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A . SUMMARY
A % -
I ! In June, 1980, a limited programme of sky-wave radar measurements was undertaken to
i . . investigate the feasibility of measuring sca-state characteristics off the coast of Newfoundland, The .
7, : . programme involved the collection of data by the Communications Research Centre's (CRC) Sampled (
‘13 Aperture Receiving Array (SARA) facllity at Ottawa, the compilation of ground-truth maps of wave A
'{i _ height, wind velocity and ice coverage by tha Centre for Cold-Ocean Resources Engineering (C-CORE) in ;
" 1 Newfoundland, and data analysis and interpretation by both agencies, Transmissions were provided, as B
‘;% . part of a co-operative programme which involved other projects, by the Rome Air Development Centre
I transmitter facility at Ava, New York,
:% . A number of day~time experimental runs were made betwesan October, 1980, and April, 1982,
3] . Because it was fult that ionospherie disturbances would preclude the recording of useful results, runs

were made, &s much as possible, only during periods of relatively quiet ionospheric conditions.

As was expected from the earlier experionce of U.8, workers, maps of wind direction usually

a3 i could be derived from the data, hut maps of wave heights were quite sparse: leas than one-quarter of d
M the data were useful. 1In Eact, since the acceptance criterion developed by the U,8, workers was found b
s to rejact virtually all of the Canadian data; a manual acceptance technique had to be amployed. While
JN ' this technique has made poasible the recovery of experimental results, it would be impractical an P !
. operational radav, 7

Netermination of other sea-state characteristics, such as sea-wave spectra, the magnitude of
A the swell component, or independent measurement of wind speed, wus not powsible from the data
3’ . collected,

Almost all of the results were obtained by means of reflections from the F2 layer, with a few

“f - returns from the Pl layer during a period of moderate ionospheric disturbance, No effort was made to
. utilize E-region reflections since, {n general, thesa were not observed during the periods of
g ! operation.

A considerable fraction of Lhe analysis procedures had to be directed towards averaging and f
. alignment of the sea-state spectra, in an attempt to reduce the degradation caused by ionospheric {
Doppler offset and omear, ‘This problem was exacerbated by the necessity for rvelatively long
; . observation periods, 50 to 100 seconds, to provide adequate vesolution in the ssa-state spectra, in
the presence of short persistence times of ionospheric propagation paths, usuaslly only a few seconds
(and possibly only fractinns of seconds).

‘ It is hoped that, when the final analyeis is complete, both an analysis algorithm and an
accaptance criterion will emerge which will indicate the practicability of operation of a sea-state
radar in areas close to the auroral gome, g

| ] A 1.0 OVERVIEW OF THE EXPERIMENT

i

1.1 HISTORY
[ An exploratory programme of experimental sea-state measurements began in Canada early in 1980,
X involving & number of agencies:

- the Communications Research Centre {CRC) of the Department of Communications, which operated
the Sampled Aperture Receiving Array (SARA) system at Ottawa;

) : T - the NDepartment of National Defence, which provides funding for all SARA activities;
- the Centre for Cold Ocean Resources En:ineering (C-CORE), at 8t, John's, Newfoundiand;

~ the Department of Fisheries and Oceans, which sponsors various programmes at C-CORE;} and

i : = the Rome Air Development Centre (RADC) which provided signals from their transmitting R
} facilities at Ava, New York.
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In June, 1980, a planning meeting was held in the offices of C~CORE, attended by

vepresentatives of each of the Canadian agencies and by Mr, William Sandham, from the University of
Birmingham in the United Kingdom. Mr. S8andham's address served as an introduction to the field of )

sea-atate research ag well as a deacription of the currvent activities at the University of Birmingham
and Appleton Laboratories [1,2,3,4], The objective of the Canadian programme, as defined at the
meeting, was to "establish, in Canada, the technology for measuring sea-state and other ocean
parameters, using "igh-frequency skywave radar, with a view to improving the accuracy and timeliness
of information use.l in support of the operations of the Department of National Defence and the

Department of Fisheries and Oceana",

A plan of action was agreed upon, which encompassed initial trials in late 1980, davalopment
of analysis procedures and conduct of the experiment throughout 1981, and final analysis in 1982,
Later, this plan was sxtended to allow additional observations in 1981/82, and analysie to continue

into 1983, The analysis activity is still in progress,

The Department of Communications personnel set up and carried out the experiment, and
convertai the recordings to a data~hase of calihrated, range~gated data stored o.. magnetic tape,
C-CORE personnel set up and oparated a transponder (supplied by CRC) at a site near 8t¢. John's, and
compiled hindcast maps of surface-truth data for each of the ohserving days. Both agencies analyzed -
and interpreted the results, and will separately and jointly produce reports on the findings. N

Assistance by the Rome Air NDavelopment Centre, to provide signal transmiseions, vas required
because the SARA system, originally built to carry out phase-front studies in support of
direction-finding ressarch, did not have a high-powar transmitting facility,

A saparate, indapendant programme of shore-based measurements, using a Coastal Ocean Dynamica
Applications Radar (CODAR), wai carried out by C-CORE, funded by the Depariment of Fisheries and

Oceans,

1.2 COVERAGE AREA

The coverags area for the experiment is illustrated in Fig. 1. The width of the area wvas
established by the beamwidth of the transmitting antenna, approximately 65 degrees. The maximum range
was limited by the signal levels that could be achisved and by the volume of dats that could be han-
dled for analysis. 1In early trials, returns were recorded from the Gulf of Bt, Lawreace, but later
that area was ignored to concentrate effort on the areas adjacent to Newfoundland,
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FIG, 1 Coverage Area for the Canadian Sky-Wave
« Sea-State Experiment

The azimuthal extent was detarmined by
the baamwidth of the transmitting antenna.

