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ABSTRACT

Sixteen records from seven Digiquartz deep-ocean bottom pressure sensors have been obtained in deployments
of 3-12 month duration under the Gulf Stream in depths of 3300 to 4400 m. Particular attention is given (i)
to characterizing any observed drift in their calibration in relation to their construction (bellows or Bourdon-
tube) and to their prior history of pressurization, and (ii) to estimating and removing this drift from the records.
Bellows-type sensors exhibited significant drift (0.2 to 0.85 db) in all of their deployments. Bourdon-tube sensors
had less drift in their first deployment (0 to 0.45 db), and in subsequent deployments had either no drift or a
small drift with different shape that may have been due to clock-frequency drift. An exponential decay with
time [ ~exp(—at)] was found to best represent the drifts; such a curve was fit in 2 least-squares sense to each
pressure record and then subtracted from it. Careful attention is given to estimating the uncertainty of the
residual “dedrifted” records, which is 0.02 db for records that are at least a year long; the stability over a few
days and resolution of thesec measurements is better than 0.001 db. As a consistency check, neighboring pairs
of bottom pressure records are used to calculate geostrophic currents from their differences, and the comparison
with directly observed currents confirms that the error in drift removal may be less than 0.02 db. Typical
amplitudes of the deep-ocean tidal- and detided signals are respectively 0.7 and 0.13 db in this region, so that
we infer that this methodology is suitable for studies requiring knowledge of deep-ocean dynamic pressures
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even for subtidal mesoscale periodicities.

1. Intrqduction

Physical oceanographers have long desired to have
instrumentation capable of accurately monitoring the
variations in bottom pressures in the deep ocean (e.g.,
Baker 1969; Baker 1981) in order to observe the
oceanic pressure field in analogy with the use of ba-
rometers by meteorologists. The measurement problem
has been particularly challenging at low frequencies
because the subtidal dynamic pressure fluctuations are
only ~0.10 to 0.01 db in an ambient pressure of 4000
db, requiring resolution and stability of ~1 ppm.

It has not been possible to measure the absolute
pressure field in the deep ocean, because the absolute
elevation of the sensors relative to the geoid cannot be
determined with sufficient accuracy. However, even if
we must exclude the mean field, much valuable infor-
mation can be obtained by accurate measurement of
the time varying pressure field.

In the last fifteen years, deep-ocean bottom pres-
sure measurements have been conducted in several
studies on ocean tides (Filloux 1971, 1980; Zetler et al.
1975), the ocean eddy pressure field (Brown et al.
1975), weather-induced bottom pressure fluctuations
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(Beardsley et al. 1977), and the performance of the
pressure instruments themselves (Snodgrass €t al.
1975). The most common pressure sensors used in
the above studies, have been strain gauges (Wunsch
and Wimbush 1977), Vibrotron sensors ( Wimbush
1977), metal Bourdon tubes (Filloux 1970; Mofjeld
and Wimbush 1977), and quartz-crystal transducers
(Snodgrass et al. 1975).

Although the requirement of adequate sensitivity
and short-term stability is of great importance, the chief
difficulty in dealing with pressure instruments is the
instrumental noise of low frequency, i.e., drift, whose
magnitude typically increases with applied pressure.
Consequently, it has been most difficult to measure
bottom pressures of the deep ocean. The drift contam-
inates the observed spectrum most at low frequencies.
(A simple exampile is that a linear drift would add a
red noise spectrum of slope f ~2.) Consequently, earlier
studies with deep pressure gauges have tended to focus
on tides or other relatively high frequency (less con-
taminated ) portions of the data.

This paper has two main purposes:

1) To present results from several deployments of
Digiquartz pressure iransducers in water depths around
4000 m and examine whether the drift is reproducible
and predictable, and whether the amount of drift may
be reduced by “preconditioning™ the sensors prior to
deployment.
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2) To present our method of drift estimation and
removal from the records, and a method to estimate
the residual uncertainty in the “dedrifted” records.

We demonstrate that the residual uncertainty is low
enough (~0.02 db) that the dedrifted records are suit-
able for study of mesoscale frequency dynamical pres-
sure signals in the deep ocean.

In the following, we briefly present the experimental
setting and measurements, and we describe the pressure
and temperature sensors. In section 4 we discuss the
observed pressure drifts in relation to sensor construc-
tion, clock-frequency drift and to prior history of pres-
surization. In sections 5 and 6 we present our tech-
nigues to model and remove the drift, and we estimate
the uncertainties in the drift removal, i.e., the accuracy
of the final records. As a consistency check, in section
7 we compare geostrophic currents calculated from
measured pressure differences with directly observed
deep currents. A companion paper, (Kontoyiannis and
Watts 1990), deals with the scientific interpretation of
the pressure records in combination with other inverted
echo sounder and current meter data. Section 8 sum-
marizes the results.

