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Technical Communications

Design of an Integrated Shallow Water Wave Experiment

I. R. Young, M. A. Dalton, P. J. McMahon, and L. A. Verhagen

Abstract— The experimental design and instrumentation for an inte-
grated shallow-water surface gravity wave experiment is discussed. The
experiment required the measurement of the water surface elevation, me-
teorological parameters, and directional spectra at a number of locations
on a shallow lake. In addition, to acquire data under a wide range of
conditions, an experimental period of three years was required. A system
of telephone and radio modem links were installed to enable real-time
monitoring of instrument performance at eight separate measurement
locations on the lake. This system also enabled logging sessions to be
optimized to ensure the maximum possible data return from this extended
experiment.

BASE e
|. INTRODUCTION STATION

Oceanographic experiments which emplay situ instruments
have generally been conducted in a completely unattended mode.
Instruments are deployed with preprogrammed logging sequences
and recovered at a later date. As a result, there is little on-going
monitoring of the experiment and consequently data return is often

poor. In addition, such experimental designs preclude the flexibility gfg_ 1. Map of the Lake George experimental site. The measurement loca-

modifying logging sessions and other parameters to cater for changji@s are labeled S1 to S8. Data were transmitted to the Base Station on the
environmental conditions. In contrast, laboratory experiments amestern shore of the lake where it was logged under computer control. The

based on a completely different philosophy. The experiment is higHigntour interval is 0.5 m, with a maximum contour value of 2.0 m.
controlled and the instrumentation is continually monitored and its

performance assessed and modified. Examination of historical data showed that northerly and southerly

This correspondence describes the experimental design and instghditions occurred relatively infrequently. Hence, an experimental
mentation associated with a large field experiment aimed at a detaibagiod of a number of years would be required to obtain a sufficiently
investigation of the evolution of wind-generated waves in water @bmprehensive data set. Such an extended experiment would also
finite depth. The experiment can be described as a monitored figlgl,e the advantage of ensuring that the water depth would vary
experiment. As with all field experiments, the forcing meteorologicghrough seasonal fluctuations, thus increasing the effective parameter
conditions were at the whim of nature. Instrument performanq;gnge_

was, however, continually monitored through an extensive telemetrytne protracted experimental period placed significant constraints

system and performance continually optimized. on the experimental design. The instrumentation needed to be capable
of operating for extended periods without routine intervention. As the
Il. EXPERIMENTAL OVERVIEW AND CONCEPT desired north/south meteorological events occurred relatively infre-

%ently, instrument performance needed to be continually monitored
{0 ensure operation of all components during such events.
The final design consisted of a series of eight measurement
tﬂtions as shown in Fig. 1. With the exception of station 6, each of
ese locations consisted of a minimum blockage space frame tower
esigned to present minimum interference to the wave field. A surface
rcing wave staff (Zwarts pole [4]) was located at each station to

The experiment was staged at Lake George, approximately 40
from Canberra, Australia. The lake is approximately 20 km long i
the north/south direction by 10 km wide in the east/west direction
as shown in Fig. 1. The lake has an almost constant water de
of approximately 2 m. The experimental aim was to measure t
evolution of the one-dimensional (1-D) spectrum, together with t

wind speed and direction at a number of locations along the loR th ‘ ; levati h iUt of the inst ;
north/south axis of the lake. For wind directions closely conformin easure the water surlace elévation. The output of the Instrumen

to this axis, such measurements would provide a comprehens vas digitized and transmitted in real time through a telemetry system

understanding of fetch limited growth in water of finite depth. 0 @ base station (see Fig. 1) located on the shore of the lake. In

addition, it was desired to obtain high-resolution directional spectﬁgqun' wind speed and d|rect_|on, air and water te_mperature, and
at one location near the center of the lake. umidity were recorded as 10-min means and stored in on-board data

loggers for down loading on maintenance visits. All instrumentation

Manuscript received January 20, 1996; revised October 5, 1996. systems were powered by 12-V storage batteries. These batteries were
I. R. Young, M. A. Dalton, and P. J. McMahon are with the School of Civirecharged using solar cells.
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lands. experiments requiring human operation. In addition to a Zwarts
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Fig. 3. Zwarts pole transfer functiorf’, as a function of frequencyf,
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obtained by oscillating the sensing element vertically in still water.