In the sarly trials, problems of array ambiguity limited non-ambiguous coverage to a narrow
sector near the northern tip of Newfoundland and in the Gulf of 8t. Lawrence. A re-designed array
configuration later permitted non-ambiguous reception over the entire illuminated area.

1.3 SARA OPERATING TECHNIQUES

Tha BARA system [3] has the uninue capability of separstely recording the signal received by
each alement in the antenna array, using phase-locked quadrature detectors in each roceiver to
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preserve both phase &ad amplitude information for later construction of antenna besms during analy-
sie, In this way, the system can simultansously observe all azimuths that are illuminated by the
transmitter,

1.3.1 Range Selaction and Anslysis

The system uses frequency-modulated continucus-wave (FMCW) signals to permit discrimination in
range, The precisely~controlled swept-frequency signals, after reflection from a target, return to
the receiver with the usual delay, As {llustrated in Pig. 2, comparison of the receiveu signal
against a locally-generated replica of the transmitted signal converts the time delay to a frequency
offest. Targets at differant ranges appear at different output frequencies, which makes the extent of
the observable interval in range decendent upon the bandwidth of the receiver.

Discriminstion in range {s accomplished by the application of a complex Pourier transform to
the output signal, which divides the range fnterval into a number of range cells, sach representsd hy
a spectral line. The content of each cell represents the complex wummation of all targets, at that
particular range, for all asimuths,

The bendwidth of the raceiver, and thereby the number of range cells that can be observed
simultaneously, is limited by the maximum sampling rste of the data-recording system, Por the sea-
state sxperiment, the parameters selected yielded a 72 km range interval, resolvable into 24 indepen~
dent range cells. Rach sweep of the signal waveform provided a fresh estimate of the contents of
these 24 cells, Yor convenience in the analysis, the interval vas divided into 32 not-quite~indepen-
dent cells; later sections of this paper will refer to groups of )2 cells,

The position of the vange interval, relative to the SARA site, ie set at the time of
recording, by delaying the start of the locally-generated replica of the sweep by an appropriate
timing offert, The signals recorded repressnt the contents of an annulus or “range ring", about the
radar, whicn has a radius set by the selected value of range offset and a range extent established by
the receiver bandwidth, Of course, signals are observed only from that sector of the ring which
intersects the area illuminated by the transmicter.

1.3.2  Beam Forming

Range-ring analysis is carried out for all of the signals recorded from all of the elements in
the array, From those results, antenna beams asre then eynthesised by complex summation of the signale
from corresponding range calls from each array element, after application of phass adjustments appro-
priate to the selected beam direction., This procedure is repeated for sach of the 32 range cells,
and, of course, is carried out for all of the frequency sweeps, each representing a fresh sample of
information, The entire procedure must be repeated for each selected beam direction,

The besn direction is a line at an angle relative to the line of the array. When rotated
about the array 1ine, the beam direction describes the surface of a cone. Yor this reason, the selec~
ted heam directions are commonly referred to as "cone angles"; conversion of a cone angle to a bearing
on the earth's surface requires an estimate of the elevation angle of the signal path, Ter this
experiment, elevation angles were estimated externally by the uoe of vertical ionograms,

1,3.3  Heasurement of Doppler fpectra

With reference to Fig, 2, it can be seen that Doppler offset of a returuing signal is indie-
tinguishable from an incrament in range. The cesulting error is made negligible by the appropriate
choice of operating parameters, However, the Doppler spectrum contains the information needed for the
experiment and so it must be extracted from the data,

Since the analysis procedures preserve both the phase and amplitude {nformation of the signals
representing the range cells, a complex Fourier transform applied to a sequence of samples from a
particular range cell will produce a measura of the rate of change of range with time, which, in fact,
is the Doppler spestrum, The repetition rate of the tvansmitted sweeps and the duration of the obser-
vation establish the Doppler bandwidth and the doppler resolution, ruspectively, The traneformation
is performed for all range cells and for all selected heam directionas.

This final step in the routine analysis generates a Doppler spectrum for each ocean cell in
the coverage area. These spectra are recorded on magnetic tape for the interpretive analysis to
follow.

2.0 pACILITIRS
2.1 RECEIVING BYSTEM

The SARA antenna arvay comprises 90 independent erray elements, laid out in the shape of &
cross, as i{1lustrated in Pig. 3(a)., The array used for an expsriment may be tailored to the
requirements of that experiment by the selaction of any combination of these elements. Unused
elemants usually are removed. The number of elements used in an experimwant ie limited ultimately by
the maximum sampling vate of the data~recording system, taking into consideration a number of
intercelated fantors such ae resolution in range and Doppler, range window, Doppler bandwidth,
acceptable levels of aliasing in rvange, and the available selection of sweep rates and receiver ocutput
filters. For the sea-state massuremants, the parameters chosen dictated an array eise of 42 elemants.