2. Experimental setting and measurements

As part of our other studies in the Gulf Stream, data
were collected using deep-ocean bottom pressure and
temperature sensors northeast of Cape Hatteras in sev-
eral deployment periods between September 1983 and
March 1987. The deployment sites and the overall
study area are shown in Fig. 1. The data records in this
article are labeled by (i) the last two digits of the year
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in which the instrument was recovered, and (ii) the
.site designation indicated in Fig. 1. For example, 84-
B2 means the data record collected in 1984 at site B2.
In the period from September 1983 to March 1987,
seven different pressure sensors (Table 1) were used
for a total of 17 deployments at 12 sites (Fig. 2). We
had an instrument recovery rate of 100% for these de-
ployments, however due to an electronics failure in
one case and a malfunction of one sensor in two of its
deployments, as described in section 4b, three pressure
records were missing or unsatisfactory. Thus we have
14 deployments with successful pressure records.
Complete records were obtained for all 17 deployments
of the temperature sensors.

3. Description of the sensors
a. Pressure sensor and mounting

All sensors we have used are Digiquartz 6000 psi
range transducers manufactured by Paroscientific, Inc.
A detailed description of them is given by Paros (1976)
and by Wearn and Larson (1982). Briefly, the key
sensing element in the pressure transducer is an oscil-
lating beam-shaped quartz crystal, piezoelectrically in-
duced to vibrate in its lowest resonant flexural mode
by an oscillator circuit. The oscillation frequency of
the crystal varies with the stress load transmitted to it
through a lever arm attached to either a bellows or a
Bourdon tube (Fig. 3). The bellows or Bourdon tube
is pressurized at the full ambient pressure of the ocean
via a long, thin capillary tube filled with mineral oil.
The measurement of fluid pressure is made by counting
(averaging) the output frequency of the oscillator cir-
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F1G. 1. Study area and deployment sites under the Gulf Stream. Cape Hatteras
is near the lower left corner. Bathymetric contours are in meters.
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TABLE 1. Pressure sensors used.
Serial Working range
Sensor ' number Model (db) Type
1 8181 75K-002 0-3450 Beliows
2 8180 75000 0-3450 Bellows
3 17848 76KB-032 0-4100 Bourdon-tube
4 17849  76KB-032 0-4100 Bourdon-tube
5 17911 76KB-032 0-4100 Bourdon-tube
6 18426 76KB-032 0-4100 Bourdon-tube
7 19327 46K-032 0-4100° Bourdon-tube
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cuit over a period set to be 2 hour in these deploy-
ments.

The pressure sensors were powered and controlled
by Sea Data Corp. model XP35 electronics cards in-
stalled in inverted echo sounders (IESs). The IES cir-
cuitry and mooring configuration are described by
Chaplin and Watts (1984). These instruments were
tethered less than 1 m above the ocean floor, in order
to have minimal vertical motion of the instrument in
response to bottom currents; we estimate less than 0.4
cm vertical excursion in the peak deep current speeds
(~25 cm s™!) observed in our work area. .

Another potential concern for bottom pressure
measurements is the stability of the mounting on the
sea floor. Most evidence indicates no tendency in these
deployments for the anchors to sink into the mud or
for the bottom to slump downslope: all but three of
the observed pressure drifts discussed in the following
section are toward the lower (rather than higher) pres-
sures. Moreover, the acoustic travel times (7) measured
simultaneously on these IESs show no indication of
depth change, although only depth changes larger than
1-2 m would likely be noticed in the 7 records.
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b. Temperature sensor

Because temperature also affects the oscillation fre-
quency of the quartz crystal in the pressure sensor, it
is essential to independently measure the temperature
of the crystal. A thermistor (Yellow Springs Interna-
tional Corp., model 44032 ) was placed as close as pos-
sible to each sensor. The thermistor was powered and
controlled by Sea Data Crop. model DC37 electronics
cards installed in the IESs. This circuitry produces an
output frequency that varies with the temperature-de-
pendent resistance of the thermistor.