STATION

ws,u,Te S8

The transmission line was constructed in the form of two concentric
aluminum tubes forming a co-axial transmission line. The final system
consisted of tubes with outer diameters of 50 mm and 25 mm and
an annular gap of 8 mm. Holes in the outer tube allowed water to
enter and leave the annulus.
Fig. 2. Schematic diagram showing the various quantities measured at ea_cﬂ-he restriction to row.represented by the ,hOIES and the physmal
of the stations. The stations are labeled S1 to S8. The quantities measuredizg Of the pole (outer diameter 50 mm) obviously degrades instru-
each of these stations are: WS—water surface elevation; U—wind speed angint performance at high frequencies. During the instrument design
direction; T—air and water temperature; D—directional spectrum. phase, a series of dynamic calibrations were conducted to optimize
the number and configuration of these holes. Poles were oscillated
all meteorological data were also telemetered from this Iocatio%e'r_t'c‘sIIIy n St.'l.l water using a pulley and eccentric cam system
Adjacent to the platform was a seven-element surface pierci §f'|5t. the position of the pole and the out_put _from the po_le were
wave array. Analysis of data from the array yielded high-resolutio |n_C|dent_Iy logged. The_results of these cal_lbratlon_s for the final hole
directional spectra. The array was connected to the platform nflgura_ltlon are shown in the transfgr function of Fig. 3. 'I_'he transfer
a series of cables laid on the lake bed. Logging of the arr nction is _relatlvely flat for frequ_encn_es less than approximately 1.2
P but rapidly decays above this point.

was controlled by a conventional personal computer located on As th doubt as to wheth ilating th les in stil
platform. This computer could be turned on and off with a code s fhere was some doubt as 1o WhEIher osciiiating the poles In st

transmitted through the telemetry system from the base station. Op%%ter accur_ately represen;ed thg f'°W. e>tq:t)erlenc_ed by_t:le Hales,
operating, the computer could be controlled remotely through a radio- comr_)ra:]rlsons were periorme agal?sd V\t"?hWIr:? LeS'S azncef \ggvs
modem link to the base station and data acquisition commenced.92U9€s. 1he wave gauges were sampied at Ineé higher rate o z

A telephone modem link was established between the base stai%nalso investigatt_e whether aliasing effects were significant at the
and University College in Canberra. With the aid of this link, th pwer 8-Hz sampling rate used for the Zwarts poles. A total of 18

performance of all instruments could be monitored. In additio ,tercompansons were conducted at wind speeds ranging from 5 to
the computer on the platform could be turned on and logging m/s. The results showed that the frequency response was poorer

the directional array initiated. In this manner, the entire experime, an indicated by_the Iaboratory_ dynamic call_bratlons. In addition,
e transfer function was not simply a function of frequengy,

could be operated remotely. Real-time data were continually availa i . - .
from all stations on the lake and instrument performance continua%%er the wide range of conditions tested, the transfgr functions
assessed. appeared to depend.on the frequency. of the spectral pealand
A diagram showing the various quantities measured at each of oeulo_l pe expressgd n te”‘?s 97 f,. This is attributed to the_fact
stations is shown in Fig. 2. t at it is the vertical velocity pf the water surface that |ImIFS the
instrument performance. The high-frequency waves are superimposed
on the longer waves near the spectral peak. Thus the local water
Il WAVE STAFFS surface slope (and the vertical velocity) is influenced by all spectral
The primary sensing elements in the experimental design wememponents, not simply a single spectral component as assumed in
Zwarts Poles [4] which were used to measure the water surfabe laboratory tests. The transfer function, averaged over all 18 tests
elevation. This instrument utilizes the difference in dielectric constaahd scaled in terms of / f,, is presented in Fig. 4. The transfer
between the air and water to sense the water surface elevation.fAnction was represented by a polynomial approximation as shown
electromagnetic wave, directed toward the water surface alongnaFig. 4 and used to correct all recorded data. Beydiid, ~ 3,
transmission line, will reflect from the water surface. The time it takeéke transfer function becomes flat, indicating the high-frequency limit
for the wave to travel from the source to the water surface and baclofsthe instrument. This is partly caused by the signal-to-noise ratio
a direct measure of the water surface elevation. Rather than transf8XR), but mostly by the diameter of the sensing pole. In response to
a pulse down the transmission line and attempt to measure the tithis limitation, all spectra were truncated Atf, = 5. The transfer
delay, the instrument sets up an electromagnetic oscillation in theaction exhibits erratic behavior fof/f, < 1. This is caused by
line, the length of the line determining the frequency of oscillatiorthe fact that there is very little energy in the recorded spectra for

2 km
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Fig. 4. Zwarts pole transfer functioff], obtained fromin situ comparisons

with a twin wire resistance gauge. Results are presented in ternfig /6f

The dashed line represents the polynomial approximation used during the
data reduction procedure.

f/f» < 1. Hence, the calculated transfer function is unreliable in

this region. It is believed that the Zwarts pole response continues 5

to improve as the frequency decreases. Therefore, the polynomial

approximation to the transfer function was forced to a value of ongy. 5. Geometry of the seven-element directional array. Elements 2—4 were
for f/f, < 1. at a radius of 0.20 m and elements 5-7 were at a radius of 0.55 m.

