , _
n=0 Pmn = P(Mn;n 1) is the complex discrete Fourier spec-
(5) trum coef cient in the spectrum of the scattered signal corre-
where sponding to the frequgnay ! and recordeg by the-th mi-
[ i M y)l” crophoneAy, n = A®:A@::::; ANy with elements
Ly — ms N .
Ho(Mm;xy) = nl HoMm;xy): (6) AP, = B,(Mm: a ke b ky) kx ky, is a rectangular
It is further assumed that the scattering surface can 8% ol NxNy)ttransfer m_atrlx(l)that(z)d.e.pghd?Nyo)nITy ththe
described as the inverse Fourier transform of its compl&?0 em ge(gme N N =1 ! ' wi
frequency-wavenumber spectrunf x; y;'!), €.g., elements na = (a ke;b ky;n ! 1), is the complex
discrete frequency-wavenumber spectrum of the scattering
(x;y;t& surface at the Doppler frequency ! I 9, reshaped as a
1 2424 ‘ ' 2D matrix.
=~ g3 (xi yi1)exs oy g d b The frequency-wavenumber spectrum of the surface can
! @ be estimated by inverting Eqg. (11). Note that the choice
~of the wavenumber discretization is arbitrary (despite some
where (- «; y; !')=  («x; y;!)toensurethat is requirements that will be highlighted in the following sec-
real, is the complex conjugate of, and =( x; y)is tions). However, in typical applications, the number of discrete

the wavenumber of the rough surface. The Fourier transfoigavenumbersdN exceeds the number of physical receivers
in time of the scattered signp(M m ; t) up to the second order N, . In this case, the inversion can be achieved numerically,

yields for example by means of a singular value decomposition of the
Z, . transfer matrixA through regularization. Here, we employed
B(Mm:!)= p(M 1 t)e't dt the Tikhonov regularization, and the regularization parame-
1 ter was calculated based on the generalized cross-validation
(¢ 1o)Ho(Mm;0;0) method. Krynkin et al. [32] applied a similar approach to
zz, : :
reconstruct the shape of a surface directly, but neglecting the
* ) HiMm: i y) (i yit to)d xdy Doppler shift.
72727227, Once the complex frequency-wavenumber spectrum is es-
+ HaMm; (x+ 25 (y+ D) timated, it is possible to reconstruct either the frequency
1 .
spectrum at the locatiofx;y),
(i yi!9 (5 9l 1o 19d1% «d yd 2d ); 77,
®  Exyin= i) (x; ys1)ECXT 9 o d s
where 1
(12)
Hi (Mm: yﬁ Z or even the instantaneous shape of the water surface by means

=@ )" HaMmixy)e o Mdxdy (9) °FEa- (7).

is the spatial Fourier transform of the kerrig}, .

The zero-th order term,(! ! o)Ho(M m;0;0), in Eq. (8)
contributes only to the signal at the carrier frequehgy The Assuming no variations of the surface elevation along the
integral that includes the rst terty(M m;  x; y) can y-axis ( = (x;t) with @ =@y¥ 0) and source and receivers
be approximated numerically: discretizing the wavenumbeituated on the& z plane, the 3D Kirchhoff integral equation
and frequency axes with regular grids, = a ki, a = (Eq. (2)) can be simplied as a single integral along the

B. 2D surface
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zo(M1,0)  zo(My,, —r) z9(My,,,0) zo(My,,, k)
zo(Mi, —k) wo(My, k)
Fig. 1. A schematic representation of the geometry of the probfrand M i, represent the position of the acoustic source and ofnthth receiver,
respectively.xo(M n; ) is the location of the stationary phase point identi ed from the Bragg resonance condition fon-thereceiver and for the
wavenumber (Eqg. (17)).xo(M m ; 0) identi es the specular point for them-th receiver. The two areas shaded in pink and in blue identify respectively the

portions of rough surface where Bragg scattering by waves with the wavenumbefdelimited by dashed lines) and (delimited by dashed-dotted lines)
is predominant. The two areas overlap in the area shaded in purple.

projection , of the rough surface on the-axis by means gradient of the phase equals zero at the stationary phase point,
of a stationary phase expansion alon38], yielding: Xo(M m; ), which is given implicitly by
PO Mm:it) =exp( il ot)
HEP) (M mix)expl i (Mm;x) (Gt)]dx; (13)  Xo(Mm; )=

