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ABSTRACT

Pressure transducers with quartz-crystal resonators are being used to measure deep-ocean bottom pressure
in the northeast Pacific as part of a long-term monitoring program. In principal, instrument sensitivity is less
than 1 mm for sea-level oscillations of periods greater than a few minutes; in practice, however, system resolution
is limited by long-term sensor drift and background noise. Data are digitally recorded at a rate of 64 samples
per hour but selectable intervals ranging from 4 to 128 samples per hour are possible. The field program has
focused on the maintenance of five permanent stations in the northeast Pacific since 1986. During this time,
phenomena over a wide range of time scales have been recorded, including tides and the seismic surface waves
and tsunamis generated by three earthquakes in the Alaskan Bight.

1. Introduction

High-quality bottom pressure recorder (BPR) mea-
surements in the deep ocean contribute to a funda-
mental understanding of oceanographic processes over
a wide range of time scales. These vary from long-pe-
riod fluctuations induced by planetary waves, oceanic
tides, and meteorological forcing events, to relatively
shorter-period phenomena such as long surface gravity
waves, microseisms, and tsunamis. To capture these
events, several types of transducers have been incor-
porated into pressure sensor units designed for oceanic
applications. The most common types include the vi-
brating wire, strain gauge, quartz-resonator, Bourdon
tube, and various capacitance devices. Vibrating wire
designs typically correlate vibrational frequency with
pressure-induced mechanical motion (Lefcort 1968;
Vitousek and Miller 1970). Capacitance plate trans-
ducers such as those described by Harris and Tucker
(1963) incorporate parallel capacitance plates in which
the distance between plates varies as a function of ap-
plied pressure. Capacitance is inversely proportional
to the plate gap and acts to tune an LC oscillator. Al-
though an improvement over vibrating wire designs
with respect to accuracy, flexibility, and cost, instability
was inherent in the mechanical design of the capaci-
tance plate transducer. As an improved alternative, the
strain gauge was developed and extensively used by
researchers at the Institute of Oceanographic Sciences
in Wormley. Strain gauge pressure sensors utilize the
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variation in the resistance of a conductor with me-
chanical deformation caused by pressure acting on a
flexible element. Many designs have been used, most
incorporating a Wheatstone bridge to increase the sen-
sitivity and minimize temperature effects. Gwilliam
and Collar (1974) and Collar and Cartwright (1972)
report on successful uses of strain gauge sensors to
measure tides. They are not, however, well suited for
long-term deep deployments where a large dynamic
range, high sensitivity, and low drift are required. In
contrast to the strain gauge, quartz-resonator trans-
ducers measure the changes in vibrational frequency
of a quartz beam. An early Hewlett-Packard sensor
utilized a piezoelectric resonator characterized by in-
creased pressure sensitivity and decreased temperature
dependency. This design represented an improvement
over previous designs incorporating the vibrating wire,
capacitance plate, and strain gauges (Gwilliam and
Collar 1974). More recent quartz-crystal transducers,
such as those currently marketed by Paroscientific, Inc.,
display somewhat improved long-term stability and
significantly greater accuracy than their predecessors
(Wearn 1985a; Wearn 1985b).

Eyries (1968), Snodgrass (1968), and Filloux (1969)
are recognized as pioneers in the development and de-
ployment of self-contained bottom recording pressure
units (Warren and Wunsch 1985). Since their early
deployments of vibrating wires, strain gauges, and
Bourdon-tube transducers to measure pelagic tides, the
use of BPRs in oceanic programs has been diverse.
Wearn and Baker (1980) studied transport fluctuations
of the Antarctic Circumpolar Current using quartz-
resonator pressure transducers deployed in Drake Pas-
sage. Wunsch and Wimbush (1977) incorporated vi-
brating wire and several strain gauge pressure trans-
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ducers into a program designed to monitor the Florida
Current in the Miami-Bimini region. In 1977, Beards-
ley et al. deployed strain gauges, vibrating wire, and
Filloux Bourdon-tube pressure transducers in the mid-
dle Atlantic Bight to study both ocean tides and
weather-induced bottom pressure fluctuations. In the
equatorial Pacific near the Galapagos Islands, Bernard
and Milburn (1985) deployed quartz-resonator trans-
ducers as part of a long-wave observational program.
Wryrtki (1979), also deployed pressure transducers in
the Equatorial Pacific to monitor currents via sea-level
variations. Mofjeld and Wimbush (1977) deployed
Filloux Bourdon-tube transducers in the Gulf of Mex-
ico and the Caribbean to measure tides. More recently,
quartz-resonator transducers have been used by Fox
(1990) for the investigation of hydrothermal venting
activity as evidenced by ground deformation in the
Axial Seamount caldera on the Juan de Fuca ridge,
and by Gonzalez et al. (1990) who successfully detected
small tsunamis in the northeast Pacific Ocean after they
were generated by three Alaskan Bight earthquakes in
1987 and 1988.

