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Abstract: HF radar systems are widely and routinely usedlermeasurement of ocean
surface currents and waves. Analysis methods pitgseruse are based on the assumption
of infinite water depth, and may therefore be impdde close to shore where the radar
echo is strongest. In this paper, we treat thasdn when the radar echo is returned from
ocean waves that interact with the ocean floor. uktions are described which
demonstrate the effect of shallow water on radarestho. These are used to investigate
limits on the existing theory and to define watepths at which shallow-water effects
become significant. The second-order spectral griamgeases relative to the first-order as
the water depth decreases, resulting in spectratasen when the waveheight exceeds a
limit defined by the radar transmit frequency. Taffect is particularly marked for lower
radar transmit frequencies. The saturation limitwaveheight is less for shallow water.
Shallow water affects second-order spectra (whighsgwave information) far more than
first-order (which gives information on current oeities), the latter being significantly
affected only for the lowest radar transmit frequies for extremely shallow water. We
describe analysis of radar echo from shallow wateasured by a Rutgers University HF
radar system to give ocean wave spectral estimReatar-derived wave height, period and
direction are compared with simultaneous shalloiewen-situ measurements.
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1. Introduction

HF radar systems are widely used internationallgrovide continuous monitoring of ocean waves
and currents for a large range of environmentadlitmms.

Within the US, coastal ocean current mapping withrddar has matured to the point where it is
now considered an important component of regiomalan observing systems. A mid-Atlantic HF
radar network now provides high resolution covenaghin five localized networks, which are linked
together to cover the full range of the mid-Atlantioastal ecosystem. Similar regional networks
around the US coastline are being formed into enakt HF radar network.

While much of the focus of these networks until nbas been on offshore current mapping
observations, a longer-term objective is to devedod evaluate near-shore measures of waves and
currents. These investigations aim to understhaadriteraction of waves in the shallow coastal vgate
and how energy is transformed into the creatiodasfgerous rip currents along the New-Jersey/Long-
Island shorelines. Rutgers University radars cdkiese coastal regions at multiple frequencies from
4.5 to 25 MHz. Their echoes contain informationbath currents and waves from deep water up into
the shallow coastal zone, providing an excellechiae for such studies. This paper describes the
analysis of both simulated and measured radar teciemonstrate the effect of shallow water on radar
observations and their interpretation.

Radar sea-echo spectra consist of dominant fidsrqueaks surrounded with lower-energy second-
order structure. Analysis methods presently in assume that the waves do not interact with the
ocean floor, see [1, 2, 3] for phased-array-antdregam-forming systems; and [4] for systems with
compact crossed-loop direction-finding antennash 1 the SeaSonde.

The assumption of deep water is often invalid €ltwsthe coast and for broad continental shelves,
and is particularly inadequate to describe the sg:@vder sea-echo used to give information on ocean
waves., as second-order echo is often visible ablewanoise only for close ranges. To interpres thi
echo correctly, we show that the effects of shallater must be taken into consideration.

In Section 2, we give the basic equations desaibadar echo from shallow water, expanding on
the previous description given in [5]. In Secti®nsimulations are used to illustrate the effedts o
shallow water on waveheight, Doppler shifts andctpé amplitudes in radar sea-echo spectra, to
investigate limits on the existing theory and tdiredepth limits at which shallow-water effects stu
be included in the analysis. The effects of shaNeater on the radar spectrum are illustrated using
measured spectra. In Section 4, methods are applibe interpretation of measured radar echo faom
Rutgers University radar to produce wave directispectral estimates, which are compared with
wave observations from a bottom-mounted Acoustipfder Current Profiler (ADCP) moored in the
second radar range cell.

2. Radar spectral theory

It follows from the solution of the equations of tiem and continuity that long ocean waves are more
affected by shallow water. We define the deptlviaich waves interact with the ocean floor by the
approximate relation:



Sensors 2008, 8 4613

d/L <1/8 )

whered is the water depth ardis the dominant ocean wavelength. The deep-veatalysis must
be modified to allow for shallow-water effects imetcoupling coefficients, the dispersion equation
refractive effects on wave direction, and the diog@al ocean wave spectrum itself. We only consider
water of sufficient depth that effects of wave gyedissipation such as breaking and bottom friction
may be ignored; thus we operate in the linear waaesformation regime. As a general rule, this
assumption is valid when the water depth is grahtar 5% of the deep-water wavelength.