Two 42-element configurations were tried. At first, in sn attempt to obtain the winimum
possible beamwidth (less than 1 degree), a sparse selection of slements was made along the full extent
of the array, as illustrated in ¥ig. 3(b)., Tha 32 closely=spaced central elements wers combined in
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pairs, reducing their number to 16 to allow all 26 of Lhe outer elements to be used, Although this
configuration was known to be ambiguous, it was thought that the ambiguities could be resolved or
ignored, as had heen possible in direction-finding expariments, To a large extent, this was not the
case, however, and so the array had to be reconfigured, Some results were rescued from this early
attempt by deleting the signals from the outer elements during the analysis procedures, producing a
wider beam pattern with a capability for non-ambiguous reception from a small sector in the middle of
the intended coverage area,
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The design of the second configuration, illustrated in Fig. 3(c), tonk thess problems into
account and accepted the wider beamwidth of.a shorter array to aveid ambiguous responses within the
coverage area, To reduce sidelobe responses, the design of the array necessarily included the
application of an antenna-shading "window" function, In this case a cosine-squared window, applied as
a function of distance along the array, suppressed sidelobe rasponses to a level about 20 decibels
below the response of the main lobe, The beamwidth of the shortened array, with the "windov" applied,
was about 2 degrees.

For analysis of tha limited coverage sector of the original configuration, the same window
function was applied to the same array extent that wae used in the second configuration, and the
responses of the outlying elements were set to sero. [his produced a heam pattern nearly identical to
that of the second configuration, except for the ambiguous responses that emerged when the beam was
steered outside the limited coverage srea.

The SARA receiving and data-recording system is illustrated in Pig, 4, Important featutes of
the systam are!

(1) the antenna selection panel, whera the selected array elementa ara fnterconnected with the
bank of receivers;

(i) the computer-controlled local-oscillator and frequancy-sweep generator, which perform the
functions of timing the receivers and de-ranping the swept-fraquency signals by providing
phase-matched local-oscillator and reference signals to all receivers;

(i4{)  the sample-and-hold unit which freemes the values of all of the receiver output signals vhen
triggered by & sampling pulse from the timer;

(iv) the multiplexer, which sequentially scans the voltages held by the sample-and-hold unit,
folloving each sampling pulse;

(v) the analogue-to-digital converter, which converts the signals to 12-bit digital
representation;
(vi) the computer, which manages the task by controlling timing, event saquenca and frequency

valection, and formats the data into records for transmission to the tape recorder;

(vii) the frequency standard, to which all frequency-generation and timing functions are
synchronized,

TENMA GELECTION PANKL

RECRIVENS

OBCILLATOR SAMPLE AND HOLD UNIT

DIBTRIBUTION

W 0
M

COMPUTER

PFARQUENQY
STANDARD

FIG. 4, The SARA Receiving sud Data-Recording System

The required high precision of signal frequency selection and timing control is
established by the rubidium frequency standard.

The receivers are locally-designed double-suparheterodyne units, tuned acrose the 2-30 MHx
band by computer gselection of local-oscillator frequencies. Each receiver contains a quadrature
deteactor which parforms a third frequenty translation to shift the output centre frequency to sere,
vith "positive" and "negative" tr.?ucncy bands resolvable from the quadrature signale. The output
bandwidth of each receiver, established by interchangeable posrt-detection low-pase filters, is quite
narrow. Por the sea-state axpariment, the bandwidth used was +60-Hs, Bach receiver has an indepen-
dent automatic-gain-control (AGC) circuit. To enable restoratTon of the input signal volteges during
analysis, the individual AGC control voltages were also oampled and recorded.
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The signals from each receiver had to be sampled at a rate high enough to avold significant
alissing ("Nyquist folding"), Tor the sea-state axperiment the two output signals and the AGC voltage
from sach of the 42 vecaivers had to be sampl.d at a rate commensurate with the 60-Hs filtere. This
vorked out to a total sampling rate of 25200 samples per second, This was easily handled by the
analogue-to~digital converter, which can operate at rates up to 435000 samples per second, but
approachad the limiting rate of the tape recorder, which can accept up to about 27000 data words par
second.

lonograms wera received by the same system, uoing a separate receiver and a separate antenna.
The output bandwidth of the ivnogram receiver is wide, to permit observation of the entire range of
interest., tonograms were analyred on-line, for immediate presentation, and were also recorded to
permit later re-analysis if neceasary.

The Honeywell DDP516 computer system was also used for analysis taske, both on-line and
vEf=1ine, It is quite fast, despite its age, and is limited in capability only by the relatively
small capacities of its mamory and disc recorder, and by the availability of only one taps recorder,
The computing facilities lnclude a dot-addressable dot-matrix printer which, in concert with a full
range of graphics software, can genarate a variety of graphic print-outs, including Doppler spectra
and gray-scale ionograms, all at high speeds.