This paper discusses the observational program ini-
tiated in 1986 by the Pacific Marine Environmental
Laboratory (PMEL) of the National Oceanic and At-
mospheric Administration (NOAA) and focuses on
instrumentation and data characteristics. Representa-
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tive examples of data collected in the northeast Pacific
in 1987 and 1988 are presented.

2. The Pacific Tsunami Observation Program

During the 1982-1985 period, PMEL engaged in
the development of a reliable deep-ocean BPR; Bernard
and Milburn (1985) used this first generation instru-
mentation for their long-wave observational work in
the equatorial Pacific. In 1986, NOAA initiated a long-
term field program in the northeast Pacific dedicated
to collecting high-quality deep-water data during a
tsunami. The program was expanded in 1987 to include
shallow-water BPR sites maintained and operated by
the United States Army Corps of Engineers along the
United States west coast and in Hawaii (Gonzalez et
al. 1987). The Pacific Tsunami Observation Program
(PacTOP) includes five permanent deep-ocean obser-
vational sites in the northeast Pacific Ocean to monitor
the seismically active Alaska-Aleutian Seismic Zone
because of the potential threat to United States coastal
regions, including Alaska, the contiguous United States
west coast, and the Hawaiian Islands. A map of the
study area including the 1987-1988 observational net-
work is shown in Fig. 1. A triangular array of three
BPRs was positioned in close proximity to the Shu-
migan Seismic Gap, a region identified as having a
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FIG. 1. The 1987-1988 PacTOP Network. Hachured regions are seismic gaps.
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high probability of experiencing a great earthquake ca-
pable of tsunami generation (Jacob 1984; Nishenko
and Jacob 1990). A fourth BPR was located near the
expected source region on the landward slope of the
Aleutian Trench, and the fifth observational site was
located offshore of the United States Pacific Northwest
coast. This latter station is near the great circle route
connecting the Shumigan Seismic Gap region with
Crescent City, California, a city that suffered 11 fatal-
ities and sustained more than 7 million dollars worth
of damage during the 1964 Alaskan earthquake tsun-
ami (Spaeth and Berkman 1967).

The research objectives of the project have broad-
ened to include other oceanographic phenomena that
can be investigated through measurement of deep-
ocean bottom pressure. With this expansion of project
goals in mind, the initial sites were chosen to supple-
ment BPR time series with other sources of oceano-
graphic and meteorological data. The West Coast site
and the triangular array are each situated in the vicinity
of a permanently moored NOAA National Data Buoy
Center (NDBC) environmental buoy, which provides
hourly observations of atmospheric pressure, surface
wind speed and direction, air and sea surface temper-
ature, and sea state. Prior to the failure of the United
States Navy Geodetic Satellite (Geosat) in January
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1990, each site was within a few kilometers of the Geo-
sat ground tracks, along which altimeter-derived esti-
mates of sea-level variations were obtained. Each apex
of the triangular array was situated at the crossover
point of the ground tracks of an ascending and de-
scending orbital pair.

