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Vertical seafloor deformation can be measured using pressure, since ambient 

seawater pressure is a proxy for depth. However, most quartz pressure gauges 

experience drift that can contaminate expected geodetic signals. An instrument called 

the Self-Calibrating Pressure Recorder (SCPR) was developed to compensate for the 

effects of drift by using a piston gauge to supply a stable reference pressure. SCPR 

deployments are limited to two years, so to collect longer geodetic records over years to 

decades the Absolute Self-Calibrating Pressure Recorder (ASCPR) was developed. The 
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ASCPR uses the same calibration system as the SCPR, but instead makes campaign-

style measurements of the true, absolute value of pressure. In order for measurements to 

be accurate, the calibration system components must be known to a few parts per 

million (ppm). However, during the deployment and the measurement periods, the 

ASCPR is susceptible to changes in pressure on the order of 100 ppm, due to 

temperature changes. In the lab, we exposed the ASCPR to temperature changes while 

measuring the reference pressure to characterize the effects of thermal expansion on the 

piston gauge. The corrected pressures were stable at a 95% confidence level of ±0.23 

kPa, or 2.3 cm equivalent, corresponding to a 13 ppm effect at a simulated pressure of 

19,000 kPa. We also determined the thermal expansion effects had a time constant of 

5.9 hours, which allows us to determine the changes over time, thereby reducing the 

amount of time required for the instrument to stabilize. Finally, the coefficient of 

thermal expansion that minimized the uncertainty in the pressure was less than the 

nominal value stated by the manufacturer. The uncertainty remained at the 13 ppm 

level, larger than our desired uncertainty of less than 10 ppm. At this level, the ASCPR 

can be used to detect larger geodetic signals, but requires further improvements to 

monitor slow deformation and sea level. My thesis is focused on evaluating the 

accuracy of the ASCPR and how it depends on the temperature variations during 

deployment. 
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Chapter 1 

Introduction 

 

1.1 Significance of Marine Geodesy 

 Large amounts of information about plate motion and deformation, the 

earthquake cycle, gravity, and other geophysical processes have been revealed through 

the advancement of geodesy. Even though land surfaces occupy only 30% of the 

planet’s surface, terrestrial geodetic studies are more extensive than their marine 

counterparts because water poses is a poor transmission medium for electromagnetic 

radiation and imposes large pressures. Extending our knowledge of plate structure and 

dynamics to the marine setting is an important and developing area of study. 

For example, subduction zones can produce destructive earthquakes and 

tsunamis, posing a significant hazard for areas such as Japan, Sumatra, Chile, and the 

United States Pacific Northwest. In order to better characterize the subduction system 

and earthquake cycle, more information on the structure, deformation, and seismicity 

are needed. In a subduction zone, one plate subducts beneath another; the interface 

between the two plates can be in a locked state, due to friction. As one plate subducts, 

the locked zone will accumulate strain until it reaches critical failure and slips along the 

fault as a thrust earthquake, with potential to cause a large tsunami. To understand the 

hazard associated with subduction zones, such as the one in Cascadia, the amount and 

distribution of plate locking needs to be characterized (Gomberg et al., 2010). 
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Terrestrial measurements can constrain down-dip sections of a locked zone, but are 

limited. The up-dip extent of the locked zone extends offshore and thus requires 

offshore measurements of deformation. Models can be used, but the constraints from 

offshore data are not as robust as those from onshore measurements (Ohta et al., 2012). 

Slip behavior along a subduction zone cannot be characterized accurately without the 

addition of offshore observations. More marine geodetic measurements will improve 

understanding of subduction zone structure and dynamics (Gomberg et al., 2010). 

Another area of application that relies heavily on geodetic measurements is 

volcano monitoring. As an intrusion of magma occurs, the ground above it can swell or 

inflate, and as the magma leaves the reservoir or erupts, the ground can deflate. 

Presently, volcanic activity, such as the magmatic inflation-deflation cycle or potential 

for collapse, is monitored on land. These monitoring efforts are important to protecting 

lives and infrastructure. The USGS and other international institutions monitor many 

terrestrial volcanoes across the globe and provide alerts (Dzurisin, 2003). However, 

many volcanoes lie underwater near plate margins. Volcanic eruptions or lava flows can 

move or displace large amounts of material and generate tsunamis, which present 

hazards to nearby populations or underwater infrastructure. Examples of large mass 

movements include collapse of volcanic structures or magma chambers, slope failure, or 

even violent eruptions (Latter, 1981). 

Additionally, natural resources, such as gas and oil, are an important aspect of 

most communities around the globe. Many reservoirs and fields are located under the 

ocean floor, where extracting or injecting fluids can be costly, difficult, and potentially 

dangerous (Zumberge et al., 2008). Not only can resources be extracted, but large scale 
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attempts to store carbon underground are also done. In these projects, as resources are 

extracted, the reservoir can experience compaction and subsidence. The ability to 

monitor materials throughout the extraction or injection processes can help manage 

these projects. 

 

1.2 Sources and Signals 

Several main areas of interest to study include subduction zones, volcanoes and 

hotspots, and resource reservoirs. At each of these features, vertical seafloor 

deformation occurs at a range of levels, from a few millimeters per year to many tens of 

centimeters per year.  

At the Cascadia subduction zone, the Juan de Fuca plate converges with the 

North American plate at a rate of approximately 4.0 cm/year (Argus and Heflin, 1995). 