2.2 TRANSMITTER

The target ares in the ocean vas {lluminated by signcls transmitted from the RADC transmitter
facility at Ava, New York, That facility has available both a sslection of transmitters and a
selection of antennas, RADC is licensed for the transmission of low-power continucus sveeps across
the entire band, and for high-powar narrow-band sweeps within a series of 200-KHs bands distributed at
approximately 2-MHx intervals across the band. The low-pover continuous sweep mode i3 used for the
generation of fonograms, the high-power wode for radar operations,

The sea-state experiment used & rotatable horisontally-polarised log=periodic antenna which
had an asimuthal beamwidth of about 63%° over its operating range of 6.5 to 30 MRz, This antenna was
mounted on a 3S-metre tower, which resulted in some unavoidable areas of poor illumination because of
nulls in the elevation pattern. Power levels ware limited to 5=10 XKW for {onograms; 10-1% KW for
vadar, Although more radar power would have improved the signal-to-nolse ratio in some cases, thin
was not possible bacause high power caused flash-over and damage to the antenna at the higher
frequencies,

2.3 TRANSPONDER

A transponder, built by Stanford Research Intarnational, was installed at St. John's,
Nawfoundland, to provide a caiibration point in bearing and range., The unit was operated continuously
on all observing days, retransmitting all received signals with 8.3-Hs, suppressed-carrier amplitude
modulation to gene a false-range, falee-Doppler signature in the Doppler spectra whenever the
analysis procedures selected the range cell surrounding 8t. John's, A directional array of Beverage
elements was used as the ancenna to provide a large cross-sectional area in the direction of Ottawa.

3.0 ANALYSIS TECHNIQUES

Analysis of the data recorded in the axperiment was separated into four taske:

) Analysis and presentation of ionograms, from which operating points were selected and virtual
heights were derived;

(ii) Conversion of the recorded narrow-band "chirp'" radar signala to a data~base of calibrated
ranga rings;

(iii) Beam-formiug and doppler analyeis of the range-ring data to define Doppler spectra from indivi
individual range celle; and

(iv) Interpretation of NDoppler spectra to derive sea conditions,

The first two of these Lasks vere carried out entirely at CRC/BARA; Lthe lattar two weras
undertaken independently by both CRC and C-CORE. CRC effort was concentrated upon tachniques of
measuring wave-height; C-COR® effort upon techniques of automatic generation of wind-field maps by
measurement of wave direction.

3.1 Analysis and Presentation of lonograms

Ionograms were analysud and presented in real time by the SARA control computer, Although not
wquipped with a hardware fast-Fourier processor, the Honsywell computer is fast enough to convert
incoming awept~fraquency signals to ionograms in real time. V¥ig, 5 is a reproduction of a gray-scale
backscatter ionogram which was drawn originally on a plain paper sheet approximately 28 X %0 cm, uaing
the dot-addressable matrix printer attached to the computer.

A new ionogram was ganerated every 15 miunutes, followed each time by the racording of two

radar vuns at two ranges selected from the ensemble that covered the area of interest. Both the
ionogram signals and the radar signals weres retained on tape,
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FIG, 5, Backscatter lonogram

These were generated avery fifteen minutes during experimental runs. The SARA
control computer performad the required Fourier anulysis and conversion to a
graphic print-out in real time,

A portion of an overhaad, nearly-vartical ionogram appearad in the lowar left corner of each
backacatter {onogram, resulting from illumination of the overhead ionosphere by sidelobe radiation
from the transmitiing antenna, Only the upper end of the overhead trace was available because of the
6.5 Mis lover operating limit of the transmitting anteana, but this was usually enough Lo determine
the virtual height of the overhead ionosphere at the selected operating point, taking into
consideration the usual transformation for angle of incidence. As {s often the case in sea-state
expariments, the lonosphere above the receiver was assumad to be a valid indicator of fonospheric
conditions at the actual radar reflection point about 1000 Km away,

The backscatter trace, extending outwards from the double~hop overhead trace, was used for
selection of the operating point. A technique for the optimum selection of signal frequency, based on
the use of a nomogram overlay in conjunction with a complete overhead ionogram, has heen described by
U.8, workers [6]. Although the required vertical ionogram could have been generated by the use of
CRC/SARA transmitting equipment, use of that tachnique would have provided little actual banefitc,
because of the very limited list of available operating frequencies, For this reason, operating
pointe were chosen simply by selecting the highest available operating frequency that placed the range
of interest behind the leading edge of the backscatter trace.

3.2 Generation of the Range-Ring Data Base

Conversion of the recorded signals to & set of calibrated vange rings wae the routine,
although time~consuming, task of Fourier transformation of all of the de-rsmped narrow-band sweeps
from all of the receivers, This process converted the 512 individual "chirp" swveeps, recorded during
each 102.4 second obsscvation dwell, to 512 time samples for each of the 32 range celle. The
resulting range-ring data file for each radar observation comprised 512 complax samples of 32 range
cells for each of the 42 antenna elaments.

The recording rate was high enough to permit & substantial "guard band" [7) for protection
against Nyquist folding; signals aliased from cutside the accepted range interval were suppressed more
than 25 decibels, The data bave was compiled at the CRC computing certre at a rate of about 6 to B
data tapes per week, requiring a period of several weske to process tha recordings from one observing
day.