The Zwarts pole has a number of significant advantages over com-

parable instruments. In contrast to resistance or capacitance gauges,

Zwarts poles are physically robust, enabling long deployment periodéOO T T

without maintenance. Mild fouling of the instrument by aquatic '
growth has negligible influence on instrument performance. Naturally,
however, the frequency response will degrade as the holes linking
the tubes become blocked. Importantly, the instrument calibration is
insensitive to changes in salinity, in contrast to alternatives.

In order to ensure that there was no long-term variation in thg
Zwarts pole calibration, the poles were recovered at approximately
l-year intervals and recalibrated. Over the approximately 3-year
deployment period, no measurable change in the transfer function
occurred.

Output from the Zwarts pole was in the form of an approximately
1200-Hz square wave (frequency changes with water surface elevay . .
tion). The period of this square wave is directly proportional to the 107 10
length of the air gap from the source at the top of the pole to the water f(Hz)

surface. This period was determined using a 9.8304-MHz CO“”‘Erg. 6. The mean relative errerfor the directional array as a function of

The counter was triggered by a positive edge of the square wave &aguency. The frequency range of interest is 0.1<1# < 1 Hz for which
counted the period of four successive square waves. This was repeatscsmall and hence the array geometry is optimal.

at a frequency of 8 Hz. The four waves counted were sufficient

to ensure stable results whilst maintaining the requirement that the ) .

sample be approximately instantaneous in time. These counting gﬂdrespec_tlvely. The gauges were comm_dently burst_samplt_ed e_‘t 8 Hz
timing tasks were controlled by two programmable array logic (PAL"ind the directional spectrum_ formed using the maximum likelihood
chips. The final output was a 2-b value proportional to the watgiethod (MLM) [1]. Time series of duration 30 min were collected
surface elevation. These two bytes were combined with an additioff@M €ach gauge. These time series were subdivided into 112 blocks,

2-b sequence count for transmission by the telemetry system (gé)gh of 128 poiqts for subsequent Fourier transformation as part of
Section V). the MLM analysis.

The first step in determining the directional wave spectrum using
the MLM from the coincidentally sampled water surface elevation
IV. DIRECTIONAL ARRAY records for each of the gauges is to form the cross spectra between
In addition to measuring the evolution of the 1-D spectrum withll array elements. For an assumed directional spectral form, the
fetch, high-resolution measurements of the directional distribution ofoss spectra can be determined numerically. These cross spectra
wave energy were also required. These data were obtained witlsaan then be processed by the MLM and the resulting directional
spatial array consisting of seven Zwarts poles as shown in Fig.gpectrum compared with the initial input form. In order to assess
The poles were arranged in the form of a “Mercedes Star” withthe directional resolving power of the present array and analysis
central gauge and two rings of three gauges at radii of 0.20 and 0tBBhnique, a spreading function of the fokms®* #/2, whered is
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Fig. 7. Block diagram showing the data links between the various components of the experiment. The Zwarts poles are marked as Z1 to Z8 and the
anemometer at Station 6 as A6. Equipment was located in four physical locations shown by the dashed boxes: University College, Canberra; Base
Station; Lake Stations 1-8, and the Platform (Station 6).