In the South Pacific Ocean, near the Vanuatu Islands, the Australian plate converges 

with the Pacific plate at a rate of approximately 9.0 cm/year to form the New Hebrides 

trench. Subsidence of Australian plate occurs in some areas of the trench at a rate of 

0.33-1.1 cm/year (Bergeot et al., 2009; Ballu et al., 2012). In the Sumatra subduction 

zone, the Indo-Australian plate subducts beneath the Southeast Asian plate at a rate of 

approximately 6.0-8.0 cm/year, with downward vertical motions of about 0.4-1.0 

cm/year, determined from coral microatolls on the Southeast Asian plate (Zachariasen et 

al., 2000). Japan has subduction zones offshore, where the Pacific plate converges with 

the Okhotsk and Phillipine plates at a rate of about 7.0-9.0 cm/year, depending on the 

area. Subsidence can occur at approximately 0.5 cm/year, as seen along the forearc 

(Matsu’ura et al., 2009). 
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Axial Seamount is a submarine volcano along the boundary of the Juan de Fuca 

and Pacific plates, and has recorded eruptions in the recent past – one in 1998 and 

another in 2011. Observations of deformation associated with magmatic inflation and 

deflation cycle can help improve understanding of the eruption recurrence interval, and 

provide information to develop monitoring systems (Chadwick et al., 2006; Chadwick 

et al., 2012). At Axial Seamount, vertical deformation rates of about 10-20 cm/year 

have been observed, with recent activity as much as 20 cm/month. Another form of 

volcanic activity includes the gradual collapse of an area, such as what has occurred 

near the south flank of Kilauea, Hawai’i, which resulted in vertical deformation as high 

as 9.0 cm/year in some areas (Phillips et al., 2008). 

At Troll field, Norway, during gas production projects, subsidence of 

approximately 1.0 cm/year was recorded. The observations were attributed to reservoir 

compaction (Eiken et al., 2008). During carbon capture and storage processes in the 

Sleipner field, Norway, similar vertical deformation rates are observed, although these 

were attributed to sediment motion, not reservoir compaction  (Alnes et al., 2011). 

 

1.3 Geodetic Methods 

For many decades, geodesy has been a useful study tool for determining the 

motion and deformation of plates, the structure of the gravitational field, and thereby 

subsurface density variations. Much of geodesy is conducted on land, where techniques 

involving the transmission of electromagnetic radiation (EM) have been refined so 

measurements of plate motion and deformation with mm and cm level resolution can be 

routinely performed. However, since water attenuates EM radiation strongly and 
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imparts great pressure, many terrestrial geodetic methods are not feasible underwater. 

However, over the past few decades, new methods of performing underwater geodetic 

measurements with cm level resolutions similar to continental geodetic methods have 

been developed (Bürgmann and Chadwell, 2014). 

On land, some geodetic methods include strainmeters, tiltmeters, and 

gravimeters. Strainmeters can measure sub-micron deformation, usually along baselines 

of tens of meters, often more. Tiltmeters are capable of measuring changes of 10-9 

radians that provide information on changes in land-surface inclination useful for 

determining deformation. Gravimeters can determine variations in local gravity on the 

order of 1 µGal, which can reveal information on local vertical deformation or changes 

in the subsurface density structure (Seigel, 1995). 

Other terrestrial methods include Interferometric synthetic aperture radar 

(InSAR) and the use of Global Positioning System (GPS). However, these two methods 

depend on the transmission of EM radiation across large distances. For GPS, once a 

geodetic station is set up, determinations of plate motions and deformation in horizontal 

and vertical components with precisions on the order of millimeters can be made. Using 

InSAR, plate deformations on the scale of millimeters and centimeters can be measured. 

However, InSAR is limited to non-vegetated areas, regions that are not too steep, and 

require a certain number of SAR images to process effectively. 

In the oceans and underwater, two challenges arise: methods that rely on EM 

radiation will fail due to the poor transmission of radiation through water, and 

instruments deployed at significant water depths must be able to withstand high 

pressures. Over the past three decades, methods have been developed for the marine 
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environments and include multibeam bathymetry, sidescan sonar, acoustic ranging, 

pressure sensors, strainmeters, tiltmeters, and seafloor gravimeters (Bürgmann and 

Chadwell, 2014). 

Acoustic waves travel significantly farther than light in water, and accordingly 

are used to make measurements of the position of the seafloor. However, acoustic 

methods are complicated by lateral sound speed variations in the ocean, and the sound 

velocity is only known only to 1 part per 10,000 (Spiess, 1985). The limitations of the 

determination of the velocity of sound in water provide a limit on the resolution 

achievable by acoustic methods. Acoustic ranging can be performed which typically 

involves several precision transponders measuring distances with centimeter level 

precision over several km (Chadwick et al., 2002; Sweeney et al., 2005). Coupling 

kinematic GPS and acoustic ranging (GPS-A), by tracking a vessel while it acoustically 

ranges several transponders, can also be used to make measurements with centimeter 

level precision over a period of several hours. Other acoustic methods such as 

multibeam bathymetry and sidescan sonar can be useful for surveying large areas, as 

they have footprints of tens of m; however, their resolution is limited on the order of 

meters. Only large offsets and deformation can be detected using these methods by 

repeat before-and-after scans. 

Other methods that have been developed include marine analogues to terrestrial 

instruments, such as strainmeters, tiltmeters, and gravimeters. A planned seafloor 

strainmeter is capable of measuring changes in length of several micrometers over a two 

hundred m long baseline, nearly comparable to its terrestrial equivalents (Zumberge, 

1996). Marine tiltmeters are capable of measuring changes of 10-8 radian; however, 
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measurements are susceptible to water movement if the instrument is not properly 

coupled to the seafloor, and the observability is limited to larger events over shorter 

time intervals due to considerable drift that the instruments experience (Bürgmann and 

Chadwell, 2014). Seafloor gravimeters can be used to measure deformations, as well as 

changes in subsurface mass distribution and are capable of resolving changes of order 1 

µGal. 

Pressure sensors can be used to detect vertical signals, since small changes in the 

overhead water column of 1 cm will produce measurable changes in pressure of 100 Pa. 

However, pressure gauges experience long-term drift that can be on the order of or even 

exceed expected vertical deformation rates in many areas. 
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Chapter 2 

Pressure Recorders 

 

 Pressure sensors are a good way of measuring changes in depth, since a change 

in the water height of 1 cm will produce a measurable pressure change of 100 Pa. 