X

rs(Xo)Xm + rm(M m;Xg)Xs
Fm (M m;Xo) + rs(Xo)
r's(Xo)rm(M m;Xo)

Where I’m(M m;XO) + rs(XO) kio (17)
20) ei=4
H Mm;X)= —p——=&(Mmn;X , , , ,
o (Mmix) Ko ko8 % (Mm:x) i The rst term on the right-hand side of Eq. (17) identi es the
D( (x))exp iko rﬁfD)(M miX) + r§2D)(x) point of specula_r re ection, Wh_ich is a statior_1ary phase point
g g : when = 0. It is noted that in a monostatic con guration
r§2D)(x)r§§D)(Mm;x) r§2D)(x)+ rﬁfD)(Mm;x) M =S, Ny = 1). Eqg. (17) yi6|d.82ko.(X0 Xg)=fs =
(14) 2kgcos( i) = , which enables to identify as the Bragg
wavenumber. In the more general bistatic con guration, the
4 expansion of Eq. (15) ato(M r; ) yields
HEPI M )= )P HED(Mp;x)e ' Xdx;
2D p - 2D (15) r -
With re® Mmix) = (km X)2+ 25 and12(X) = g gim,; k) @) 2 2 g=4
(xs Xx)2+ z2. Equations (5) to (12) remain valid after 0
replacing ( x; y;!) with 72 z2 1=2

Hn(Mm;Xxo)e X0 (18)

3 + 3 Mm.
Iy = (s i) (y) (16) stx0) T (Mimixo)

Eq. (18) links the Fourier transforid,, of the kernel at the
wavenumber with the locatiorxg on the surface that satis es
C. Bragg Scattering Interpretation the Bragg resonance condition for Eq. (17) has solutions
. N . only forj j  2kq. Therefore, the Doppler spectrum as a rst-
To clanfy.the range of appl.|cab|I|ty of the method, it is help'order approximation is governed by roughness wavelengths
ful to examine the integrals in Eq. (9) and Eqg. (15) by means or than =2
of a stationary phase expansion. The case of a 2D surfaceg 0=
(Eq. (15)) is considered for simplicity, but the results are valid Let us consider a sinusoidal scattering surface with the
in a more general 3D case. The supersd@it) and subscript Wavenumber o, moving at the speed, with the following
x in  are dropped for brevity. It is assumed that the scatterifigonochromatic frequency-wavenumber spectrum:
surface area x is large compared to the acoustic wavelength
o and that the directivityD ( s) varies slowly alongk. The
phase of the integrand ig[rm (M m;X) + rs(X)] X . The GP)Y=1[ o ot o ( + o] (! c); (19
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where ¢ is a constant. Substituting into Eq. (8) yields where g is the acceleration due to gravith = g ! ?
is the Bond number, which indicates the ratio of gravity and

p(Mm;!) [ O)I—'TO(M m; 0) surface tension effects, is the surface tension coef cient,
+ oMiMm: o) (o o0) is the water density, and is the water depth.
a m'_ . In rivers and open channel ows, the mean ow modi es
+h oF1(Mm; o) (* 'o+ o0 the frequency of gravity-capillary waves as follows [16]:
+ 0 ol'liz(M ms 2 0) (' ! 0. 2 OC) | = U c (22)
i ;
+ oH2(Mm;0) (! !o) whereU is the ow velocity (here assumed to be constant in
n BoM-0) (I 1 space and in time). In addition to gravity waves, other types of
* oo oF(Mmi0) (1 To) i surface deformations such as turbulent boils, vortex dimples,
" 0,42(,\/' mi20) (0 1o+2 00 : (20) etc. (see Muraro et al. [13]) are induced by turbulent structures.