Applying the lowest-order shallow-water dispersemuation to first-order backscatter from the sea
gives the following equations fok!, the first-order spatial wave vector amg, the temporal
wavenumber of the ocean waves in shallow water ymog the backscatter. In this document, a
subscript or superscripg indicates a shallow-water variable; its absenadicates a deep-water
variable.

ky = =2k,

¥

1 1
= ]
(U_H_ n oo R ( 2)

wherek; is the radar wave vector, of magnituklg and %s is the Bragg resonant frequency in

shallow water which is given by:

W =29k, tanh(Jd) 3
with g the gravitational constant. The analogous relatfon second-order backscatter are:

k. +k, =2k,

{U_f = mJ gk, tanh(k d) —m 'ﬂ',f.:k;_ Tallh{'_k_;_d)
(4)

where k-"’k-"are the spatial wavevectors (with magnituttesk.) of the two shallow-water, first-
order ocean waves interacting to produce the seoaer backscattemm, m'are equal to +1, -1 for
waves moving toward, away from the radar respelgtive

The electromagnetic coupling coefficient has theeséorm as for deep water [5] but with shallow-
water wavevectors:

(k, . leg )k, . ky) 1 k5 — 2k . k,

1
VE .k, — koA }

ry, =05

(5)
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where A is the normalized surface impedance. The hydradymaoupling coefficient, derived by
Barrick and Lipa [6] through solution of the eqoats of motion and continuity, is a function of wate
depth:

l".\

H

=——|k+k'— '
2

mim'Jkk' o — m; (@’ —wé)

A

/ \3 N . —\3 a ]
;. (kk'— !:\f:] (m" +f0;; \]Jr (o{(m\/a) csch‘(k_‘d)+[m \/LT) csch‘(k\d)} |

(6)

where k and k' are the spatial wavenumbers of tadtexring waves in deep water. The deep- and
shallow-water spatial wavenumbers are related lasifs:

k=ktanhd) k'=k' tanhk',d) (7)

The total radar coupling coefficient® is the coherent sum of the hydrodynamic and
electromagnetic terms

=e+hs (®)

It can be shown from these equations that at cohstevenumber, the coupling coefficient
increases as the water depth decreases, resulteng increasing ratio of second- to first-orderrgpe
as the depth decreases.

In the following analysis, we assume that the deafer directional wave spectrum is spatially
homogeneous and that any inhomogeneity in shallatemarises from wave refraction. When energy
dissipation can be neglected, it follows from line@gave theory that since the total energy of the
wavefield, is conserved, the shallow-water wavecspen expressed in the appropriate variables is
equal to the deep-water spectrum [7]:

S (k,)=S(k ) o

where the deep- and shallow-water wave vectorsreleged by Snell’'s law and the dispersion
equation:

kcos@+ B) = k,cos@, + ) (10)
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Here P is the angle between the radar beam and the deptbur and® ¢ are the angles between
the radar beam and the shallow-, deep-water ocasasvespectively. Figure 1 illustrates refracabn

a contour between regions of differing depth.

Figure 1. Schematic geometry of the radar beam and an ogeaa train at a depth
contour, denoted by the dashed line. Wave angéemaasured counter-clockwise from

the radar beam to the direction the wave is movingxeasing‘gS 0 by 180° would

define an incoming wave.

Radar Beam |

Radar Site

The shallow- and deep-water rms waveheights aendoy:
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H? = [ [ S(k6)kdkde HZ = [ [ S(k,,6,)kdkde, (12)

Substituting (10) and (11) into (12) gives the daling relations which are useful for deriving the
shallow- from the deep-water wave spectrum and wérea:

© 27 © 27

H? = [ [ S(k,8,)3(k,6,)kdkdd, H? =[Sk, 0)37(k,8,)kdk do (13)

where the Jacobiatl(Ks:€5) is given by:

(ok) (06)
8= \ang Laka (k) (08) _ s k.dsech?(k.d) {Siﬂ(@sﬂ[)’)
ks, 6,) = - k_ tanhkd) sin@+ p)

(k) (ag)| \ok) \ag) } (14)