¢. Time base and recording

The half-hourly period, over which we measure the
output frequency of the pressure and temperature sen-
sors, was controlled by a quartz crystal clock in the
IES; the circuitry is described by Chaplin and Watts
(1984). If the counting period drifts by some unknown
amount, the change in counts of the pressure sensor
frequency is unavoidably interpreted as a pressure drift.
The stability of the crystal (JAN Crystals, model HC33/
U AT cut 4.194304 MHz) and timing circuitry used
in these deployments was reported by the company to
be 25 ppm/°C and 20 ppm in the first year. However,
these stability specifications are not as good as they
ought to be; these crystals were mistakenly used as a
less expensive replacement for a better crystal. The
quartz crystals had all been baked at elevated temper-
atures and aged before deployment; nevertheless, clock-
frequency drift may be responsible for the observed
drift in some of the measured pressures when the drift
range is small. (After these deployments, we discovered
the error and upgraded the time bases.) The preferred
stability of the time base is 0.5 ppm.

DEPLOYMENT PERIOD
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F1G. 2. Deployment periods for pressure sensors at various Gulf Stream sites.
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FIG. 3. Schematics of the Digiquartz pressure sensors (courtesy of Paroscientific, Inc.). In the left of the figure is
shown the bellows-type sensor and in the right the Bourdon-tube sensor. Each sensor is connected to the environment
through a capillary tube filled with mineral oil. Increasing pressure respectively decreases and increases the tension on

the quartz crystal of the bellows and Bourdon transducers.

All the data were recorded digitally on the IES data
cassettes using a Sea Data model 610 recorder.

4. Observed drifts of pressure sensors
a. General description of performance

In many records a long-term drift is apparent when
we remove the mean and the tides. Plots of the detided
pressures and superimposed drift-curves are shown in
Fig. 4. Several features are common to these records:
1) During the first few hours (<12 h) there is a rapid
slewing toward higher pressure readings as the sensors
come to thermal equilibrium at the ocean bottom. 2)
During the next 3 to 12 months of deployment there
is a drift of a few tenths of a decibar, between 0.2 and
0.85 db in the worst six records, with rate decreasing
with increasing time. 3) Superimposed on the drift is
the ocean pressure signal, with obvious 5- to 30-day
periodicities and 0.1- to 0.2 db pressure changes; these
are the dynamic pressure signals of central scientific
interest that we wish to study uncontaminated by drift.
4) There is high-frequency variability of roughly +0.02
db, which exceeds measurement noise (<0.001 db) or
our estimates of instrument depth variation.

Table 2 summarizes the drift characteristics found
for all the deployments; for simplicity, only the total
change during the first 6 days and the total change
from start to end of the record are listed. Several other
factors are also listed that could be expected to influence
the amount of drift. These include the sensor construc-

tion (bellows vs Bourdon tube), whether the sensor
was “preconditioned” to high pressure for some period
before deployment, and the ambient pressure (3340 to
4400 db) during the deployment. We also list the pres-
sure drift caused by clock-frequency drift in those de-
ployments for which we were able to independently
determine the latter. In the following discussion we
relate the amount of drift to these factors, although we
must caution that we have very few replicate examples.

b. Factors influencing performance

In this section we provide an overview of the drift
characteristics shown in Table 2.

Two bellows sensors (labeled 1 and 2 in Table 1)
were used in four deployments and returned four re-
cords, all of which showed significant drift ( ~0.21 to
0.85 db), of opposite sign for the two sensors. The
sense of the drift was reproduced in their second de-
ployments, but did not improve much with precon-
ditioning, and the magnitude is much larger than the
clock-induced component. The characteristic decay-
time and amplitude of the drift changes greatly from
sensor to sensor and from one deployment to another
of the same sensor for bellows and Bourdon-tube sen-
SOrs.

One of the five Bourdon-tube sensors (sensor 6) re-
corded numerous discontinuous jumps of varying size
and sign in both of its deployments, although this was
difficult to detect in the laboratory. After the second
deployment it was returned to the manufacturer, and
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FIG. 4. Original pressure records with tides removed. The fitted drift curves are superimposed.
The sensor malfunction illustrated in record 85-B3 is not drift, as explained in section 4.

the problem was traced to marginal electrical contacts
at the sealed quartz crystal. The other four Bourdon-
tube sensors, used in eleven deployments, produced
.ten records; in the second deployment of sensor 3 (re-
cord 85-C1°), the electronics failed shortly after launch.