The frequency of these so-called “forced' waves [12] is equal

a result rst obtained by Barrick [39] in the context of radaf© [16]
scattering. The 0-th order spectrum at the carrier frequency b= U (23)

Lols Ho(M m:0), which is due to re ections at the speculafrpe coexistence of multiple types of waves with different
point. At rst order, the Doppler spectrum has two peaks, &heeds and directions of propagation makes the wavenumber-
the Doppler frequencies !0 =  oc. These are linked fequency relationship non-unique, causing multiple peaks in
to scattering at two stationary phase poitg(Mm; o) the Doppler spectra of backscattered acoustic [11] or radar
and xo(Mm; o), respectively. Assuming (without any 10S4] signals, and resulting in the ambiguity of ow velocity
of generality) that the surface moves towards the positiy&iimations.
x-direction, and thatxm > Xs, then the peak at the op the other hand, the knowledge of the frequency-
positive Doppler frequency, oc, is due to scattering from avenumber spectrum of the surface and its comparison with
Xo(Mm; o) < Xo(Mm;0) which is to the left of the e theoretical dispersion relations (Eg. (22)-(23)) would allow
specular point (closer to the source - see Fig. 1), and the pegiore ropust estimation of the surface ow velocity. The
at the negative Doppler frequency oc, is due to scattering apnroach has been applied extensively in oceanography [40],
from Xo(Mm; o) >Xo(Mm;0) (closer to the receiver). The 41} and was recently extended to the non-contact monitoring
spatlal dependence of the Dopplgr spectrum is highlighted jp e velocity [42] and water depth [19] of river ows
Fig. 1, where the areas shaded in pink and in blue represg{it,,gh the analysis of videos of their water surface. Speci -
the areas of the surface where Bragg scattering is sensifgy Dpolcetti et al. [19] employed an optimisation algorithm
to waves with the wavenumbers  (producing the Doppler , jgentify the ow parameters (velocity and water depth)
spectrum at frequencyc) and  (producing the DOppIer {hat provide the best t between the measured frequency-
spectrum at frequency c ), respectively. These areas overlagayenumber spectrum and a synthetic spectrum that satis es
only in a small portion of the surface. the theoretical dispersion relations, Eq. (22) and (23). The
Second-order terms in Eq. (20) contribute to the Dopplepjicanility of this latter approach to the spectra reconstructed
spectrum at the carrier frequendy, and at the second- from the scattered acoustic signal is tested in Section IV-B, to

order harmonics !9 = 2 oc of the Bragg frequencies. gstimate the ow velocity.
Including three terms in the expansion would lead to additional
peaks at the frequenciés ! ¢ = oC oC oC,and soon. m

) ) ) : . NUMERICAL VALIDATION
Higher-order terms of the small perturbation expansion yield

spurious harmonics in the estimated surface spectrum. For he numerical tests were aimed at characterizing the per-

broadband roughness spectrum, the harmonics are replafé)é ance of the method in ideal conditions. For t_he numerlgal
lidation of the method, random surface realizations with

by the auto-convolution of the roughness frequency spectruf} i ) )
y g q y Sp fferent wave amplitudes and with different spectra were

yielding an additional broadband contribution to the Doppl . . L
spectrum which is not easily separated from the rst-ord&ronStrUCted by means of Fourier synthesis [37]. The initial

terms, unless the measurements are performed in the Fragifiace rs]hape was evolved in time _acc_or?mlg to 'Zq' (ﬁl)
hofer zone. In this case, the Bragg wavenumber is uniqueq ., Without mean ow), assuming in nitely large dept

de ned by the geometry, and second-order Doppler inversi d neglecting the surface tension ternis ( 1 ). The
[23], [24] becomes a more favourable approach scattered eld at each time step was calculated by means of

the 2D Kirchhoff approximation model based on Eq. (13). The
geometry and signal characteristics were chosen in accordance
D. Scattering from water waves with the experiments on paddle-generated waves described
later in Section IV-A. A monochromatic acoustic signal with
frequency! o=2 = 14 kHz (wavelength ¢ = 24:3 mm)
was used. The scattered signal was calculated at 30 receiver
locations spaced equidistantly betwegpn = 66 mm and
(1+ B) tanh(d) XN, = 937 mm, at the height o, = 293 mm above the
5 q (21) mean water level. The source had the co-ordinates 0 mm

The spectrum of water waves can be described(ad ) =
() ¢ ), wherec is the phase velocity de ned by the
gravity-waves dispersion relation,

r

c= qd
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Fig. 2. Examples of spectrum reconstruction based on synthetic data for a sinusoidal surface=witix(j j) = 80 (a, b, ¢) and broadband surface
roughness o=std( ) =80 (d, e, f). (a, d): Doppler spectrum at the rst receivetM 1; ); (b, €): reconstructed frequency wavenumber spectrym! );