(ae.), (a6,

The first- and second-order radar cross sectiorshalow water at frequenay and azimuth
angleg are given by:

G wd)=k Y Sk b +(m'+ 1)’57)5@— m' w,) (15)

m'=+1
whereS (k,a)) is the directional ocean wave spectrum for wawvelner k and directiod [1.
27T

g(we)=k X [ ]Irisc6,+p+mm a6

S0 +g+ m'n)é'(a)— mygk_tanhicd) - m'/gk. tanhq(sd))gdksdé?s

where the coupling coefficierit, is given by (8). The values of m and m’ in (16jicke the four

possible combinations of direction of the two sm@tly waves. Common numerical multiplicative
constants in (15) and (16) have been omitted.antlwe shown from (4) that the wavenumbers of the
scattering waves are related as follows:

K's :\/ksz +2k,cos@,) +1 (17)

To compute the second-order integral in (16), weosk as integration variabl&s and the deep-
water angIeH. In terms of these variables (16) becomes
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@)=k 2 || I(ks,a)é(w—h(k.e»‘(%]

mm'=tx1 0 -

dhdé (18)

where
h(k ,6) = mJ/gk — m'\/gk; tanh(<d)
(19)
and
_ |2 : o [06,)
(.6 =[T [ S(k.6+ ¢+ m)S(K, 6+ ¢+ m' k| 5% |
>k (20)
(06,)
and where we have substituted (9) for the shallater directional spectra. The fact(grgesl kand

(%} are obtained by differentiation using (10), (114l 4h9).

4
To calculate the integral in (18), it is first redd to a single-dimensioned integral using theadelt
function constraint. The remaining integral is gaied numerically.
Frequency contours are defined by:

«-h(k,8)=0 (21)

which is solved fok as a function offor a given value ot.. Due to wave refraction, the shallow
water angle and wavenumber have discontinuitiesnwthe deep-water wave moves parallel to the
depth contour, i.e. when

0==p n-p (22)

where S is the angle between the radar beam and the deptbur.

Frequency contours are hence also discontinuoustauhis effect at deep-water wave angles
defined by (22). Examples of frequency contoursdieep- and shallow-water are shown in Figure 2,
plotted in normalized deep-water spatial wavevespmcek / (2k,). Normalized components q are

defined so thap is along the radar beam aqgerpendicular:

p=(k, + kcos@))/ (2k,)
q=ksin@)/(2k,) (23)

The discontinuities in the frequency contours areemmonounced when the contour is drawn in
shallow-water wavenumber space, as it follows frd®), (11) that there are discontinuities in the
shallow-water wave angle due to wave refraction.
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Figure 2. Examples of frequency contours for water of dep@im (continuous lines)
compared with the corresponding contours for deafgm(dashed lines).

Normalized frequency* [ g =1.2, 'B:GOdeg.
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It can be seen from Figure 2 that the deep-wateamevave numbers corresponding to a given radar
spectral frequency change with depth: they becoitieregreater or smaller than the deep-water
values, depending on the wave direction. Thisltesn the frequency of second-order peaks in the
radar spectrum changing with water depth.

The effects of shallow-water on measured radartspecre illustrated in Figure 3, which shows
measured spectra from a 5 MHz radar in five radage cells, with distances ranging from 18km to
60km. As the water depth decreases, the second-engegy increases relative to the first-order and
the frequency displacement between the first- awbrsd-order peaks decreases. In the outer ranges,
the second-order structure is almost the same femge cell to range cell, as the water is effettive
infinitely deep.
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Figure 3. Spectra from a 5MHz SeaSonde monopole antennageR®/ater depth:
(@) 18km/ 5 -20m (b) 30km/10-50m (c) 42km/ 20-7@n 48km/ 35-80m (e) 54km/
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3. Narrow-beam radar spectral simulations

To gain insight into the effects of shallow watg@mulated radar echo spectra were calculated for a
narrow-beam radar, using the model directional wspectrum defined in [8] which consists of the
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sum of two terms: a continuous high-frequency wiaVve spectrum and a swell component that is an
impulse function in both wavenumber and directidme swell component is defined by