However, pressure gauges inherently experience a drift in their records that can 

contaminate signals from seafloor deformation or sea level change, which can be on the 

order of several hundred Pa per year, or the equivalent of several cm/year. The amount 

of drift sensors experience is generally less than 8 kPa/year, equivalent to 80 cm/year. 

This is a considerable signal that requires correction in order to resolve seafloor 

deformation signals of order tenths of a kPa per year (Polster et al., 2009). Some studies 

have attempted to characterize pressure gauges’ drift rates, but drift varies per 

instrument as well as in different settings, making it difficult to remove consistently 

(Polster et al., 2009). 

 

2.1 The Self-Calibrating Pressure Recorder (SCPR) 

The Self-Calibrating Pressure Recorder (SCPR) is an instrument developed to 

measure pressure along the seafloor, while removing the effects of sensor drift in situ 

during deployments of months to years (Sasagawa and Zumberge, 2013). Drift-free 

pressure records are useful for measuring vertical seafloor deformation, or potentially 

sea level change. 



 

 

9 

The SCPR is carried to depth by ROV and then left on a physical, concrete 

benchmark on the seafloor. Once deployed, pressure gauges inside the SCPR will 

measure the ambient seawater pressure, which is a combination of tides, storms, sea 

level, other non-tectonic effects, and tectonic processes; however, these can be corrected 

by using a local tide gauge or other record. At a regular interval, the ambient seawater 

pressure record is stopped to perform a calibration. The pressure gauges are switched by 

a valve to observe a reference pressure supplied by a precision piston gauge instrument, 

or a deadweight tester (DWT) instead of the ambient seawater pressure for a period of 

time determined by the user. After the calibration period is done, the pressure gauges are 

switched back to measuring the ambient seawater pressure. Throughout the deployment 

duration, the reference pressure from the DWT is stable to a few parts per million 

(ppm), and can be used as a standardized value. Any changes in the observed values of 

the reference pressure are due to changes, or drift, of the sensors, since the reference 

pressure value is stable. A trend, which contains a brief, initial exponential component, 

but considered linear after months, can be determined from the calibration values and 

removed from the entire pressure record accordingly. 

The SCPR is designed to measure seafloor deformation or other marine geodetic 

signals continuously over the course of months to years at depths up to 3 km. The 

uncertainty due to drift is intended to be less than 10 ppm at 1km depth, which is 

approximately 100 Pa, or 1 cm of water. For deployments of months to years, the 

stability of the DWT reference pressure is nearly within the limit, at about 10 ppm. The 

SCPR would be deployed at a physical benchmark on the ocean floor, and could then be 

connected to a cabled observatory, visited intermittently to retrieve data acoustically, or 
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recovered after the duration of its deployment. 

 

2.2 The Absolute Self-Calibrating Pressure Recorder (ASCPR) 

The Absolute Self-Calibrating Pressure Recorder (ASCPR) is an instrument 

similarly developed to measure the true value of ocean bottom pressure as accurately as 

possible, while removing sensor drift over many hours during a campaign style survey. 

The absolute pressure measurements can be used to calibrate existing SCPR 

deployments, connect two pressure time series using an absolute reference value, and 

determine slow vertical crustal deformation, and long-term sea level change. 

The ASCPR is carried to depth by ROV and placed on a concrete benchmark on 

the seafloor. Then pressure gauges inside the ASCPR will measure the ambient seawater 

pressure. At some nominal interval, the ambient seawater pressure record is interrupted 

to perform a calibration. The pressure gauges are switched to measure a reference 

pressure supplied by a DWT. After the calibration is complete, the pressure gauges are 

switched back to recording ambient seawater pressure. Once a sufficient record is 

obtained, the ASCPR is brought back to the surface. The reference pressure from the 

DWT is very carefully calculated and determined to within a number of parts per 

million, and then can be used as a definitive reference value. The drift rate that the 

sensors experience can be characterized by observing the amount of change in the 

measured DWT pressures. The measured, known DWT pressure values can be used as 

reference values to correct any drift and offsets in the ambient seawater pressure, which 

will produce a record of the true pressure. 

The ASCPR is designed to measure seafloor deformation or sea level change 
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intermittently over the course of many years. Like the SCPR, the ASCPR can be used at 

depths up to 3 km, and the uncertainty is proposed to be no more than 10 ppm at 1km 

depth, or approximately 100 Pa, or 1 cm of water. Unlike the SCPR, the ASCPR is 

intended to operate in a campaign style mode, with hours-long measurements at 

benchmarks over many years. These data can be combined to form long time series of 

pressure at a location. 

 

2.3 Absolute vs. Relative Measurements 

The most important distinction between the SCPR and the ASCPR is in what 

they measure. The SCPR measures a relative pressure; it detects change in pressure with 

time. Pressure data are absolute, in the sense that the gauges record relative to a 

vacuum, so measured pressure is the sum of gauge and atmospheric pressures, but the 

exact, true value of pressure at that depth may be different than what the sensors are 

measuring. On the other hand, the ASCPR provides an absolute measurement of 

pressure. These data are absolute in two senses: that is the data are the sum of gauge and 

atmospheric pressures and the data are representative of the true value of pressure at 

that depth. The term absolute here is used to describe the latter aspect of recorded 

pressure, and is used to refer only to ASCPR measurements throughout. Although the 

SCPR and ASCPR are of the same construction, because the ASCPR is a measure of 

absolute pressure, it has more potential applications than the SCPR.   

The SCPR is deployed at a location for periods of months up to 2 years. At that 

site, the SCPR will remain on a concrete benchmark and detect changes in pressure over 

time. After it has been deployed on the seafloor, it can be left for years and returned to 
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at a later time for recovery, or visits can be made to the site to acoustically retrieve data. 

These measurements can be used to look at geodetic signals that occur at rates 

measurable on the timescale of up to 2 years. The duration of the deployment is limited 

by the battery capacity of the instrument. 