(c, f): reconstructed frequency spectriihfx;! ). The crosses in (b) indicate the actual wavenumber and frequency of the scattering surface. The dashed line
in (e) indicates the dispersion relation of gravity waves. The dashed lines in (c) and (f) indicate the location of the stationary phas@vpeint (! ))
calculated for the rst and last receiver of the array.

and zs = 236 mm, and the equivalent radiieg = 20 mm. array, but by the distance between the rst and last stationary
The source axis was inclined downwards by 59 degrees frgghase points. Since this distance is different for positive
the horizontal. and negative frequencies, the resolution is also different and
Figure 2 shows examples of the modelled Doppler spegenerally higher at larger wavenumbers (e.g., Fig. 2b, e).
tra (Fig. 2a, d) of the reconstructed surface frequency-The dashed-dotted lines in Fig. 2c and f indicate the
wavenumber spectra (Fig. 2b, e) and of the reconstructed suwsition of the stationary phase pointg(M; (')) and
face frequency spectra (Fig. 2c, f) obtained for two synthetig(M 30; (! )) calculated for the rst and last receivers as
data sets. For Figs. 2a, b, and c the surface consisted of a sirglinction of (!) = !=c, i.e., for the wavenumber that
sinusoid with the amplitudenax(j j) = 0:3 mm, wavelength corresponds to the frequendy according to the dispersion
| =2 = =135 mm, and frequency = 27 rad/s. Figures 2d, relation Eq. (21). The frequency spectra of the surface rough-
e, and f were obtained for a surface with a broadband poweess were independent f whereas the reconstructed spectra
function spectrum( ) 3,10 100 , and with appear to decay rapidly to zero outside of the region delimited
the root-mean-squared (rms) surface elevation of 0.3 mm.b& the rst and last stationary phase points. This can be
similar power-function dependence of the surface spectrum explained by Eq. (18) and (20) since only the portion of
has been previously proposed and validated for open-chantie surface where a stationary phase point can exist for the
ow applications based on measurements of acoustic scatterimgvenumber contributes to the Doppler spectrum at the
[11], [14]. The surface parameters used for the simulationsfiequency c¢ . Therefore, only this portion of the surface
the present work ensured the validity of the small-roughnessan be reconstructed based on the Doppler spectrum at such
amplitude approximation. a frequency. Averaging the reconstructed surface frequency
The Doppler spectrum calculated for the sinusoidal surfaspectrumE(x;! ) along x must be done carefully because
in Fig. 2a has a series of peaks at the harmonics of thé the spurious dependence &f(x;!) on x. Here, the
frequency ¢ . These represent second- and higher-order termgeraging was performed by means of a frequency-dependent
like those de ned in Eq. (20). Since positive and negativeescaling factow(p) = =[Xo(Ms0; (1)) Xo(M1; (1)),
Doppler frequencies relate to scattering at different locations., E(! ) = w(! ) ; E(Xi;! )=Ny.
on the surfacexp(M m; o) andxo(M m; o), see Eq. (20)  Figure 3 shows the results for synthetic data calculated with
and Fig. 1), the Doppler spectrum is not symmetric withg = 23 mm and with surface amplitude varying between
respect to! !¢ =0 (e.g., Fig. 2d). In Fig. 2b and e the (=160 and (=10. Figures 3c and f show the average (and
crosses and the dashed line indicate the theoretical dispersiescaled) reconstructed frequency spectrum of the scattering
relation of the water waves for the surfaces with the singurface. As the relative amplitude of the water waves in-
soidal and broadband roughness, respectively. The main ridgesased, the amplitude of the Doppler spectra in Fig. 3a and
of the reconstructed frequency-wavenumber spectrum follaalso increased, as expected. An increase in the number of
these lines closely, indicating a successful reconstructidrarmonics and a signi cant broadening of the Doppler spectra
The wavenumber resolution of the reconstructed frequenayas also observed for the sinusoidal and broadband surfaces,
wavenumber spectrum is not governed by the aperture of tlespectively. The reconstructed frequency-wavenumber spectra
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Fig. 3. Spectrum reconstruction based on synthetic data for water wave amplitude varying bejw®8® and (=10. (a, b, c) are for a sinusoidal surface.
(d, e, f) are for a broadband surface. (a, d): Doppler spectrum at the rst receiver; (b, e): reconstructed frequency-wavenumber gpéctjyrtc, f):
reconstructed average frequency spectrum (c) and power spectral density (f). The reconstructed frequency-wavenumber spectra in (b) and (e) correspond to th

cases with p=max(j j) =10 and o=rms(j j) = 10, respectively. The red lines in (c) and (f) represent the theoretical frequency spectrum of the scattering
surface.
in Fig. 3b and e relate to cases with=max(j j) = 10 V. EXPERIMENTAL VALIDATION