S(k,8,) = HZ(6, - €)3(k, - K)) (24)
H,

where ,62’ K are the specified rms waveheight, direction andemamber. For this model, four

sharp spikes occur in the radar spectrum. Here ovesider only the second-order sideband for
whichm=1, m'=1, and assume water depths in the range 5-100m aat transmit frequencies of

5Mhz and 25Mhz. For these values, it can be shaunerically that Doppler frequencies are always
greater than the positive Bragg frequency. Therrbgam is taken to be pointing perpendicular to

parallel depth contours (i.@ =90° in Figure 1)
3.1 Effect of water depth on waveheight

For our model it follows from (13) that the relatghip between the shallow- and deep-water rms
waveheights is given by:

H: = H*\/[ sin@ + B)/sin@, + )

tanh(d) + K.dsech?(Kd)] (25)

This relationship is of course independent of radaquency and has many angle symmetries.
Figure 4 shows the ratio plotted as a functionegdtd for different wave directions.

Figure 4. The ratio of shallow- to deepwater waveheight plbtvs. depth for a 12 s
wave. Wave direction in deep water relative torigar beam: Red 180°, Blue 135°

-

1.2

-

o
@

o
'S

..............................................................

o
)
()
]
i
i
'
Fl
[
'
i
'
'
R S S e e
[
'
'
0
0
o
"
0
0
'
'
4
[
'
'
'
'
4
[
'
'
'
'
3
]
'
'
'
'
o
'
'
'
'
'
'
-
'
'
'
'
3
W
'
'
'
'
[

Ratio shallow-to-deepwater waveheight
=
(1]

0 10 20 30 40 50 60 70 80 %0 100
Depth (m)



Sensors 2008, 8 4621

It can be seen from Figure 4 that the waveheigiitlly decreases with decreasing depth as the
wave enters shallow water but increases at degtlosvkabout 20m, which agrees with [7].

3.2 Effect of water depth on Doppler shifts
It follows from (3) that for a given radar frequgndhe Bragg frequency decreases with depth,
causing the Bragg peaks to move slightly closeettugy. Figure 5 shows the Bragg frequency plotted

as a function of depth.

Figure 5. Bragg frequency plotted as a function of depth.
Radar transmit frequency: Red 5Mhz, Blue 25Mhz
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It can be seen from Figure 5 that the change iBthgg frequency with depth is small.

Figure 6 shows the displacement of the second-grdak from the Bragg frequency plotted as a
function of depth for an 11s wave moving at différangles with respect to the radar beam.

It can be seen from Figure 6 that as the waterhdéptreases, the second-order peak shifts toward
the Bragg frequency for waves moving toward thearadnd further away for waves moving away
from the radar. This is consistent with the twarlmhes of the contour plot as shown in Figure Ris T
effect is more marked for lower radar frequencied ean be seen in the measured spectra shown in
Figure 3 in which the second-order peak moves clasthe first-order as the range from the radar an
water depth decrease, with waves moving towarddatar.
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Figure 6. The frequency shift of the second-order peak froenBragg frequency for an
11s wave. (a) 5Mhz (b) 25Mhz. Angle between wawe radar beam: Yellow 0°, Blue

45°, Green 135°, Red 180°
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3.3 Effect of water depth on radar spectral amplitudes

It is shown in [8] that for the impulse-function e defined by (24), the ratiR of the second-

order to first-order energy is given by:
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R=2H7 (26)

r2

where the coupling coefficierit is evaluated at wavevectors defined%yks. [, increases with

decreasing depth and increasing wave period atemgadar frequency as illustrated in Figures 7 and
8, which also show that shallow water has a gresdfect as the radar transmit frequency decreases.

Figure 7. The absolute value of the coupling coefficiéntvs. depth for a 9 sec wave.
Radar frequency: Red: 5Mhz, Blue: 25Mhz.

:

g
(=]

0.025

g

0.015

0.010

:

(=]

Absolute value of coupling coefficient (radian/m)

15
Depth (m)

(3]
-
ol---

Figure 8. The absolute value of the coupling coefficientdespth for waves of different
period. Radar transmit frequency: 5Mhz. WaveqekriRed 15s, Blue 12s. Green 9s.