Since the SCPR detects changes in pressure, repeatability of the calibration is 

necessary, but accuracy is not. The reference pressure is assumed to be stable and used 

as a constant value to correct the pressure record for any drift. As long as the value of 

the reference pressure is stable, then any changes in the observed reference pressure are 

caused by sensor drift, which is then determined and removed. While the reference 

pressure is stable to a few ppm, the sensor drift can be removed in this way, and any 

resulting changes in pressure are due to seafloor deformation, sea level change, or 

otherwise. 

Contrary to the SCPR, the ASCPR is used in campaign style surveys. This 

means it is deployed for several hours at a location, where it will record the absolute 

value of pressure, and then is returned to the surface, or moved to another location. The 

ASCPR allows quick, repeatable measurements at different locations to be made in a 

short amount of time. This is very important for reducing the amount of time a ship is 

required to wait for measurements to be made, therefore greatly decreasing costs. 

Measurements are independent of the specific ASCPR that is used, so any number of 

years later a different ASCPR, or entirely different method, could be used to measure 

the pressure and still produce a valid record. These instruments could be used to 

measure slower, long-term seafloor deformation signals or sea level change over the 

course of many years to decades. 
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At a location, the ASCPR is intended to measure the exact value of pressure, so 

accuracy of the calibration is necessary. To provide exact, known values of the DWT 

reference pressure, we require absolute knowledge of the factors in the pressure 

equation. The absolute ambient seawater pressure can be determined from the offset 

between the reference pressure, whose value is known exactly, and the measured 

ambient seawater pressure. As long as the reference pressure is known, the absolute 

pressure can be determined in this way. Thus, the DWT reference pressure does not 

require stability, as long as any changes in the reference pressure can be accurately 

determined.   

 

2.4 Instrument Design and Operation 

The SCPR and ASCPR are intended to make different types of measurements, 

but their constructions are the same; they use the same pressure recording sensors and 

calibration system to remove sensor drift. Encased in an aluminum pressure case sphere 

are a pair of Paroscientific 410K pressure gauges, a piston gauge deadweight tester 

(made by DH Instruments), a leveling mechanism, a barometer, memory, and an 

electronic controller, among other components (Sasagawa and Zumberge, 2013). The 

DWT supplies the reference pressure used to calibrate the records and must be 

monitored carefully (Olson, 2009). A photo of the interior of the instrument is shown in 

Figure 2.1 and a photo of the exterior is shown in Figure 2.2. 

 

2.4.1 Instrument Design 
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Pressure lines connect three main elements: the DWT, the pressure gauges, and 

the ambient seawater. The cylinder pressurizing valve, or charging valve (CV), connects 

the DWT to the ambient seawater pressure through a port on the side of the sphere. The 

CV can be opened to ambient seawater pressure, which is used to lift the mass off of the 

bottom of the DWT apparatus, or closed off. The selector valve (SV) connects three 

things: the two pressure gauges to the piston gauge DWT and to the ambient seawater 

pressure through a port exiting the sphere. The SV is generally open such that the 

pressure gauges see the seawater pressure and not the DWT, but the SV can be switched 

such that the pressure gauges will detect the DWT and not the seawater. 

The deadweight tester is a DH Instruments PG7300-2 piston gauge, comprised 

of a piston-cylinder assembly filled with oil, a mass support, depth-appropriate mass, 

mass lock mechanism, spin-up mechanism, Linear Variable Differential Transformer 

(LVDT), tachometer, and Platinum Resistance Thermometer (PRT). The mass used 

depends on the depth the instrument will be deployed; it should generate a reference 

pressure that is about 300 kPa less than the ambient seawater pressure. If the force of 

the mass generates a reference pressure greater than the ambient seawater pressure, the 

mass will not lift off of the bottom. When a calibration is initiated, the lock disengages 

and the piston and mass support are spun-up using a belt, to bring the system to a 

dynamic state of friction. The piston height is monitored using the LVDT, and the spin 

rate is tracked via tachometer. 

All of the internal components are mounted on a gimbal platform with a 

tiltmeter, so that the instrument can be aligned with the local vertical axis. The 

barometer records internal barometric pressure. An electronic controller monitors the 
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system state of health, copies data to the system memory, communicates data 

acoustically, or is asleep for power conservation. 

 

2.4.2 Instrument Operation 

 The instruments are operated similarly when deployed, but may have different 

calibration intervals and durations, as specified by the user. They are carried to depth 

and placed on a concrete benchmark. Once on the benchmark, the selector valve will 

open the pressure gauges to the ambient seawater and begin recording pressure. At an 

interval selected and adjusted by the user, the calibration sequence is engaged. First, the 

tilt of the system is checked and the internal components are leveled if necessary. The 

charging valve is opened, and the ambient seawater pressurizes the piston gauge, raising 

the mass off the bottom. Once the mass reaches a preset height, as measured by the 

LVDT, the CV closes. The spin mechanism engages and initiates rotation of the piston 

and mass. The selector valve switches the pressure gauges from ambient seawater to the 

piston gauge. At this point in time, the piston gauge is producing a precise reference 

pressure, and the instrument is closed off from the ambient seawater pressure 

completely. For an amount of time determined by the user, the pressure gauges record 

the reference DWT pressure. Once the calibration period is done, the selector valve 

reconnects the pressure gauges to ambient seawater pressure. Over time the piston 

rotation rate decrease, and the piston height falls to the bottom stop.  