3. Instrumentation

The Paroscientific model 410K-017 digiquartz pres-
sure transducer, which has a range of 0-10 000 psi (ab-
solute) (~0-6900 m), is incorporated into the BPRs
used for PacTCP. The transducer design (Fig. 2) uti-
lizes an oscillating quartz-crystal beam that is piezo-
electrically induced to vibrate in its lowest resonant,
flexural mode (Wearn and Larson 1982). Changes in
fluid pressure are converted into a change in the axial
compressive load on the beam via a Bourdon tube and
lever arm arrangement. In turn, the change in the axial
load alters the natural vibrational frequency of the
beam. The output frequency of the associated oscillator
circuit is a measure of the applied external pressure;
typical unloaded transducer frequencies are on the or-
der of 40 000 Hz. Since the frequency of transducer
oscillation is a function of temperature as well as pres-
sure, accurate temperature measurements are made
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FIG. 2. Internal design and housing of the Paroscientific pressure transducer.
Dimensions are given in inches, with centimeters in parentheses.
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inside of the pressure transducer cavity housing the
quartz crystal. A quartz-crystal clock controls the av-
eraging period of all measurements, and pressure data
are digitally recorded on cassette tape at selectable in-
tervals ranging from 4 to 128 samples per hour.
PacTOP pressure data are continuous time averages
over 56.25-s intervals (i.e., 64 samples per hour).
Temperature data are recorded every 15 min. Improved
technology, however, has made possible the design and
fabrication of a BPR capable of sampling both pressure
and temperature at 15-s intervals while retaining the
required pressure sensitivity of better than 1 mm. The
first deployment of this “third generation” BPR was
during the 1989-1990 field season (AK22). Subse-
quent deployments are scheduled during the 1990-
1991 field season.

Two BPR models were designed and fabricated as
a collaborative PMEL /SeaDATA effort for use in
PacTOP. Model 635-7H is the earliest BPR version in
which the electronics are housed in a cylindrical, an-
odized aluminum pressure case. The BPR unit and
separate acoustic release are mounted on a circular
platform with an aluminum tripod. Model 1635-7H is
the later version, and is an adaptation of the Sea Data
Inverted Echo Sounder (IES). A glass sphere houses
all of the electronics, and a syntactic foam flotation
package occupies a protective shroud. The anchor and

RF transmitter w/ antenna
Strobe ____ J
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burn-wire release mechanism are located at the bottom
of the shroud. Upon deployment, each BPR model is
tethered to a marker buoy equipped with a VHF trans-
mitter and strobe light as recovery aids. Typical moor-
ing configurations for each BPR model are shown in
Fig. 3. BPR specifications including power require-
ments, clock crystal frequency and stability, tape re-
corder capacity, and battery type are given in Table 1.

a. Transducer conformance equation

The output of the Paroscientific pressure sensor is a
sine wave of frequency for period 7. To increase the
sensitivity of the instrument, fis increased by means
of a frequency multiplier circuit to obtain the output
frequency F = 2"f. An estimate of F is obtained by
electronically counting the number of cycles, N, com-
pleted over one averaging period (or “intégration pe-
riod”), 7. If the applied pressure is constant over this
time interval, then the “count™ or number of cycles
counted, is given by:

N=F7=2"f7=2"/1,

with 7 an integer. The relationship between applied
pressure and the output frequency of a Paroscientific
sensor is given by the conformance equation (Well-
Test Instruments, Inc. 1984)
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FIG. 3. (a) BPR model 635-7H mooring configuration. (b) BPR and 1635-7H mooring configuration.
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TABLE 1. BPR specifications.

M. C. EBLE AND F. I.

Pressure sensor

Type: Paroscientific digiquartz model 410K
Range: 10 000 psi (absolute) full scale
Resolution: 0.15 ppm
Accuracy: 0.015% of full scale, 0.003% corrected
Overrange: 20% maximum without sensor damage
Temperature sensor
Type: Yellow Springs International Model
44032 thermistor
Range: —4.3°C to +34.0°C (approximately
linear)
Resolution: 0.001°C
Accuracy: 0.07°C (special versions to 0.01°C
Stability: 0.005°C (small temperature
excursions); 0.02°C (full range)
FM noise: 0.002°C
Time base
Type: Multimode quartz crystal oscillator
Frequency: 2.097152 MHz
Stability: 0.1 ppm °C™', | ppm yr™!