0.06

0.05

0.04

0.03

0.02}--

0.01

Absolute value of coupling coefficient (radian/m)

Depth (m)



4624

Sensors 2008, 8

Since the coupling coefficient increases as theéhdéecreases, it follows from (26) that the second-

This effect can be seen in the meaksure

radar spectra shown in Figure 3. Figure 9 showshbkoretical ratio of the second- to the firstesrd

order energy will increase with respect to theitst-forder.
energy obtained from (26) using our model for as Wave.

Figure 9. Ratio of second - to first-order energy for an MJiave. Significant

waveheight: 2.4m. Radar transmit frequency: (a)fz M(b) 25 Mhz.

Angle between wave and radar beam: Yellow 0°, Bb%® Green 135°, Red 180°
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It can be seen from Figure 9 that the ratio ofsbeond- to the first-order energy exceeds unigy (.
the calculated second-order energy exceeds thefuler energy) for depths less than about 8 nmafor
5MHz transmit frequency and for depths less thawuahOm for a 25 MHz transmit frequency.

This subsection demonstrates an important poimceSve have shown that the waveheight itself
actually decreases slightly upon moving into shallwater, while the second-order echo increases
significantly due to the rapid growth of the couglicoefficient, wrongly using deep-water inversion
theory to estimate waveheight will overestimates timportant quantity. We note that all previous
treatments and demonstrations of wave extractioe baen based on deep-water theory, even when in
fact many of the radar observations have been mnasteallow water.

3.4 Effect of water depth on breakdown of theoretical model

When the magnitude of the second-order energy appes that of the first-order, it is apparent that
the perturbation expansions on which (15) and &té)oased are failing to converge and they thezefor
cannot provide an adequate description of the ractam. This effect is similar to the well knownlaa
spectral saturation occurring when the waveheigiteeds a limit defined by the radar transmit
frequency. Above this waveheight limit, the radgrectrum loses its definitive shape and the
perturbation expansions fail to converge. The deafer saturation limit on the significant waveheigh
W, (defined to be four times the rms waveheightyiven approximately by the relation:

W, =2/Kk (27)

For shallow-water, the saturation of the radar spet is exacerbated by the increase of the
coupling coefficient and the radar spectrum sadsrédr waveheights less than that defined by (27).
We here define the shallow-water saturation lii, for the model to be that waveheight for which

the second-order energy equals the first-order tla@datioR is given by:
R=1 (28)

In practice the theory may fail before this limst ieachedW,, andW;, are plotted vs. depth in

Figure 10 for two different radar frequencies. &pths of 30m the saturation limits are approxinyatel
equal. At depths less that 30m, the shallow-wheit drops off sharply, particularly for the lower
transmit frequency. Thus the radar spectrum cagxpected to saturate at lower values of waveheight
in shallow water.

For waveheights above the saturation limit, theetaight predicted by the theory will be too high.
However the theory cannot be applied at all whensiicond-order spectrum merges with the first, as
then separation is not possible.
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Figure 10. Significant waveheight saturation limits for an-ddcond wave coming

straight down the radar beam. Radar transmit frecpuea) 5 Mhz , (b) 25 Mhz
Red: deep-water saturation linit,, , Blue: shallow-water saturation limi/g,
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3.5 Depth limits for significant shallow-water effects

We estimate depths for which shallow-water effdtsome significant as follows: For first-order

echo, the depth limit is defined by equality in. (1At this depth, the Bragg frequency defined Byi¢
96% of its deep-water value. For second-order esleogefine the depth limiD° at which shallow-

water effects become significant as the value athvthe coupling coefficient defined by (8) exceeds
1.25 times the deep-water value. Figure 11 platsdipthsD® vs radar transmit frequency for an 11s

wave.
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Figure 11. Depths at which shallow-water effects become sicgmit vs. radar transmit
frequency. Red: second-order echo. Blue: Firséoedho.
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Figures 10 and 11 help in assessing the validithefexisting deep-water methods. However
they are based on a wave model (24), which is geitrictive: waves of a single wavelength are
assumed to come down the radar beam. Also Figlurapplies only to an 11s wave. Performing
similar studies for more general wave spectral nsodebeyond the scope of this paper. However, we
observe that: (a) Shallow water effects are seorigr longer ocean wavelengths (b) Second-order
radar spectra fom=1, m'=1are strongest for waves down the radar beam. (e)stionger the second-
order energy for a given waveheight, the soonerrdtar spectrum will saturate as waveheight
increases. Therefore shallow-water effects willnbere marked at a given waveheight for a broad
nondirectional spectrum that includes longer wawglles e.g. the Pierson Moskowitz model (32).
These differences would probably not be large hanedue to the sharp cutoff of wave-spectral
models for long wavelengths. The opposite effewstsild be expected for spectra that include wave
directions not directly down the radar beam e cpralioid directional distribution. To summarizeshe
effects: W3, will be less andD® will be greater than the values shown in Figs.ab@ 11 for the