direction ands is an exponent defining the spectral width [2] wa®f the instrument into digital values. In this case, however, the eight
assumed. A constant value o= 10 was adopted at all frequencies.individual counter systems were constructed on a prototyping board
A small amount (1% of maximum spectral ordinate) of incoheremind incorporated within a conventional PC located on the platform.
noise was also added to each spectral ordinate. This computer was operated remotely from the shore (see Section V).
The directional resolving power of the instrument and analysis
technique can be assessed in terms of the mean relative €rfor,
. _ JIF(f.6) = F(f.6)]df . o . :
e(f) = TF(.0)d8 (1) An essential consideration in the experimental design was the
U ability to remotely control and monitor the full experiment. Fig. 7
where F'(f,#) is the initial analytical test spectral form arﬁ’if.ﬂ) shows a schematic diagram of the telecommunication links estab-
is the form recovered by the MLM analysis. lished to control the experiment. A 1200-baud telephone modem
The values ot( f) are shown as a function of frequency in Fig. 6link was established between University College in Canberra and
Peak spectral frequencies for the present data set are typically 0.3 tHe. base station on the shore of the lake. A switch based on PAL
It is desired to obtain reliable directional spectra within the range Oc&cuitry and located within the base station could be flipped by the
< f/fr <3o0r0.1Hz< f < 1Hz. As can be seenin Fig. 6, the arraytransmission of a control character. Flipping the switch into one state
geometry is optimally designed to resolve this frequency range. Abnnected the user to a PC located at the base station. Once connected
low frequencies, the array performance is limited by the measuremémthis PC, the public domain software package, PC-ELSEWHERE,
accuracy of the array elements, whereas at high frequens2$i¢), was used to remotely take control of this PC. Data at a rate of 8
the finite spacing between array elements leads to spatial aliasindgdz were continuously transmitted from the Zwarts poles located at
As demonstrated by Young [3], all array geometries and analysisations 1-8 and acquired by the PC. In addition, anemometer data
techniques yield directional spectrﬁ(f,e)] broader than the input were transmitted from Station 6 (Platform) at a rate of 1 Hz and
form [F'(f,#)]. However, this artificial broadening can be assessetquired by the PC. The telemetry system was based on FM radios
in a manner similar to that described above. The magnitude of timethe 800-MHz band and 1200-baud modems. These telemetry links
broadening is a function of the spectral width as defined by tlveere unidirectional. As there was no microprocessor control at the
parameter. Broad spectras = 1, are well represented by the arraymeasurement locations, lost data could not be retransmitted. Each data
whereas narrow spectra,~ 15, are significantly broadened. As thevalue was, however, tagged with a sequence count which was used to
extent of artificial broadening can be determined as a functiosy of identify missing or corrupted data. As the maximum transmit path was
the spectra obtained from the array can be corrected for the artifi@gproximately 16 km, data transmission errors were relatively rare
broadening. As a result, spectra with very high directional resoluti@md easily handled in the data postprocessing. Each station transmitted
can be obtained. on a separate frequency and was connected to the base station PC
The array was located approximately 20 m from the researtirough separate 1200-baud radio modems and a multiple serial port
platform at Station 6 (see Fig. 1). Cables laid on the lake bdxbard. Software was written to continually poll these serial lines, store
connected the array to the platform, from which power was suppliedta to disk, and report errors. In this manner, real-time monitoring
and where the array output was logged. The same counter design efagiave and wind conditions, at all locations, could be conducted
utilized to convert the square wave outputs of the individual elemenmtmotely.

V. MONITORING AND TELEMETRY SYSTEM
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Flipping the remote switch to the opposite state by the transmissidesigned for this purpose were extremely reliable and robust. During
of another control sequence provided access to a duplex radio modbm three-year experiment period, not a single Zwarts pole system
link to the platform (Station 6) in the center of the lake. Transmissidailure occurred. In addition, the flexibility of these instruments and
of a further control sequence closed a PAL-based power switphysical robustness enabled the construction and deployment of a
at the platform, thus powering the platform PC. Once booted, thgpatial array designed to give optimal resolution of the directional
PC automatically wrote a welcome message to its serial port. Tisigectrum for the typical wave lengths expected.
message was transmitted through the telemetry and telephone linkd combination of low-cost telephone and radio modem links was
to be registered at our laboratory in Canberra. Once received, titdized to fully monitor the experiment. In this manner, real-time data
PC-ELSEWHERE software could be initiated to take control of thacquisition and monitoring of the vast majority of the instruments was
PC at the platform. Logging sessions for the directional array coupssible. In addition, simple switches, based on PAL circuitry, which
then be initiated remotely. could be operated by the transmission of control characters over the

Power for the platform PC was provided by 12-V storage batterigelemetry system enabled operation of instrumentation which was
and a 240-V inverter. The batteries were recharged by a bank of saleeded only when meteorological conditions were suitable. In this
cells. The PC could be remotely switched off by the transmission ohaanner, power supplies and data storage requirements could be most
control sequence to open the power switch. To prevent the PC beefficiently used.
accidentally powered up indefinitely, the power switch was fitted The underlying design philosophy of physically robust instrumen-
with a simple timer. Once the PC was powered up, it would remaiation based on relatively simple circuitry, coupled with real-time
in this mode for a period of 40 min before the timer opened thmonitoring proved a highly efficient concept. The resulting data set
power circuit. This period of operation provided sufficient time fois the most comprehensive finite-depth, fetch-limited investigation
a 30-min logging session of the directional array as well as geneealer conducted. A total of approximately 70000 30-min time series
“house-keeping” tasks. of water surface elevation, together with the relevant meteorological

Initially, there was concern that noise might inadvertently trigggrarameters, were recorded. The careful experimental design ensured
the platform power switch. For this reason, the PC kept a log tfis high-quality data return.
the time and date of each time it was powered up. During the
approximately 3-year period in which the array operated, there was
no evidence of a single erroneous power-up sequence. REFERENCES
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