Data collection
Sampling rate: Selectable at 4, 8, 16, 32, 64, or 128
measurements per hour

Standard 800 bpf, 4-track, digital

certified, 450’ cassette tapes

Storage media:

Capacity: 15 megabits, corresponding to 6 X 10°
pressure measurements
Battery
(635-7H) 180 A-h lithium battery pack for
sensor and logic, and 10 A-h
alkaline for tape transport
(1635-7H) 57.6 A-h battery pack for sensor and

logic, 9.6 A-h for acoustic release,
and 4.8 A-h for tape transport
Power requirement

(635-7TH) Average 7-mA drain rate @ 64
measurements per hour or 13 A-h
per 100 000 measurements

(1635-7H) Average 4.5-mA data collection drain

@ 64 samples per hour. Average
acoustic release drain 0.85 A-h per
month

P(r) = C{1 = (7o/7)* = D[1 = (70/7)*]?},

where 7 is the transducer period output in microsec-
onds, D is the unitless linearization term ( ~0.03), and
C and 7¢ are the temperature dependent calibration
coefficients. Coeflicient C is known as the span coef-
ficient with units equal to those of pressure, and 7 is
the transducer period output at zero pressure. Calibra-
tion curves [ P( )] for selected PacTOP pressure trans-
ducers at a near-deployment temperature of 0°C are
presented in Fig. 4.

b. Temperature sensitivity

For sea-level estimates H and temperature 6, Fig. 5
shows estimates of the temperature sensitivity 6H /66
(m °C™!) as a function of the ambient pressure P, for
# = 0°C (Fig. 5a) and 8§ = 21°C (Fig. 5b) for a number
of sensors used in the PacTOP field program. There is
considerable variation of temperature sensitivity rang-
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ing from —1 to 1.5 m °C™! between specific sensors,
with sensor 29103 identified as having the greatest
temperature dependency at these two temperatures. At
0°C sensor 24064 appears to be the least temperature
dependent, while at 21°C sensor 21988 is the least
temperature dependent. The temperature sensitivity of
each transducer is itself temperature dependent due to
nonlinearities introduced in the computation of the
temperature dependent coefficients (Eble et al. 1989).
This dependency is evident as a negative shift of all
curves in Fig. 5 from 0° to 21°C. In general, the max-
imum sensitivity of the sensors used in the PacTOP
field program is on the order of 1 m °C™'. In a stable
temperature environment such as the deep ocean this
relatively large temperature dependency is moderated.
However, in shallow nearshore environments where
temperature fluctuations are significant, accurate
tracking of the temperature of the quartz-crystal sensor
can be an important concern, especially if small, low-
frequency signals on the order of centimeters are of
interest.

¢. Static sensitivity

The static sensitivity of the instrument is given by
dP = —(2C/No)[1 — 1/(2D)

+ (1 —4DP/C)""2/(2D)]"?*(1 — 4DP/C)'/?dN,

where N, is the number of counts at zero pressure ( Eble
et al. 1989). For each particular instrument, this basic
count N, is kept constant by varying the integer n as
a function of the integration period 7. The integration
period was obtained by partitioning one hour into 2*
equal divisions. For 7 in seconds, then,

N, = Fo7 = 2" fo7 = 2"£,3600/2*
= 277%3600 f; = 1800 f;,
where the relationship
n=k—1
was chosen to give each instrument a sensitivity of ap-
proximately 1 mm per count, as demonstrated below.
For k = 6, 7 = 56.25 s. For representative values of C
~ —45 X 103 psi (absolute), D ~ 0.03, and 79 ~ 30
us, then Fy ~ 1.056 X 10° Hz and Ny = For ~ 59.4
X 10° cycles. The change in pressure corresponding to
1 instrument count (the “least count” sensitivity ) when
P = 0 psi (absolute) and dN = 1 cycle, then, is
-2C 45 X 103
=2X———
Ny 59.4 X 10

= 1.5 X 1073 psi (absolute).