following changes from the wave spectrum (24): droandirectional spectrum, wave period > 11s.
W, will be greater and>® will be less for broad directional distributionvsaves nonparallel to radar

beam , wave period < 11s.
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4. Application to measured data
4.1 Data set

The results presented here are based on analyé®minute radar spectra measured by a 25MHz
SeaSonde located at Breezy Point, NJ. The tim@gdrom December 29 to 30, 2005, was chosen
because simultaneous coverage provided by the 8daSand a bottom-mounted ADCP allowed a
direct comparison to be made between results fiantwo sensors. The ADCP was located in the
second radar range cell in water of depth 8m. Tdthymetry in the area and the locations of the two
sensors are shown in Figure 12.

Figure 12. The coastline and bathymetry (contours in metarsund Breezy Point,
New Jersey, showing the positions of the SeaSande¢he bottom-mounted ADCP.

)

In our analysis, depth contours near the radaraasemed to be parallel to shore and the depth
profile is obtained from Figure 12.

Figure 13 shows measured spectra from the Breeiyt BeaSonde at three ranges: the second-
order energy can be seen to increase relativeetortt-order as the water depth decreases.
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Figure 13. (a) Spectra measured by the 25MHz SeaSonde ar\BRs@nt. at 1:00pm
12/30/2005. Range: (a) 3 km (b) 6 km (c) 9 km.
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4.2 Interpretation of the radar spectra

Lipa and Barrick [5] describe the extension of trarow-beam theory described in Section 2 to
apply to a broad antenna system such as the SeaSas&lming ideal antenna patterns. From the
antenna voltage cross spectra, we form as inteateediata products the first five Fourier angular
coefficients of the broad-beam return over a setkatange ring surrounding the radar. These

coefficients, designated by the index n =-2,0,11, 2, are defined in terms of the narrow-beast fi
and second-order return through the relation:
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b (w) = | 0, (@ )i, (#)dg (29)

where the integration over azimuth angles performed over open water around the radarerang

cell and the superscripts refer to first- and sdemrter respectively. The narrow-beam radar cross
sections a;'z (w, @) are defined in terms of the ocean wave spectrunlby, (16). Following the

notation in [5], the trigopnometric functiort(®) are given by

tf (@) =sin(ng) n<0
=cosfg)n=0

As described in [4], there are three steps in therpretation of the radar spectrum to give deep-
water wave information.

a) The first- and second-order regions are seghrate

b) The first order region is analyzed to give tbean wave spectrum at the Bragg wavenumber. It is
assumed that deep-water theory is adequate forstieis, as Bragg waves are short and hence
insensitive to the effects f shallow water, seaiFagp.

c) Second-order radar spectral data is collectaah the four second-order sidebands of 10-minute
averaged cross spectra and fit to a model of tbp-@l&ter ocean wave spectrum. Least-squaregfittin
to the radar Fourier coefficients is used to deggéimates of the significant wave height, centroid
period and direction. During this step, the secordkr spectrum is effectively normalized by thetfir
order, eliminating unknown multiplicative factoreoduced by antenna gains, path losses etc.

Shallow-water analysis requires a further step:

d) The shallow-water wave spectrum is calculatethfthe deep-water spectrum using (9)—(11).