 

2.4.3 The Piston Gauge Deadweight Tester 
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The SCPR and ASCPR use the same piston gauge deadweight tester. The 

calibration method used in these sensors requires stability and reproducibility of the 

reference pressure so that the proper amount of drift can be corrected. Employing a 

simple deadweight tester mechanism, which uses the gravitational force of a mass 

applied over an area, can generate repeatable pressures. A mass is placed on a support 

attached to the piston component, which fits within the cylinder, lubricated with dioctyl 

sebacate oil. The mass is then spun up, rotating at 5-20 RPM, so that the piston walls 

are under dynamic friction conditions, which offers greater stability and less resistance 

than static friction. To first order, this pressure depends on the gravitational force of the 

mass, Mg, acting over the area, A, of the piston, that is: 

 𝑃 =
𝑀𝑔
𝐴  (1.1) 

However, additional terms become important contributions to the pressure in this 

deadweight tester. The force is affected by buoyancy acting on the mass and surface 

tension term acting along the piston. The piston area is affected by thermal expansion 

and high-pressure distortion. The final equation takes the form of equation (1.2) (Olson, 

2009). These factors not only change the value of the measured pressure, but also 

introduce sources of variation of the reference pressure, which must be considered when 

using these calibrations as stable reference values. 

 

 
𝑃 =

𝑀𝑔 1− 𝜌!
𝜌!

+ 𝛾𝐶

𝐴![1+ (𝛼! + 𝛼!)(𝑇 − 𝑇!)](1+ 𝑏𝑃!)
 (1.2) 
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Table 2.1: Definitions of Parameters in the DWT Reference Pressure Equation 

M mass of the piston plus mass of the load (kg) 

g local acceleration due to gravity (m/s2) 

ρa air density (kg/m3) 

ρm mass density (kg/m3) 

γ oil surface tension (N/m) 

C piston circumference (m) 

A0 piston area at reference temperature, T0, and atmospheric pressure (m2) 

αc cylinder linear coefficient of thermal expansion (°C-1) 

αp piston linear coefficient of thermal expansion (°C-1) 

T piston temperature (°C) 

T0 piston reference temperature (°C) 

b cylinder pressure coefficient (Pa-1) 

Pn working fluid pressure (Pa) 
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Table 2.2: Reference Pressure Equation Parameter Values 

M 9539.05±0.02 g 

γ 0.0310±0.0093 N/m 

A0 4.901758±0.000123 mm2 

C 7.848421±0.000016 mm 

αc (4.5±0.23)×10-6 °C-1 

αp (4.5±0.23)×10-6 °C-1 

T0 23°C 

b (7.54±0.80)×10-13 Pa-1 

 

The uncertainty due to error in drift is intended to be limited to less than 10 ppm 

at 1km depth, equivalent to about 100 Pa or 1 cm of water. Therefore, the cumulative 

effect of additional terms, specifically buoyancy, surface tension, thermal expansion, 

and piston distortion, in the DWT reference pressure must be known to less than 10 

ppm over the deployment period. 
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Figure 2.1: A view of the interior of the ASCPR. 
  

 
 

Figure 2.2: An exterior view of the ASCPR. The 41.6 cm diameter blue sphere is the 
pressure case, which is mounted to a base plate. The cage is attached to the plate and 
provides protection for the ASCPR as well as contact points for the ROV to handle the 
instrument. 
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Figure 2.3: A schematic drawing of the ASCPR. The selector valve allows the pressure 
gauges to detect the deadweight tester pressure or the ambient seawater pressure. 
Generally the valve is open to seawater, but at a regular interval, it will switch to the 
deadweight tester, which supplies a known reference pressure. Other components help 
level the system, monitor state of health, handle memory, and other tasks. 
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Chapter 3 

Pressure Accuracy and Thermal Expansion of the 

Piston Gauge 

 

The ASCPR is able to provide an accurate measure of pressure and correct for 

sensor drift using a DWT to create a reference pressure. However, for corrections to be 

done properly, the reference pressure value must be known, which occurs when pressure 

correction terms in equation (1.2) are all known also. During a deployment of several 

hours, the terms including mass, gravity, density, distortion, tilt, and surface tension can 

be determined and are stable to a few ppm and do not require corrections. However, the 

temperature is fairly variable as the ASCPR travels through the thermocline; mean sea 

surface temperature is generally warmer than the mean temperature at depths of 1 km or 

more: about 4°C. As the temperature changes, the area of the piston over which the force 

of the mass is applied, contracts and expands. Temperature changes in excess of 10°C are 

common, which affect the piston area, and thus, the reference pressure by more than the 

desired uncertainty of 10 ppm. For an accurate measure of pressure, corrections for areal 

thermal expansion must be made. 

Determining the amount of areal thermal expansion of the piston depends on three 

parameters: the linear coefficient of thermal expansion of the cylinder, αc, the linear 

coefficient of thermal expansion of the piston, αp, and the temperature change, T-T0. The 

temperature change is relative to the reference temperature, at which the piston and 
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cylinder are measured absolutely. The piston and the cylinder are made of the same 

material – tungsten carbide – so the linear coefficients of thermal expansion of the two 

components are the same, denoted by 𝛼 . The effective area of the piston can be 

approximated as: 

 𝐴!"" = 𝐴! 1+ 𝛼! + 𝛼! 𝑇 − 𝑇!  

= 𝐴! 1+ 2𝛼 𝑇 − 𝑇!            
(3.1) 

The temperature difference will always be negative. Therefore, the whole thermal 

expansion term will be less than 1, which means the material is actually contracting. If all 

other factors affecting the pressure do not change, the areal change will affect the 

reference pressure in the amount of (1+2α(T-T0)). 

 

3.1 Theoretical Thermal Expansion Effects 

The effects of temperature on the measured reference pressure from the DWT can 

be isolated and calculated. For a given mass, gravity, and nominal area, and neglecting 

buoyancy, oil surface tension, and piston deformation, the pressure equation only changes 

with the areal thermal expansion term: 

 𝑃!"#$ =
𝑀𝑔

𝐴!(1+ 2𝛼(𝑇 − 𝑇!))
 (3.2) 

Given the nominal reference pressure of 

 𝑃! =
𝑀𝑔
𝐴!

 (3.3) 

The equation for the measured pressure can be rearranged to 
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 𝑃!"#$ 1+ 2𝛼(𝑇 − 𝑇!) = 𝑃! (3.4) 

The correction due to thermal expansion of the piston area, applied to the measured 

pressure, is denoted ΔP. This term is the difference of P0 and Pmeas, or equivalently: 

 𝛥𝑃 = 2𝛼(𝑇 − 𝑇!)𝑃!"#$ (3.5) 

where ΔP is negative, since T is less than T0. 