In pure water, 1 psi (absolute) = 0.703 m, and in sea-
water, 1 psi (absolute) ~ 0.67 m = 670 mm, so that
dH , the equivalent least count change of the seawater
head, is (Eble et al. 1989)

dH ~ 670dP = 1.005 mm

dP =
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FI1G. 4. Calibration curves for selected transducers for 0°C.

at P = 0. At the full-scale value of P ~ 10* psi (ab-
solute), the quantity DP/C < 1, for representative val-
ues of D and C. Therefore, (1 — 4DP/C)"/? = ~|
— 2DP/C and dP can be approximated by:

dP ~ —(2C/Ny)(1 — P/C — 4DP/C
+ 4DP?/C?)!/24dN.

Typically, the magnitude of C is approximately five
times the value of the full-scale pressure capability of
the sensor so that

(1 —P/C—4DP/C+ 4DP?/C?)"/? ~ (1 — P/5P
— 4DP/5P + 4DP?/25P%)'/? = (.88

and the static sensitivity varies by approximately 12%
across the entire range of the instrument. In practice,
however, system resolution is limited by long-term in-
strumental drift and ambient noise levels.

d. Hysteresis

Hysteresis is the measurement of a sensor’s inability
to return precisely to an initial indicated pressure after
being cycled through a pressure excursion ( Wearn and
Larson 1980). Results of tests performed using Bellows
transducers by Wearn and Larson (1980) indicate that
hysteresis values are likely to be largest when sensors
are cycled rapidly through a pressure excursion and
values are recorded soon after reaching the test pressure.
For high-range sensors, hysteresis measurements over
a range corresponding to a 3-m tide were found by
Wearn and Larson (1980) to be not reliably different
from zero. The Bourdon-tube transducers used for

PacTOP display characteristics equal to or better than
the Bellows transducers used by Wearn and Larson
(1980) and are deployed in a stable deep-ocean envi-
ronment, where pressure excursions in the tidal range
occur more slowly than those induced in: testing. In
the analyses of PacTOP data, then, hysteresis is con-
sidered insignificant and therefore not addressed.

4. Observations

Deep-ocean deployment and recovery operations in
the northeast Pacific since 1986 are summarized in
Table 2. Seventeen of the 28 deployment-recovery cy-
cles listed have been completed, with 12 units sited in
the Alaskan array, 3 on the Juan de Fuca Ridge, and
2 on the Aleutian slope. Five units will be recovered
during the summer 1990 field season and six units are
scheduled for deployment at that time. Sixteen of 17
BPRs have been successfully recovered; the model 635-
7H cylindrical unit deployed at location AK6 (Fig. 1)
was assumed lost after 2 unsuccessful recovery at-
tempts. Actual data recovery rate is 82% due to data
losses resulting from the lost AK6 gauge, questionable
data recorded at AK2 by a model 635-7H cylindrical
gauge, and losses at AK 13 that occurred when a self-
contained model 1635-7H BPR flooded, providing only
54 days worth of data and resulting in destruction of
the gauge.

a. Tides

All PacTOP BPR data are dominated by local tical
fluctuations, as illustrated in Fig. 6. Since the tides mask
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FIG. 5. Temperature sensitivity (m°C™!) of selected transducers for (a) 0°C and (b) 21°C.

any recorded low-magnitude tsunami signal present in
the data record, they are removed from each record by
subtraction of the predicted tide from each observed
data record. Before these estimates are made, sampling
noise and high-frequency components are reduced by
applying a 2-h low-pass filter. After filtering, all data
are decimated to hourly subsamples for tidal analysis
by three independent procedures. Fast Fourier trans-
form (FFT) analyses of sequential 29-day data seg-

ments are used for a preliminary examination of the
amplitude and phase of each dominant tidal constit-
uent. Significant changes in the sequential results, other
than those attributable to seasonal fluctuations, are in-
dicative of poor data quality and possible instrument
unreliability. Both harmonic least-square analyses and
response analyses are routinely applied to each BPR
dataset. Harmonic least-square analysis as discussed
by Foreman (1977) is used to perform a least-squares