Three of the four successful Bourdon sensors (all

except sensor 5) showed a pressure drift in their first
deployment. Two of them (sensors 4 and 7) were not
preconditioned and the amount of their drift exceeded
that which could be accounted for by clock-frequency
drift. The third sensor (sensor 3) was preconditioned
and its small total drift (~0.1 db) may have been
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TABLE 2. Drift characteristics for each deployment.
Drift (db)
Preconditioning Deployment Observed Caused by clock
Sensor

Duration  Pressure Duration Pressure Initial  Entire Initial Entire
Record Number Type (months) (db) Dates (months) (db) 6days record 6 days record
84-B2 1 Bellows 24 3200 Oct 83-Jan 84 3 3625 -0.15 -0.21 unknown
85-B2 1 Bellows 3 3625 Jan 84-Jan 85 12 3645 -0.17 -0.37 +0.01 +0.065
85-C2 2 Bellows 4 3900 Jun 84-May 85 11 3730 +0.15 +048 -0.001 —0.035
86-G2 2 Bellows 11 3730 May 85-Jun 86 12 3870 +0.60 +0.85 -0.002 -0.04
84-Cl 3 Bourdon 3 1400 Nov 83-Jan 84 2 3514 +0.03 +0.10* unknown
85-Cl 3 Bourdon 2 3514 Jan 84-Jan 85 12 * * * —
84-C2 4 Bourdon —_ — Nov 83-Jun 84 8 3730 -0.12 045 -0.004 -0.07
85-C1 4 Bourdon — — Jan 85-May 85 5 3530 none unknown
86-G4 4 Bourdon 5 3530 May 85-Jun 86 12 4240 —-0.02 -0.16 unknown
87-PB3 4 Bourdon — — Nov 86-Feb 87 3 2665 -0.01 —-0.05 unknown
84-C3 5 Bourdon — — Jan 84-Jun 84 6 3990 none unknown
85-CO 5 Bourdon —_ — Jan 85-May 85 5 3340 b i unknown
85-B3 6 Bourdon —_ —_ Jan 84-Jan 85 12 ' t ¥ —
87-PB6 6 Bourdon — — Nov 86-Feb 87 3 t t ' —
85-C3 7 Bourdon —_ Jun 84-May 85 11 3990 —-0.08 -—0.21 -0.02 —0.075
86-G7 7 Bourdon 11 3990 May 85-Jun 86 12 4435 none 0.0 0.0
87-PB1 7 Bourdon —_ Nov 86-Feb 87 3 1950 -0.02 -0.08 unknown

* Not dedrifted because record is very short.
* Electronics failed.

** +0.15 db drift in first two days.

t Record jumpy and unusable.

caused by the clock. The drift of each Bourdon-tube
sensor in its second and subsequent deployments was
either undetectable or had different shape and smaller
magnitude than the first deployment and could possibly
all be due to clock-frequency drift. We take this as a
very promising result for the Bourdon sensors, since
the clock time-base is more easily upgradable than the
pressure transducers themselves.

To briefly summarize the performance discussed
above:

* Bourdon-tube sensors performed better than bel-
lows sensors.

# Preconditioning in the laboratory or prior deploy-
ment of the Bourdon-sensors substantially reduced or
eliminated the drift in subsequent deployments.

e The drift characteristics are not reproducible from
one deployment to another.

5. Method of drift estimation and removal
a. Introduction to drift modeling

Historically, investigators have modeled the drift of
various pressure sensors by either a power-law [~ (¢
— 1,)?, 0 < 8 < 1], logarithmic [ ~In(z — #)] or ex-
ponential { ~exp[—a(z — #)]} dependence on time,
t, after initial pressurization at ¢ = ¢,. Although the

exact cause of the drift is unknown, it is believed to
result from mechanical creep of materials subjected to
high stress. The above three dependencies have been
used to describe creep in laboratory and geophysical
studies, as has been reviewed by Wunsch and Wimbush
(1977), Filloux (1980), and Wearn and Larson (1982).

It had been hoped and asserted (Wearn and Larson
1980) that by careful measurement of drift character-
istics of a sensor in the laboratory, the drift curve for
it in an ocean deployment might be accurately pre-
dicted. Skepticism has probably always been appro-
priate about applying such predictions, because the drift
processes may not be reversible or reproducible. More-
over, for the deep-ocean pressure sensors it has not yet
been practical to monitor the drift in the laboratory at
the required ~ 1 ppm accuracy for long time periods.
In one of the best attempts yet made (Wearn and Lar-
son 1980), the required level of absolute pressure and
temperature stability was not achieved even by their
high-quality calibration instruments.

b. Drift estimation and removal

In these deployments, the approach to drift esti-
mation has been to make least-squares fits of the above
three mathematical models to the records. Since most
of the records are long compared to the time scales of