3.3 BRAM-FORMING AND DOPPLER ANALYSIS, CRG
At CRC, the task of beam-forming and Dopplear analysis was performed separately from
interpretation in order that procedurcs requiring large storage arrays could be carried out at the CRC

computing centre, while procedures involving spectral selection and alignment could be handled on-line
at the BARA computer console,
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3.3.1 Beam-Forming

Antenna beams were formed by the complex aummation of signals sampled at the various elements
along the array, after appropriate adjustments iu phase, Use of this technique, rather than the
equivalent but more efficient techniqus of Fourier transformation, wus required because the elements
in the array were not uniformly spaced. An advantage of the complex-arithmetic technique was the
capability for arbitrary seclection of azimuthal directions, independent of the array direction or the
radio frequency,

Beams were formed for a {ixed array of directions, at two-degree intervala, from a bearing of
51 degrees, which is part way up the Labrador coast, to 81 degrees, which is south of Newfoundland,
The southern limit was sometimes uxtended to a bearing of 93 degrees, which was the limit of the
il1luminated area,

3.3.2  Doppler Analysis

Using fast-Fourier techniques, Doppler spectra were derivad for each range cell in sach
selected beam direction, and for each observation interval,

Although the langth of the observation interval had been set at 102.4 seconds at racording
time, it was known that thers would be problems of interpretation of a non-stationary process becauss
individual ionospheric paths frequently exiat for only a fuw seconds at a time, particularly at high
magnetic latitudes [8]. Fourier analysis implicitly assumes & statistically stationary signal, but a
long obsarvation of & sky-wave signal may encompass the sum total of several propagation conditions
vhich have appeared and disappearad at different times during the interval, In the final result,
these appaar as multipath components. To analyze the rucorded data, a compromise had to be struck
betveen a ralatively long averaging time, which provided fine resolution in the Noppler spectra, and
degradation of the spectra resulting from the non-atationary procuss. All of the CRC analysis has
baen carried out on half~intervals of the racorded data, i.sa., each 102.4-sucond recorded interval has
been treated as two contiguous S51.2~second intervals.

To suppress spectral leakage, with a minimum of line broadening, a Blackman-Harris minimum
thres=tern window {9] was applied to each of the half-interval segments of the data. This brought
sbout the required improvement but resulted in the suppression and affective lose of a considerable
amount of data at the ends and in the middle of the observation interval, By re~analysis of the
half-interval hetween the one-quarter and three-quartervs points of the interval, and application of
the same window, a third time interval was defined, permitting the recovery of much of tho lost data
and the genstration of a third spectrum,

The three spectra, vepresenting time Lntervals which overlapped 50%, actually were only 10%
corcalated because of the effect of the window function., Hence sach range cell was represented by
three nearly-independent Doppler epectrs, producing a total of 96 spectra for the 32 range cells in
sach asimuthal direction, for each obsarvation interval, Thess wers recorded on a tape readable by
the SARA control computer,

a4 INTERPRETATION OF DOPPLER SPECTRA, CRC

The Doppler spectrum of a radar signal reflected from ocean vaves is characterised by two
"Bragg" psaks: strong spectral lines resulting from focussing of the reflected energy by the ragular
pattern of the waves, in & mechanism analogous to a diffraction grating, Thess paake are superimposed
upon a pedastal of second-order reflections which form a continuum of returns across a spectral width
of about 2 Hs, 1In theory, several measures of sea conditions can be derived from this Doppler
signature, These include wave haight, wave direction, wind speed, sea-vave spectrum, dominant wave
period, and velocity of ocean currents [10]. Since all of thase are related to some aspuct of the
Doppler signature, the accuracy of measurements made by a sky-wave radar is degraded by the variable
Doppler offset and Dopplar smear imposed upon the signal returas by motion of tha lonosphers. 1In
particular, from signals reflected by the ionospheric F layer, only two sea conditions may be
observable with a useful degree of confidence: wave haight, derived from the ratio of the powsr of
the prominent Bragg line to the powsr of the surrounding continuum; and vave (wind) direction, derived
from the ratlo of the power of the "approaching” Bragg 1ine to that of the "recading" Bragg line,

A great deal of subjective analysis is necessary. To begin with, the reflection process at
the sea surface displays considecable varianca, necessitating the incoherant averaging of many
individual wpectra derived from several independent, closely~spaced time samples from saveral
independent, closely-spaced range cells., 1In the absance of i{onospheric effects, simple averaging of
groups of up to 100 spectra usually can resolve all of the ses conditions listed abova, However, tha
fonospharic Doppler anowmalies imposed upon sky-wave radar returns, if unconditionally averaged over a
large number of spectra, tend to degrade the final result to a smeared signature from which little or
nothing can be derived, 1lonospheric NDoppler offset and the incidence of multipath propagation both
vary conaiderably as functions of time and space. Their affects can be minimimed by adjustmants of
the uncondit{onally-averaged spectra prior to Einal averaging: epectra displaying significant
multipath effects can be discarded; those showing loppler offsets can be shifted to align the Brags
lines of the sea-acho spectra, Several observations of the same cel]l are frequently necetsary to
obtain a useful result,

The high variance of the reflection and propagation processus imposed a dilemma: the averaged
results vere needed to accurately assess the ionospharic effects, but those effects had to be
minimized to obtain the average, The working compromise employed unconditional averaging of subsets
of the ensemble of individual spectra, to produce s set of spectra useful for estimating ionospheric
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effects, followed by selection, alignment and conditioning of the unconditional averages prior to the
calculation of the final average from which sea-state characteristics were derived,

