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Scattering Observed at Low-Grazing Angles

Benjamin O. Werle Senior Member, IEEE

Abstract— The mathematical and statistical description of adequately collect and record. Such measurements also provide
waves on the sea surface has evolved over more than twoan important link between wave tank measurements and open-
centuries starting with Laplace (1776), Gerstner (1802), Airy \yaier results.

(1845), Stokes (1847), Kelvin (1887), and Helmholtz (1888). Most
of the major developments in this century are summarized by

Apel [1] who has derived an improved model for the ocean Il. EXPERIMENT DESCRIPTION
surface wave vector spectrum of equilibrium sea states. Part of ) o
the motivation for this paper is Apel's observation that “... in This paper presents a summary of directional wave spectra

spite of the incorporation of an anisotropic angular distribution  observed in images collected by hillside-located radars operat-
of ‘t"t’av‘? en?rgy, tthed Obfe{_‘:}ed dafimUt{“"?" vlariation of rgda(; ing in a fixed antenna mode viewing ocean lochs, sounds, and
scatter is not captured ...” The data set analysis summarize - -
in this paper sh(?w that wave group processeys are responsible coastal waters in experiments from 198_9 to 199.4 [7]_[10]'.
for directionally organized sea surface radar back scattering 1ne referenced documents and supporting archives contain
patterns, which are long lived and consequently extend over considerable ground truth data including meteorological, water
large areas. This includes crosswind traveling wave systems.column, water depth, pycnocline, current meter, and some
Af property of t‘r’]"a"e grou?h procrtlestsh StrUCt;"e isf IL‘e Steepe”iT”hg nondirectional wave staff data. Averaged and pulse-by-pulse
of waves as they pass throu e center of the group. The - -
mid-group sharpgnirr)lg of the %vaves, which can inch’udepcrest radar re'_[urns are also archived for most data set_s. as 18
spilling or breaking, significantly increases the radar scattering CO-Poresighted video for some data sets. The specific data
cross section observable with low-grazing-angle radars, usually applicable to the subject of this paper are the radar beam
most noticeable with horizontal (HH) polarization. Therefore, pointing direction and wind direction and speed at 10-m height.
low grazing angle (LGA) radar provides a vastly improved The wind data points are 1 min averages. Almost all the data
anizr;]so g?;péiemgth‘é"ggegmur’ phenomena over conventional ¢ olected at a grazing angle neamdth a range resolution
' of about 2 m. The azimuth beamwidth was approximately
Index Terms—Sea surface electromagnetic scattering, wave 10 The data range swath varied between a few hundred to
groups. a few thousand meters with the beam footprint center around
2 km from the radar. Information on a typical site and radar

|. INTRODUCTION configuration is provided in [7].

A surface radar backscatter data collected at low grazing
ngles (LGA'’s) can provide spatially resolved intensity [ll. DATA ANALYSIS

and doppler |nformat|_on on dlrectlongl wave patterns and g first fwo figures show examples of range time-intensity
Processes. Ra‘?'ars with range resolution on the order Of( [) images collected under moderate wind conditions. The
or 2_ m and a_Z|mu_th b_eamW|dths on the order bftave a upwind viewing conditions of Fig. 1 result in an RTI image
significant radlgl directional selecpwty for most of the raNg¢hat is dominated by linear features which indicate a constant-
of surface gravity wave lengths of interest, i.e., a few mete_rs\;8|ocity scattering process approaching along the radar line
a few tens of meters [_2]' A”a'YS'S of coherent dual-polarlzetg; sight. This is typical of data sets collected under upwind
radar data collected in the fixed antenna mode at LGASgitions by LGA X-band X = 3 cm) radar operating with
has already provided S|gn|f|cgnt information on the hature PFH polarization. Crosswind viewing conditions in Fig. 2 result
the_enhanced non-Bragg horizontal (HH)_backscafcter In tr"?Iinear features with both approaching and receding slopes.
regime [3]-{5]. I_Data _coIIected from seaside I(_)catlon_s bY @joser examination of the linear features reveals that they
r_ad_ar operated In a fixed antenna mode or W'_th a hlgh-ra&[ee not continuous, but periodic high-intensity spikes that
“m't_eq field-of-view scan _[6] are able to provide ess_entl%ere analyzed and recognized by Tulin [11] as resulting from
stat|st_|cal measures of point, linear, and area correlation passage of waves through the peak of their wave group
covariance functions of the sea surface backscatter that h@Y]@/elope where the associated peaks of radar scattering mark