(Fig. 3b) and o=rmg ) = 10 (Fig. 3e). They both show )
some spurious ridges/harmonics at the frequericies nc, A Paddle-generated waves in a wave tank
n =1;2;3. These spurious harmonics cause an overestimations st series of experiments was performed in a 12 m long
of the reconstructed frequency spectra amplitude, as seemyiy 0.5 m wide rectangular wave tank in the LVV facility at
Fig. 3c and f. the University of Shefeld. The tank was lled with water
From the Bragg scattering interpretation in section II-D anéP to a depth of 1 m. The surface waves were generated
from the results of the numerical validation study, it is possibley means of a purposely made CNC-controlled vertically
to draw the following preliminary conclusions regarding th@scillating wave-maker, in the absence of a unidirectional ow.
range of applicability of the proposed methodology: The experimental setup was identical to that of the numerical
simulations and photographs are shown in Fig. 4. The acoustic
According to Eg. (9), the Doppler spectrum contributiosetup consisted of 30 1/4” microphones (G.R.A.S. 40PH) and
at the rst order at the Doppler frequenty ! o is related loudspeaker (Visaton G25FFL). The incident acoustic signal
to the spectrum of the wave with the wavenumbehat had a frequency of 14 kHz with the wavelength of 24.3 mm.
satis es the Bragg resonance condition. From the poifihe wave-maker was installed at= 756 mm behind the
of view of the reconstruction of the surface spectrunsource and generated water waves propagating towards the
the smallest surface wavelength that can be reconstrucpesitivex direction. Time series of the surface elevation were
with an omnidirectional source is equal jtg < 2ko; measured at 7 locations before and after the measurement area
The contribution to the rst-order Doppler spectrum of awith a set of calibrated wave gauges. The amplitude of the
surface wave with wavenumberis mediated by the value water waves decreased exponentially with the distance from
of the kernelH; at the locatiornxg. Hence, the value of the wave maker. The wave amplitude at the array location was
the reconstructed spectrum at each surface wavenumestimated by tting an exponential function exp( x) to
is representative of the behavior of the surface in the wave gauge measurements. Re ections of the water waves
limited region, whose size and location depend oand from the ends of the wave tank were assumed negligible due
on the geometry of the acoustic setup (see Fig. 2c, f);to the rapid exponential decrease of the wave amplitude with
The spectral resolution in wavenumber space variégich. Two types of water waves were generated: a sinusoidal
with the wavenumber , and it is proportional to wave with the amplitudemax(j j) 1 mm and frequency
2=maxjxo(Mn; ) Xo(Mpo; )j), i.e., it depends on ! =27 rad/s, and broadband surface waves with the amplitude
the maximum distance between the stationary phag®s( ) 1:4 mm.
points obtained with Eq. (17) for all microphones in the The results of the analysis applied to experimental data are
array, as a function of (see Fig. 2b, e). shown in Fig. 5. Despite the presence of some noise (see
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Fig. 5. Spectrum reconstruction based on experimental data obtained in the wave tank. (a, b, c) sinusoidal surface roughness eleyatiwax{jith) = 18 .
(d, e, f) broadband surface roughness elevation withrms( ) = 17 . (a, d): Doppler spectrum at the rst receiver; (b, e): reconstructed frequency-wavenumber

spectrum ( ;! ); (c, f): average reconstructed frequency amplitude spectrum (c) and power spectral density (f). The red dashed lines in (c) and (f) represent

the frequency spectrum measured with wave gauges.