Temperature differences in the ocean are often in excess of 10°C. Therefore, 

thermal expansion for a temperature difference of 15°C will be calculated. Deployments 

to depths of 1.9 km have been done before, and a mass that generates an appropriate 

reference pressure was already available, so this was our target depth. Thermal 

expansion of the piston area and the resulting pressure change are calculated for this 

example. Using the values for the linear coefficient of thermal expansion of tungsten 

carbide, piston reference temperature (see Table 2.2), and a pressure of 19,000 kPa at 

1.9 km depth, the approximate correction due to thermal expansion is: 

𝛥𝑃 = 2 4.5×10!!  ℃!! 8℃− 23℃ 19,000  𝑘𝑃𝑎 = −2.6  𝑘𝑃𝑎 

The change in reference pressure due to thermal expansion is a 135-ppm effect. At a 

pressure of 19,000 kPa, this change in measured pressure of 2.6 kPa, equivalent to 26 

cm of water, is a large effect that necessitates proper correction. 

 

3.2 Experimental Determination of Thermal Expansion Effects on 

Reference Pressure 

 Thermal expansion of area of the piston gauge contributes a considerable 

amount of variation to the measured pressures. To improve the uncertainty of ASCPR 
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measurements, the goals were to determine the amount of thermal expansion of the 

piston area and measure the associated time constants. We performed an experiment in 

the lab where the DWT reference pressure was measured as the ASCPR temperature 

was changed to assess these effects. 

 

3.2.1 Experiment Design 

The main experiment was set up as illustrated in Figure 3.2. Pressure 

measurements from the ASCPR DWT were recorded from 2015-01-23 to 2015-02-03. 

During this time, the ASCPR was exposed to a temperature step from warm to cold and 

a temperature step from cold to warm. Temperature step functions were achieved by 

rapidly moving large volumes of water at different temperatures into the ASCPR tank. 

To produce a result as controlled as possible, potential factors influencing 

pressure measurements were addressed. To reduce thermal diffusion, the ASCPR tank 

was insulated with several inches of fiberglass and foam. A large volume of water was 

added to provide greater thermal inertia. The selector valve was not necessary, so was 

removed and replaced with a tee joint connecting the DWT to the pressure gauges and 

charge valve. This meant there was no pressure line to the outside to detect the 

simulated ambient seawater pressure, but this was not an issue. We only needed the 

simulated pressure to charge the DWT, since we were interested in measuring how the 

reference pressure changed with temperature. 

The experiment required short-term stability of the pressure gauges, whose 

measurements were used to determine the coefficient of thermal expansion of the piston 

and cylinder and the time constant of the DWT inside the ASCPR. The Paroscientific 
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pressure gauges inside the ASCPR were not used because they were subject to 

temperature changes that caused large variations in measurements. Instead a pair of 

Paroscientific 410K pressure gauges (serial numbers 43535 and 62201) in a separate 

temperature-controlled environment was used, shown in Figure 3.3. Prior to the 

experiment, the pressure gauges were connected to a separate DWT, manufactured by 

Ametek, to determine stability of the pressure measurements, as seen in Figure 3.1. 

From 2014-12-18 to 2014-12-24, the pressure from the Ametek DWT was monitored. 

Here we only needed to verify that the pressure gauges were stable enough to resolve 

the changes in pressure we expected to see from thermal expansion; this was a separate 

test independent of the main experiment. After the sensors were deemed stable for the 

purposes of the experiment, they were connected to the ASCPR with stainless steel 

tubing, shown in Figure 3.2. This way they were able to see the ASCPR DWT reference 

pressure as if they were located internally, but remain isolated from the temperature 

changes that the ASCPR experienced. 

 Then the rest of the experimental equipment was setup. Figure 3.2 diagrams the 

setup, and shows how all of the components were connected. The heat exchanger in the 

large tank was connected to a separate Thermo-Fisher Merlin M33 chiller, and a bilge 

pump was attached nearby to increase water mixing, as shown in Figure 3.4. The 

manifold connected the accumulator and the ram pump (a hydraulic pump used to 

simulate ambient seawater pressure) to the ASCPR by a length of stainless steel tubing. 

The ASCPR and external pressure gauges were attached to their respective power and 

communication lines, and connected to the laptop. Figure 3.5 shows the manifold and 

electronics setup on the table adjacent to the tank. Once all of the components were 
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connected, the ASCPR and external pressure gauges were turned on, and all systems 

were checked. The ASCPR components – tilt, LVDT height, barometric pressure, and 

Platinum Resistance Thermometer (PRT) temperature – were recorded continuously 

from a terminal window. Data from the external pressure gauges were logged 

continuously in a separate program. Several Hobo Pro temperature loggers recorded 

temperature inside the ASCPR tank, one additional Hobo Pro was placed inside the 

ASCPR to record the internal air temperature, and a Hobo Onset temperature logger 

recorded ambient air temperature in the lab. 

In the first part of the experiment, pressure data from the ASCPR DWT were 

collected. For the first several days, from 2015-01-23 to 2015-01-28, the ASCPR was in 

air inside the insulated tank with the lid covering the top. Calibrations were done 

approximately once every hour for several hours of the day over this period, shown in 

Figure 3.8. 

The first temperature step occurred at the beginning of the period from about 

2015-01-28 to 2015-01-30. At 20:40 UT on 2015-01-28, about 150 gallons of water at a 

temperature of approximately 5°C was moved into the ASCPR tank using a sump pump. 

The chiller temperature was set to 4.5°C, which maintained the tank water temperature 

at 4.7°C. Calibrations were done approximately once every half hour for about 24 

hours, and then performed about once every hour for the next 12 hours. 