previously been beyond the capability of instrumentation e progress of the wave group in the radar intensity map. The

, _ _ . slope of the linear features in RTI images is the wave group
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Fig. 1. HH backscatter for LL90 run 16, 16:23:15 to 16:27:01 GMT, 64 pulse averaging (0.128 s).
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Fig. 2. HH backscatter for LL94 Sept. 15, run 3, 16:25:24 GMT start time, range sample interval: 4.5 m/pixel. Time sample interval: 6.5 s/pixel.

The slope of the linear features in Fig. 1 (nominally 0.8f factors must be properly taken into account requiring a
m/s) gives the wave group velocity. For deep water gravity discussion, which is outside the scope of this paper.
waves, the phase velocity, is twice the group velocity RTI plots have been produced from data collected at exper-
yielding 1.8 m/s for the phase speed of the underlying waugents conducted from 1989 to 1994 under low to moderate
system. For deep water wind conditions for a variety of wind directions relative to the
radar line of sight. For about 100 images, the group velocity
value was derived from the range/time slope for each visible
where ) is the water surface wave length giving= 2.1 m. pattgrn of wave group Iines. For near gpwind or dpwnwind
The period of the underlying wave system is about 1.2 s. THEWING, usually only a single approaching or receding wave
period of waves peaking at the group center is twice the peri§iPUP line pattern was observed. For a number of crosswind
of the underlying wave. The time interval between many &@ses, both an approaching and a receding wavegroup line
the bursts can be seen to lie between 2—2.5 s corroborating Baétern were evident.
wave group nature of the process. The separation of the wavd he observed wavegroup velocities have been plotted in
group lines can be seen to be three or four wavelengths in mbigs. 3 and 4 for two ranges of wind speeds, low wind speed
areas. The average steepness of the underlying wave systerering 2—6 m/s in Fig. 3, and intermediate wind speeds
can be estimated based on the wavegroup length, but a nundmerering the range 6-10 m/s in Fig. 4.

2
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Fig. 4. Wave group velocities observed for moderate wind velocities 6-10 m/s.

The highest group velocities in Fig. 3 are where the radare more common than appears in these plots. This inability
line of sight is near upwind and downwind, i.e?,&d 180. In to see both approaching and receding wave groups is largely
some downwind images the wavegroup lines are more visilttee result of the signal processing and image preparation used,
for vertical (VV) than HH, but both polarizations see the samiee., time-averaged total intensity of HH or VV backscatter
wave group. Other data sets show that S-band (10 cm) [X0fsented in a black and white map format, resulting in a
and Ku-band (2 cm) radars operating with the same grazilignited effective dynamic range. More fine-grained spectral
angle see the same wavegroups. The limit on up and downwjprdcessing usually reveals the presence of the lower level,
wave speeds is the result of limited fetch along the radar limsually upwind wave group. The presence of bi-directional
of sight, nominally 1-2 km in most directions. Lower groupvave spectra has been recognized by early researchers for
velocities are observed for near crosswind viewing conditionsarrow wave spectra [12] and more recently [13] for extended
There are also cases where both an approaching and a recedinges of surface wavelengths as displayed in dispersion plots.
wavegroup were observed simultaneously, Fig. 2 being #¥ave group processes have been observed and analyzed [14],
example. Simultaneous approaching and receding wavegro{ds in upwind radar data. However, the degree to which
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