Fig. 5b, 5e) that was absent in the synthetic data sets, gs#s was performed in 3D with measurements obtained with a
spectrum reconstruction results based on experimental dataZibemicrophone arrangement on a plane. The acoustic device
consistent with those observed in the numerical simulationssed in these experiments was a Simcenter Sound Camera
The dispersion relation of the water waves is easily identi e(Siemens Digital Industries Software, Belgium), which is
by the maxima of the reconstructed frequency-wavenumbeam array of MEMS microphones distributed around a video
spectrum (Fig. 5b, 5e). These relations follow those predictedmera, and designed primarily for sound source localization
by the theory (Eq. (21)) over a signi cant range of scalesnethods, both near- and far- eld. The Sound Camera was
Compared to the frequency spectra of the water waves megerated in two different con gurations: a con guration with
sured directly by wave gauges, the reconstructed frequerty MEMS microphones arranged along 9 spiral-shaped rays
spectra in Fig. 5¢ and f reveal some in uence of higher-ordevith an aperture of 120 mm for the laboratory experiments
effects (spurious harmonic peaks), which are consistent wigee Fig. 6a), and an extended con guration with 81 MEMS
the relatively large surface wave amplitudgfmaxj j) =18 with a diameter of 600 mm (see Fig. 6b).

and o=rmgq ) = 17, respectively).

The laboratory experiments were performed in a recirculat-
ing hydraulic ume at the University of Shef eld. The dimen-
sions of the ume were 15 m long and 0.506 m wide. The

Turbulent open channel ows display strongly three-ume bed had a slope of 0.002 and was covered with a layer of
dimensional water surface deformations. Therefore, the angipheres with a diameter of 25 mm. Four steady ow rates were