At CRC the 96 spectra from an observation interval were first uncoenditionally averaged in
groups of 12: three "overlapped" spectra from each of four contiguous rangs cells, This produced
eight unconditionally-averaged spectra from each observation interval, These were examined
individually by the exparimenter on the console oscilloscope of tha SARA computer, sasisted by a
controllable flashing display which indicated the expected separation of the Bragg lines, Rach of the
eight spectra was either rejected or tagged to indicate the experimenter's best estimate of the
location of the dominant Bragg line. The final average spectrum, assumed to represent conditions for
the entire 32~cell range interval, was derived from the accepted spectra after alignment of the Bragg
lines according to the experimenter's tags, and normaliration in amplitude in accordarnice with the
geometric mean of the power in the dominant Bragg lines. The process ia [1lustrated in Figa, 6(a),
6(b) and 6(c).

Some post-avaraging selaction was also done; in particular if fewer than three unconditional
averages weve included in the final average the measurement of wave haight was uot considered valid,

Before this manual technique vas adopted, considerable effort was expended upon attempts to
mechanige the selection/alignment process but this met with very 1ittle success, The definition of an
accaptable spectrum was difficult because of the wide range of acceptable spectral shapes, and
automatic methods of determining the position of the deminant Bragg line frequently selected incorrect
peaks, The technique of rejecting epactra on the basis of the "equivalent width" of the dominsnt
Bragg line, uned by the U.8, workers [11) in their automated schame, tended to reject all of the
spectra racorded by this axpariment. Although the manual technique is cumbersome and time-consuming,
it has managed to extract useful results from relatively poor data and is providing both statistics
and experience which may lead to the dasign of an automatic procedure.

Wava helghts reported in this paper are those defined as "significant wave heights", i.e,
roman, wnYo ?oightn multiplied by four., They vere estimated by use of the Maresca-Georges power-lav
relation {12

ard

h= —, hky> 0.2
]

where h = r.m.»s, vave height,

R » unveighted ratio vf second-order to first=order power encompassing the dominant Mragg
1ine,

kg = radar wavenumber,

a,b = constants, 0.8 and 0.5, respectively, found by Maresca and Georges to be the hest
overall power-lav fit to their dats,

Use of this technique implies a knowledge of the location of the nulls which separate the
Bragg line from the second=order continuum, but since thase nulls are rarely observed ln sky-wave data
(never {n the Canadian data) they were assumed to liw at 0.07 Hx [13) each side of the peak of the
Bragg line,

Wave directions were estimated from the ratio of the power in the two Bragg lines by use of
the Iong~Trisna {14) formula:

0,56 + 0,5 cos 26

p =20 log " + 34,02 decibels

wvhere o ™ Bragg line pover ratio

8 = angle between the radio-wave propagation direction and the mean sesa-wave direction.

3.3 AUTOMATIC ANALYS1S TECHMIQURS, C-CORR

At C-CORK, analysis effort was divented towards the development of sutomatic methods for the
extraction of wind (vave) direction, The analyeis system derives wind directions for a specitic sat
of geographical locations, for comparison against hindcast maps of wind divections obtalned from
meteorological data,

Initially, attempts were made to devise an automatic scheme to measure both wave height and
wave direction but, for the data availsble, it was Pound that the algorithms could not consistently
identify the spactral characteristics required for the measurement of vave height, Wearly all of the
wave helght results had to be rejected, However, for the measurement of wava direction, sufficient
success was schieved to varrant continued analyeis,
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}ﬁ: FIG, 6(a) A Set of 12 Spectva Representing & FIG, 6(b) Eight Unconditionally-Avaraged

N ! Contiguous Range Cells for 3 Over- Spectra Representing Elght Groups ,

7; Lapping Observation Intervals of Four Range Cellu Each =

j! Each subgroup of twolve spectra was averaged, Each of these spectra ies the result of the
1 without adjustment, to generate an unconditional unconditional averaging of a grouwp of twelve
Y . average repreucnting one group of four range cells individual spectra, Thae group shown in

' for the entire cbaervation interval. Fig. 6(a) produced spectrum number 3,

- v Spectra 1, 2, 3 and 6 from this set werae
accepted for alignment, normalization and
final averaging.

FIG. 6(c) Ra-Aligned, Normalized Final Average
Spectrum

The final spectrum resulting from the processing of

the four salected spectra from Fig, 6(b) has bean
centred for presentation, Analysis of its characteris«
tice yieldad a wave direction of 23,4 dagreas and a
wave height of 3,3 mettes, both of which agreed

closely with hindcast surface data.
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The analysis procedure divided the 102.4-second observation interval, reprasented by 512
complex samples from each receiver, into saven sub-intervals of 128 complex samples each. Tha sub-
intervals were 50% overlapped, Each sub-interval vas transformed to a spectrum after application of a
Slackman-Harris window function, The seven spectra from each range cell were unconditionally
averaged; then the avaraged spectra from each of eight contiguous range calls were aligned and
averaged to create one final spectrum reprasenting one-quarter of the 72 Km range interval, Using the
Long-Trizna formula, a wind direction was calculated from the ratio of the two Bragg peaks, The
spectra, and the resulting wind maps, were automatically plotted for examination and post-analysis
acceptance.