The second temperature step was performed at the start of the period from about 

2015-01-30 to 2015-02-03. At 17:20 UT on 2015-01-30, the ASCPR tank was emptied 

of cold water using a sump pump, and filled with about 150 gallons of water at a 

temperature of approximately 22°C. The chiller was turned off, and the temperature of 
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the water was allowed to equilibrate with the ambient room temperature of about 23-

24°C. Calibrations were done once every half hour for about 12 hours, and then 

performed about once every hour for several hours each day for the next two days. 

 After the two temperature steps, all of the data were collected from the various 

systems and loggers and processed. The ASCPR was removed from the tank and opened 

up for examination of the various internal components. 

 

3.2.2 Experimental Results 

During the initial stability tests, 24 calibrations of the Ametek DWT were 

performed. From each calibration, about 20 minutes of data were averaged to a single 

pressure value. Any linear trend was attributed to sensor drift, determined by least 

squares, and removed. Then two corrections to the raw data were applied: a barometric 

pressure term, and a thermal expansion of the piston area term. Since the pressure 

gauges measure relative to a vacuum, the recorded pressure is a sum of the DWT 

pressure and the barometric pressure. Barometric pressure was recorded by a 

Paroscientific 216B barometer, and directly removed to isolate the pressure generated 

by the DWT. Piston temperature was not recorded directly, but recorded air temperature 

adjacent to the DWT allowed the temperature change of the piston to be determined. 

The Ametek DWT uses a stainless steel and brass piston, which has a linear coefficient 

of thermal expansion, α, of about 13×10-6 °C-1. The uncorrected and corrected Ametek 

DWT pressures for the two pressure gauges are shown in Figure 3.6. The uncorrected 

pressures for the two pressure gauges had standard deviations of σ=0.232 kPa (SN 
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43535) and σ=0.260 kPa (SN 62201). The stability of the corrected pressures, was much 

better, with standard deviations of σ=0.103 kPa (SN 43535) and σ=0.049 kPa (SN 

62201). The corrected pressure gauges exhibit variation due to other effects it would 

appear, but were stable enough to resolve the changes we expected. 

In the first part of the experiment, the ASCPR was exposed to a temperature step 

from warm to cold and a temperature step from cold to warm between 2015-01-23 and 

2015-02-03, as shown by the temperature record in Figure 3.9. During this period, 111 

DWT reference pressure measurements were made. The processing involved averaging 

about 20 minutes of each DWT measurement cycle to a single value of pressure, 

determining any linear trend by least squares, and removing the trend. The uncorrected 

data for sensor SN 43535 show significant variation, σ=1.17 kPa (Figure 3.7a). Similar, 

large variation is seen in sensor SN 62201, σ=1.18 kPa (Figure 3.8a). Barometric and 

thermal expansion corrections were applied to uncorrected data. The barometric 

pressure inside the ASCPR was recorded by the Vaisala PTB-110 barometer (see 

Figures 3.7b and 3.8b) and removed, because the pressure gauges measure relative to a 

vacuum. The thermal expansion correction was done based on the theoretical thermal 

expansion pressure change, but different values were used. The stated coefficient of 

thermal expansion for tungsten carbide was used, but the piston temperature was 

approximated by the PRT (see Figure 3.9), which was located about 2 cm from the 

piston, and the measured pressure was used instead of the nominal 19,000 kPa. The 

temperature of the PRT is slightly higher than the water temperature due to heat 

generated by the instrument’s electronics. The thermal expansion corrections are shown 

for sensor SN 43535 in Figure 3.7c and sensor SN 62201 in Figure 3.8c.  
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The raw pressures also illustrate dynamic effects on pressure at the temperature 

steps: the pressure overshot initially, and then recovered to a smaller offset. The offset 

throughout most of the record is about 2 kPa. These two features can be explained by 

the barometric pressure and thermal expansion of the piston corrections. Figures 3.7b 

and 3.8b show the barometric pressure inside the ASCPR, which changed by about 5 

kPa, and had a thermal time constant of about 5.2 hours. The thermal expansion 

corrections were about 3 kPa in amplitude, but had a thermal time constant of about 6.0 

hours, shown in Figures 3.7c and 3.8c. The difference in amplitudes corrected the 

approximately 2 kPa offset. The difference in time constants explained the overshooting 

behavior: the measured change in pressure is initially due to changes in barometric 

pressure, which responds to the temperature change more quickly, but the pressure 

recovers as the slower changes in pressure due to the change in area of the piston took 

effect. Compared to the uncorrected pressures, the corrected pressures (see Figures 3.7d 

and 3.8d) show significantly reduced variations, with σ=0.127 kPa for sensor SN 43535 

and σ=0.127 kPa for sensor SN 62201. 

In the second part of the analysis, we allowed the coefficient of thermal 

expansion to change and measured the resulting variation. The value of α was allowed 

to vary over the range of manufacturer stated values, within (4.5±0.23)×10-6 °C-1. It was 

determined that increasing α increased the variation in corrected pressures. The 

variations were minimized when α=4.27×10-6 °C-1: for gauge SN 43535, σ=0.091 kPa, 

and for gauge SN 62201, σ=0.094 kPa. Plots of the corrected pressures corrected with 

different values of α are shown in Figure 3.10a for sensor SN 43535, and Figure 3.10b 

for sensor SN 62201. The corrected pressures during the cold temperature step behave 
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differently with changes in α, and because of this, it is not known whether reducing the 

coefficient of thermal expansion is valid even though it reduces the variation. 

Although the uncertainty is still greater than the desired amount, these results 

show that corrections for the areal thermal expansion of the piston gauge are necessary 

and significant for the ASCPR to make accurate pressure measurements. Neglecting this 

effect would result in differences from the true, absolute pressure on the order of kPa, or 

tens of cm. 
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Figure 3.1: A schematic drawing of the initial setup to test the stability of the 
Paroscientific pressure gauges using the Ametek DWT. A hydraulic pump was used to 
lift the DWT mass, pressure was carried from the DWT to the pair of pressure gauges, 
and an external barometer recorded ambient air pressure. Black lines show pressure 
connections, and red lines show power and communications connections. 
 