B. Water surface uctuations induced by a turbulent ow
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tested: 5.3, 10.3, 13.2, and 20.6 ' (ow conditions Lab 1, quencies and to facilitate the visualization over a wider range
Lab 2, Lab 3, and Lab 4, respectively). The water surfaed scales. The reconstructed spectra are three-dimensional (two
velocity was measured in each condition by timing neutrallyavenumber vector components and frequency). Figure 7a-
buoyant particles across a known distance. The surface avshow the spectral cross-section gt = 0 and Fig. 7e-h
velocity varied between 0.30 m $ and 0.59 m s?, while the show the spectral cross-section gt = 0, where , is in
uniform water depth varied between 42.2 mm and 115.1 mifme streamwise direction (along the source axis plane) and
across all the ow conditions (see Table I). The uncertainty, is in the transverse direction. The spectra in the !
of the surface velocity measurements, calculated as half of fhlane are nearly symmetrical aroung = 0, while those in
maximum difference between all measurements in each othhe x ! plane are strongly tilted upwards towards positive
conditionp was below 5%. The Froude number of the ow because of the advection of the waves by the mean ow
(F = U= gd) varied between 0.47 and 0.56 (see Table IJEq. (22) and (23)). Three spectra ridges are easily identi able
The sound camera (in the base con guration) and source wémneFig. 7e-h. They are representative of the dispersion relation
installed 9.5 m downstream of the inlet. The center of tha&f gravity-capillary waves (upper and lower ridge, Eq. (22))
source was 250 mm away from the center of the camera aantl of turbulence-forced surface deformations (central ridge,
they were elevated 340 mm and 320 mm from the bed Bfy. (23)), as demonstrated by the close proximity with the
the ume, respectively. The sound camera and source htmboretical relations also plotted in Fig. 7.
the same inclination angle of approximately 60 degrees, withFigure 8 shows the normalised frequency-wavenumber spec-
the sound camera facing downstream and the source facirgyof the water surface reconstructed from the analysis of the
upstream. The acoustic signal radiated by the source hadcattered acoustic signals measured in the eld. Compared
frequency of 19 kHz. The instantaneous surface elevation wasthe laboratory data, the central ridge corresponding to
measured by means of three wave gauges positioned aumoulence-forced surface deformations is nearly absent in
distance of 10 m from the ume inlet. The measured roof-ig. 8a-c. The balance between gravity-capillary waves and
mean-squared (rms) average of the surface uctuations variedbulent-forced deformations at the free surface of a turbulent
between 0.09 mm @=rmgq ) = 199, condition Lab 1) and ow is the result of the equilibrium between the turbulent
0.25 mm (o=rmgq ) = 72, condition Lab 4). Fig. 6a shows forcing and the stabilizing effect of gravity and surface tension,
the photograph of the experimental setup in the ume. determined by the characteristic velocity and length scales
Field measurements were performed on two separate daiethe ow [13], [44]. While the Lab Conditions showed
in the River Loxley (Shef eld, UK) at three different locationsa combination of both types of waves which is indicative
within the same reach. The River Loxley is a river draining af a regime of weak turbulence, the lower Froude number
catchment of 43.5 ki The mean annual discharge recordeth the Field Conditions is representative of a regime of
at Dam ask Reservoir (approximately 1.5 km upstream dajravity-dominated turbulence, where waves are expected to
the measurement reach) is 0.568 s 1, with 5% percentile be predominant [44]. The transverse spectra in Fig. 8d-f are
of 1.512 n¥ s ! and 95% percentile ow of 0.116 fms * not symmetric demonstrating the capability of the method to
[43]. The water depth and water surface velocity at eaetcount for the velocity components in theandy directions.
measurement site were: 350 mm, 0.36 m §Field Condition The more ragged ridges in the streamwise spectra for Field
1); 500 mm, 0.41 m s' (Field Condition 2); and 550 mm, Condition 3 (Fig. 8c) are likely to be an artifact of the
0.52 m s (Field Condition 3). The estimated uncertaintyyormalization or higher-order effects due to larger surface
of the surface velocity measurements was between 7% fieformations for this ow condition.
condition Field Condition 1 and 14% for Field Conditions Figure 9 shows the reconstructed frequency spectra of
2 and 3. The Froude number of the ow varied betweethe surface uctuations in the laboratory (Fig. 9a) and eld
0.19 and 0.22. The speaker and sound camera were heldFagy. 9b) experiments. These are compared with the spectra
a height between 500 mm and 700 mm above the water the data recorded with wave gauges for the laboratory
surface by means of a cantilever beam installed on two tripodsnditions in Fig. 9a. The increase in the spectral energy
(Fig. 6b), with a distance of 700 to 750 mm between thieom Lab Condition 1 to Lab Condition 4 is captured well by
speaker and the centre of the array. The incident acoudtie reconstruction, although the energy at frequencies below
signal had a frequency of 17.5 kHz. The water surface uct# rad s is largely overestimated. This is due to leakage
ations could not be measured directly in the eld. Their rmef the zero-th order term of the Doppler spectrum at the
average was estimated by integrating the frequency powBmwppler frequency o 0. Similar behavior of the
spectral-density spectra estimated acousticBIl{; y;! ). The reconstructed frequency spectra can be seen in Fig. 9b for the
estimated rms ) varied between 0.66 mm ¢=rmg ) = 29, eld dataset, although the lack of direct measurements of the
Field Condition 1 and Field Condition 2), and 4.63 mnsurface uctuations in the eld does not allow an evaluation
( o=rmg ) = 4:2, Field Condition 3), although the latterof the accuracy of the reconstruction for this dataset. The
could have been overestimated with the proposed method.relatively small slope of the reconstructed spectrum for Field
Figure 7 shows the normalized frequency-wavenumb€ondition 3 suggests a noisier and less accurate reconstruction,
spectra of the water surface reconstructed from the acousticich is con rmed by the more ragged appearance of the
signals recorded in the laboratory ume. The normalizatioreconstructed frequency-wavenumber spectrum in Fig. 9¢ and
was performed by dividing the spectra by their maximum &tand which could be due to the larger amplitude of the surface
each frequency to compensate for the rapid decay at high frectuations in this ow condition.
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b

Fig. 6. Photographs of the measurement setup for the laboratory (a) and eld (b) experiments with turbulence-induced water surface uctuations. The ow
direction is from left to right.
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Fig. 7. The normalized reconstructed frequency-wavenumber spectra measured in the laboratory experiments. (a-d): cross-section on the streamwise
wavenumber-frequency plane( x;0;!); (e-h): cross-section on the lateral wavenumber-frequency plai@, y;! ). Flow conditions: (a, e) Lab Condition

1; (b, f) Lab Condition 2; (c, g) Lab Condition 3; and (d, h) Lab Condition 4. (dashed line): dispersion relation of turbulence-forced surface deformations
(Eq. (23)). (dashed-dotted line): dispersion relation of gravity-capillary waves (Eq. (22)).