Attempts made to introduce a quality-control index have been unsuccessful, An index hased
upon the normalized ratio of adjacent peaks and troughs within the spectrum has been developed as a
possible indicator of jonospheric contamination, but it remains to be seen whether it can be used 40 a
satisfactory post-analysis acceptance criterion. It is wore tolerant than the Georges-Maresca
“equivalent width" {11]) technique, which rejects virtually all of the Canadian data, Bacause of the
lack of an acceptable mechanism for rejection of poor results, quality control has baen carriad cut by
visual inspection of the plotted spectra, after analysis. Wind directions were retained only for
acceptad spectra.

Automatic methods of alignment of the unconditionally averaged spectra, as a msans of reducing
{onoapheric effects, still pose problems, Attempts were made to align epectra by determination of the
position of the dominant Bragg peak, taking into account the content of the target cell (land, coast-
line or ocean), but gross misalignments tended to occur if noisy spectva wers intermixed with good
spectra or if adjacent spactra representad different types of targets,

The alignment technique employed made use of measurea of the average value and the centrofid of
each apectrum to estimate the required shift in frequency. Beginning at the centroid, the algorithm
searched outwards, in each direction, until it found a point where the power dropped below the average
value. The midpoint between the liwits thus found wan aswumed to be the corract midpoint of the spec-
trum for purposes of alignment, The advantage of the use of Lhis method was its relative insemsiti-
vity to the effects of target types and mixtures of target types, e.g,, along a coastline one call
¢ould be on land and the next on the ocean., The technique caused a certain amount of smearing of the
Bragg lines, but appeared to be suited to the alignment of the short (128 point) intervals used in the
analyses,

CRC results indicate that satisfactory wind directions frequently cat be derived from
unconditional spectral averages; this suggests that a simplification of the C-CORE techniques might be
possible,

4.0 RESULTS, CRC

CRC analysis effort was focussed upon the derivation of wave height. Of course, any spectrum
that yielded an acceptable measure of wave height also yielded a wave direction. 1In fact, it was
possible to make measurements of wave direction even in the prasence of severe multipath distortion
because the analysis technique parmitted the experimenter to stipulate which spectral lines were the
Bragg peaka. As a result, the CRC analysis proceduras produced complete wave~direction maps as a
by=product of the wave~height analysia. 0On the other hand, the vave-height maps displayed only a
sparse dlstribution of results because of the difficulty of obtaining sufficient numbers of acceptable
unconditionally-averaged spactra to generate a useful final spectrum,

Two observing days were analyzed: April 9, 1981, when waves were genarally about two meLres
in height; and April 8, 1982, when an Atlantic storm south of Newfoundland produced wave heights of 4
to 7 metres within the radar coverage area.

1t should be noted that the success to be described in the analysis of thase two selected runs
was not generally attainable. Preliminary analysis of other runs indicated that many of them wilil
produce little or no results.

4.1 April 9, 1981

Wave heighte umeasured on April 9, 1981, are shown in Fig. 7, overlaid on conventional hindcast
wava height contours derived from meteorological data and ehip reports. The radar results were
obtained using the ambiguous array configuration, and so the southern half of the plotted data may
have been influenced by signals received from an arsa near the northern edge of the map. The northern
half of the plotted data is free from ambiguous returns,

The measured wave heights were somewhat high, varying from correct values to about doubls the
correct values, Bias toward high readings is to be expacted if power from the focussed Bragg lines is
shifted into the second-ordar coatinuum by the affects of ionouwpheric multipath propagation, Thie {is
particularly important vhen wvave heights are low, because the signal power returned in the

sacond-order continuum is then relatively low, making the ratio of Bragg line power to continuum power
very sensitive to contamination,

pdratn s - w1l s deseds’ Veond madt absun)

14-11

s e




N

A

ed

o e

14-12

’”)'«/T "
1
APRIL 8, 181 ;
!
N
BARA
w AVA ‘
] FIG, 7. MWave Heighte Measured on April 9, 1981
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Wave Directions Measursd on April 9, 1981

The radar measurements are both self-consistent and consistent with the meteorological
isobars.
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The corresponding wave-direction map is shown in Fig, 8, overlaid on hindcast pressure
lecbars., B8elf-consistency of tha results is clear, as is consistency with the air pressure contours.
Wave direction maps produced by a single radar necessarily display a right/left smbiguity, but since
this was rosolved by the weather map it was not shown heres.

Three ~bservation passes were made over the coverage area, Only the resulta from the second
pass are illustrated in Fig. 8. The third pass prodiced similar results; the first pass was too poor
to be of use, Raturns from the Gulf of S8t, Lawrence were not anslyzed,

4.2 April 8, 1982

FPour passes ware made over the coverage area during the six hours of observation on April 8,

1982, Use of tha re-designed array configuration provided coverage of the entire area without
ambiguous responses,

The wave height results were spatse, All of the acceptable results, from all four observation ‘N
passes, are shown in Fig. 9, overlaid on a hindcast wave~height contour map, The radar returns were i
recorded over the period 14:002 to 20:00Z; the contour map was compiled effective 12:002, The
Atlantic storm, with /1 metre vaves at its centre, was approaching from the south., The radar
measurements agreed quite well with the hindcast map., Thera was only ona conspicuously high value.
Tha wave heights s-own within the land area of northern Newfoundland, which are thought to be the
result of sidelobe responses, were in agreement with the low wave heights near the tip of the island.