(30)

4.3 Model ocean wave spectrum

For our analysis, we define a model for the deefewvacean wave spectrum as the product of
directional and nondirectional factors:

Sk, #) = Z(k)cos“(¢ _2¢*j (31)

The directional factor in (31) has a cardioid disttion around the dominant directidh . For
describing the second-order spectruqin*, is taken to be the dominant long-wave directioor F
describing the first-order spectrur‘ﬁ,* is the short-wave direction, which is assumededhe same as
the wind direction. For the nondirectional spectmwmuse the Pierson-Moskowitz model Z(k):
Ae—0.74(kclk)2

k4

whose parameters are the cutoff wavenunfbend a multiplicative constant A. The waveheight,
centroid period and direction can be defined irmterof the model parameters. The significant
waveheight follows from the directional spectrunotigh the relation:

(°°V2 \1/2

W = 4{ j j S(k, ¢)dkd¢J (33)

0y

Z(k) = (32)
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It can be seen from Figure 14 that southerly wiveks to the northwest after the passage of a storm
front. Subsequently the wave height and periode@m®e suddenly. Spectral saturation may be
occurring at the peak of the storm, causing ovienasés in the waveheight. Wave direction remains
about the same, as due to wave refraction, wavectns in very shallow water are nearly
perpendicular to the depth contours. Both raddrADCP are observing directions in shallow water,
hence this perpendicular condition is being enfdrae the longer waves, although the wind direction
driving short waves is seen to change significaotdgr this storm period.

Table 1 gives the bias and standard deviation letwwiee SeaSonde and ADCP measurements of
waveheight, wave period and direction, for the speriod waves before the storm and the longer-
period waves afterwards.
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Tablel. Comparison statistics, radar vs. ADCP.
Before storm After storm

Waveheight
Standard deviation 0.25m 0.35m
Bias -0.23m 0.17m
Wave Period
Standard deviation 0.76s 0.60s
Bias 0.70s -0.27s
Wave Direction
Standard deviation 13.8° 19.7°
Bias -9.5° 17.0°

To emphasize the necessity of taking shallow wiateraccount for this location, we estimated the
waveheight assuming infinitely deep water. Figuteshows the SeaSonde results together with the
ADCP waveheight. Clearly waveheight is overestidatath this assumption. The simulations
described in Section 3 indicate that the causehisf dverestimate is the failure to account for the
increase of the coupling coefficient in shallow erat

Figure 15. Significant waveheight:
Red: SeaSonde calculated assuming infinite watghd8&lue: ADCP.
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Table 2 gives the bias and standard deviation lestilee SeaSonde and ADCP waveheight
measurements, with the former calculated assumiingtely deep water.

Table2. Comparison statistics, radar vs. ADCP assuming deser.

Before storm After storm
Waveheight
Standard deviation 0.25m 0.95m
Bias 0.19m 0.90m

5. Conclusion

We have presented the theory of narrow-beam HF ssleecho from shallow water and illustrated
the effect of decreasing water depth using simaatifor a simple swell model of the ocean wave
spectrum. The second-order spectral energy incseasative to the first-order as the water depth
decreases, resulting in spectral saturation whenadveheight exceeds a limit defined by the radar
transmit frequency. This effect is particularly ke for lower radar transmit frequencies. For
waveheights above the saturation limit, the pegtiom expansions on which Barrick’s equations (15),
(16) are based fail to converge. The saturatioiit kim waveheight is less for shallow water. Shallow
water affects second-order spectra (which givesewaformation) far more than first-order (which
gives information on current velocities). Figure shows the depths at which shallow-water effects
become significant plotted as a function of radaqgfiency for an 11s wave. We discuss how the
waveheight and depth limits would change for a nyeneeral model.

The shallow-water theory was then extended to afgplyroad-beam systems such as the SeaSonde
and applied to the interpretation of two days afaradata measured by a 25Mhz SeaSonde located on
the New Jersey shore. During the measurement pexistbrm passed over the area. An ADCP was
operated in the second radar range cell in waterd@®p. Radar results were compared with
simultaneous ADCP measurements. The comparisonremniaspects of the theory presented in
Section 3. For the longer period waves occurriftgrahe passage of the storm front, the standard
deviation between SeaSonde and ADCP waveheighturezasnts decreased by a factor of three when
the effects of shallow water were included in thalgsis, and the bias decreased by a factor of. fiv
Possible explanations for the remaining discreganare (a) the assumption of parallel depth cosatour
(b) the assumption that the wave spectrum is homemes in the circular radar range cell (c)
saturation in the radar spectrum around the pe#tkeo$torm, which, as discussed in Section 3, leads
the over-prediction of the waveheight.
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