The reconstructed frequency-wavenumber spectra in the

laboratory and in the eld were tted with the theoretical TABLE |
dispersion relations (Eq. (22) and Eq. (23)) using the Matla FASURED AND EST'MATED;SEVRYSEﬂ?STY FOR THE FLUME AND FIELD

codekOmega[45], based on the work of Dolcetti et al. [19]
to estimate the time-averaged ow velocity = jUj. The

. . . Flow =rm Froude ow velocity (m/s
measured and estimated velocities are reported in Table kgong. o=ms( ) number | measured estﬁn(ated) error (%)
The difference between the measured and estimated valuesb 1 1988 047 [ 030 0.00 0.29 24
is smaller than 10% for the laboratory data and 14% for the-ab 2 137.7 053 | 040 002  0.40 0.7
e . . . lab 3 99.4 055 | 0.51 0.01 0.48 -5.9
eld qata, which is comparable with a typical uncertainty in | 4, 4 716 056 | 059 003 0.54 9.0
the direct ow measurements. Field 1 29.4% 0.19 | 036 0.02 0.37 2.2
Field 2 29.4* 0.19 | 0.41 0.06 0.45 10.1
Field 3 4.19* 0.22 | 052 0.07 0.59 13.6
V. CONCLUSIONS *Values estimated by integrating the reconstructed frequency power-

. spectral-density spectra of the water surface.
A novel method for reconstructing the frequency- P v sP

wavenumber spectrum of a dynamic water surface based on the
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Fig. 8. The normalized reconstructed frequency-wavenumber spectra measured in the eld experiments. (a, ¢): cross-section along the streamwise wavenumber:
frequency plane, ( x;0;!); (d, f): cross-section along the lateral wavenumber-frequency plafte, y;! ). Flow conditions: (a, d) Field Condition 1; (b,

e) Field Condition 2; and (c, f) Field Condition 3. (dashed line): dispersion relation of turbulence-forced surface deformations (Eg. (23)). (dashed-dotted line):
dispersion relation of gravity-capillary waves (Eq. (22)).

a) in turbulence-dominated environments such as rivers or par-
tially lled pipes. The spectrum reconstruction is based on a
10° [ rec.Labl | small roughness-amplitude expansion that can be interpreted
= rec., Lab 2 in terms of rst-order Bragg scattering theory. The limits of
5 rec., Lab 3 applicability of the method have been investigated with a
g rec., Lab 4 .
B — —— meas,, Lab 1 numerical model. The shortest roughness scale that can be
3 — — — -meas., Lab 2 reconstructed is limited to half of the acoustic wavelength. The
=1 105 — =~ -meas., Lab 3 spectral resolution of the reconstructed spectra is a function

|- = = meas, Lab 4 of the surface wavelength and is inversely proportional to the

maximum distance between the stationary phase points for all
microphones in the array.

w (rad/s)

o
=

The method has been validated in the laboratory and in
the eld for two- and three-dimensional surface roughness
patterns, demonstrating its capability to detect the presence

rec., Field 1 of different types of waves (dispersive gravity-capillary waves
rec., Field 2 . . .
rec., Field 3 and non-dispersive turbulence-forced surface uctuations) co-
existing simultaneously on the surface. Fitting the recon-
10 structed frequency-wavenumber spectra with theoretical dis-
persion relations for both types of surface deformations using
an existing algorithm [45] has allowed for the estimation of
10t 10 the ow velocity with an error of the order of 10-14%. By
w (rad/s) accounting explicitly for the complexity of the water surface
Fig. 9. The frequency spectrur,(! ), reconstructed from the experimentaldyrlamics in turbl-'”em O-WS a-nd by bein_g basgd on a bistatic
data. ta): from laboratory data; (B)I: from eld data. (dashed lines): frequen(gpometry to provide a high 5|gnal-to—n0|sg ratio, the_ proposed
spectrum of the surface uctuations measured with wave gauges. method is a robust and compact alternative for existing non-
contact river monitoring approaches. It could be rapidly de-
ployed on unmanned aerial vehicles [46] to monitor oods and
Doppler spectra of the scattered acoustic eld recorded withpresentative sections of river reaches. The approach could be
an array of microphones has been proposed. The method dedended to electromagnetic waves, complementing existing
not require any prior knowledge of the free surface dynamitschniques for the reconstruction of dynamic rough surface
to produce an estimate of the dispersion relation of the wafao les [47], [48] or for the monitoring of the ocean [49]-
waves, enabling the characterization of the surface dynamibd] and rivers [55]-[57].

10°

E(w) (mm? s)
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