The corresponding wave-direction map, Fig. 10, shows good agreement with expected wind
directions, The prossure isvbars were plotted for an effactive time of 18:00Z, A»s was the case for
wave heights, wave directions apparently measured over land aress agreed with wind directions expected
over nearby ocean areas; Tho vave dirsction measutements produced more than one result for most j.
measurement cells, but since these all showed general agreement, only one was plottad for each cell.

Assessment of radar ertore, by comparison of radar results against meteorological data and
ship reports, in made difficult by uncertainty in the surface data and by difference in the time of d
observation, For example, some of the wave height results plotted in Fig. 9 were recorded more than 6
hours arter the effective time of the hindcast wave height contours, When that dats was extracted and
compared against the more timely hindcast map compiled for 24:00Z, it was found that the agreement was
poor at the southern limit of the area. Tha surface data indicated that the approaching storm had
entered the ares, while the radar data indicated that it had not, Some qualification is necessary
vhanaver comparisons are made,

3.0 RKBULTS, C~CORE

The map shown in Fig, 1] is a composite of accapted wave directione from salected areas of
open ocewn observed on March 26, 1982, Extensive ice cover along the coastline reduced the number of
observation cells to 81, from which 47 ylelded wave directions, The inherent right/left ambiguity of
the radar results was resolved by comparison to meteorological data, Only one wave direstion was 3
plotted for each cell, although up to three results were obtained from analysis of the three radar !
passes over the area, In all but three cells the results were consistent. 1

The difference in wave direction diaplayed by the two scuthernmost observation areas was

consister: with an area of high atmospheric pressure located just off the coutheastern corner of the
map.,

This map was produced from what is thought to be one of the best observing days, Even sa, 1
more than three-quarters of the spactra produced were coneidered to be unacceptable, From tne 327 d
spectra obtained from the 82 target cells, only 79 were acceptad, Most of the rejected spectra
displayed either significant ionospheric contamination or inadequate signal strength, 1In scme cases

it was obvious that the spectra had not been correctly aligned and consequently the Bragg peak had not
been correctly identified,

flome of the analysis problems are illustrated by the unrelated spectra shown in Fig. 12,
Although spectra A and B are quite similar, both displaying readily identifiable Bragg peaks, spectrum
B vas misalignad by failure of the centering algorithm, which incorrectly identified the right-hand

limit at the point indicated by the arrow, Spactra C and 0 both displayed multipath contamination and
80 were rejacted after visual inspection,

It was realized that inclusion of all initial spectra into the averaging process would result .
in & high rejection rate of the final averages, but it was felt that the use of a short observation b
time and the inclusion of only a small number of range cells would usually provide an acceptable final
average spectrum. However, it appears that the rajection rate may be still too high to build adequate
wind direction maps from the available data.
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FIG., 10, Wave Directions Measured on April 8, 1982

y The radar data were recorded between 14:00Z and 20:00Z; the hindcast e teorological
ﬁi isobares were plotted effective 18:00Z,
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6.0 CONCLUSIONS

At a skywave sea-state radar workshop held in Rockville, Maryland, in May, 1981 [15], required
capabilities for operational skywave radars were proposed, Among these were:

(i) accuracy of measureament:
wave height: 20.5m or +]10%
wave direction: +20 degrees
position fixes: +25 km

(ii) fraquency of reports: twice daily,

From the limited amount of data wo far analymed in this experiment, there is some basis for
optimliem that the accuracy requirements for wave height and wave direction may be met, even at the
Reomagnetic latitudes of the Canadian envirvornment, Measurement of wave direction does not appear to
ba a problem; the manual technique derived valid results even from unconditional averages of the
spectra, and an automatic analysis technique appears to be feasible, Accurate measurement of low wave
heights (2 or 3 metres) has been found to be difficult because of the sensitivity of the process to
mulcipath contamination,

The problem of accurate position fixes, under study but not reported hare, may prasent some
difficulties, Position fixes depand upon accuracy in the determination of both the beam direction and
the virtual height of the ionosphere, Direction-finding experience with lonospheric tilts, and with
remote sstimates of virtual height, suggests that the #25 km specification may not be attainable for
radar signals propagated via the F region,

The most formidable problem, however, is likely to be the requirement for twice-daily
coverags., As indicated earlier, the results given heave ware selected because they were succesaful,
Although the scope of this experiment was not sufficient to yield an estimate of reliability (even
with more complete analysis), the problems of finding good operating days during the execution of the
experiment indicate that theve would be aignificant gups in coverage by an operational radar.
Night-time operations have not beun examined at all, However, the U.5. workers, at the Wide Aperture
Receiving Facility in California [16), have demonstrated a capability for more-or-less routine
operation, ut 1 -ast at their geomagnetic latftudes, Their technique is dependent upon a capability
for on-line real-time analysis, which permits the experimenter to persist until he succesds, and upon
fraudom of choice of oparating fraquency,

1t is hoped that continued effort to analyse the remainder of the data recorded in thia
experiment will shed more light on all of these questions.
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