 
 

Figure 3.2: A schematic drawing of the main experimental setup. Black lines denote 
pressure-carrying lines, and red lines denote power and communications lines. On one 
end, a ram pump simulates ambient seawater pressure used to pressurize the DWT. The 
charge valve is normally closed, so that pressure supplied by the DWT is carried to a 
pair of pressure gauges inside the ASCPR and to a pair of pressure gauges outside the 
ASCPR in a separate insulated tank. 
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Figure 3.3: A Thermo-Fisher Merlin M33 chiller was connected to a copper coil heat 
exchanger inside a small, insulated, water-filled container to regulate the temperature of 
a pair of Paroscientific pressure gauges. Chiller tubing, pressure lines, and power and 
communications cables exit through the top of the container. 
 

 
 

Figure 3.4: A view of the inside of the large insulated tank. One wall has ports that 
allow lines and cables to be accessed from the outside. The other side has a copper pipe 
heat exchanger connected to a Merlin Thermo-Fisher M33 chiller that was used to 
regulate the temperature of the water. A bilge pump moved water from the bottom of 
the tank to the top to ensure that the water was well mixed. 
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Figure 3.5: The manifold connected to the accumulator and ram pump is on the left. A 
pressure line connected the manifold to the ASCPR (not shown). Power and 
communications for the external pressure gauges and the ASCPR were at the back. The 
laptop and logbook were used to record information and data pertinent to the 
experiment. 
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a  
 

b  
 

Figure 3.6: For the thermally isolated external pressures gauges SN 43535 (a) and SN 
62201 (b), the uncorrected pressures are plotted against the corrected pressures. The 
variation is reduced from σ=0.232 kPa to σ=0.103 kPa for sensor SN 43535 (a), and 
from σ=0.260 kPa to σ=0.049 kPa for sensor SN 62201 (b). Calibrations were done 
using the Ametek DWT between 2014-12-18 and 2014-12-23. 
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a  

b  

c  

d  
 

Figure 3.7: Data from the external pressure gauge SN 43535, including uncorrected 
pressure (a), the barometric correction term (b), thermal expansion correction term (c), 
and final, corrected pressure is plotted on the same scale as the original uncorrected 
pressure (d). The variation of the data was reduced from σ=1.17 kPa to σ=0.127 kPa. 
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a  

b  

c  

d  
 

Figure 3.8: Data from the external pressure gauge SN 62201, including uncorrected 
pressure (a), the barometric correction term (b), thermal expansion correction term (c), 
and final, corrected pressure is plotted on the same scale as the original uncorrected 
pressure (d). The variation of the data was reduced from σ=1.18 kPa to σ=0.127 kPa. 
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Figure 3.9: The temperature record during the experiment. The black line shows the 
temperature of the tank, which was air from 2015-01-23 to 2015-01-28, and water from 
2015-01-28 to 2015-02-03. The steps in temperature were distinct and occurred very 
quickly. The blue line shows the air temperature inside the ASCPR. It had a time 
constant of 5.2 hours and was slightly warmer due to heating. The green line shows the 
temperature as recorded by the PRT inside the ASCPR. The PRT had a thermal time 
constant of 5.9 hours and was warmer due to heating. 
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a  
 

b  
 

Figure 3.10: The corrected pressure data using three different values of the linear 
coefficient of thermal expansion, α, are shown for gauges SN 62201 (a) and SN 43535 
(b). The values of α express the full range of the manufacturer-determined values, that 
is (4.5±0.23)×10-6 °C-1. Changes in α affect the pressures greatest during the 
temperature steps, and in the low temperature regime. 
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Chapter 4 

Pressure Accuracy and Other Terms 

 

4.1 Barometric Pressure 

The ASCPR is sealed from the outside, so any changes in barometric pressure 

are caused by internal temperature variations or outgassing of materials. Outgassing is 

considered to be negligible, and while corrections due to changes in the temperature of 

the air could be calculated using the ideal gas law, a barometer installed inside the 

ASCPR provides the barometric correction. Any error in the barometer record would 

translate into error in the corrected pressure, so it is important to verify the barometer 

behavior is accurate. 

 

4.1.1 Variation in Barometer Gain 

 One method of reducing the variance of the corrected pressure record was by 

changing the gain of the barometer. Adjustments to the barometer gain of up to 10% 

reduced the offset in the corrected pressure record between 2015-01-29 and 2015-01-31. 

There are two possible justifications for adjusting the barometer gain: the barometer 

experienced natural variation or drift over the period of weeks, or the barometer 

behaves differently with temperature. However, the barometer was calibrated prior to 

installation, and the instrument has temperature coefficients to correct for any 

temperature changes. These were verified in a follow-up experiment, and it is unlikely 
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that adjustments to the barometer gain should be made. 

 The ASCPR barometer, a Vaisala PTB-110, was calibrated against a 

Paroscientific 216B barometer prior to installation. The Paroscientific barometer was 

previously calibrated and is considered stable. After the main experiment, the Vaisala 

PTB-110 was removed from the ASCPR and calibrated against the same Paroscientific 

216B in the following way: the two barometers were connected to a large air-filled 

volume to provide ballast, and to a valve, which opened up to a hand pump. The sensors 

were held at atmospheric pressure, and then the hand pump was used to decrease the 

pressure in the large volume. The valve was shut completely, and then opened by an 

incremental amount to allow the pressure to slowly leak back to atmospheric. The 

recorded pressures are shown in Figure 4.1. Only minor adjustments in time offsets, due 

to slight differences in the clocks of the recording systems, were made to the pressures 

before taking a difference, shown in Figure 4.2. The resulting pressure difference 

between the two barometers was about 0.04 kPa, and did not change by more than 0.01 

kPa over four hours. This is not a large enough signal to change the barometric 

correction applied to the data. 

 The Vaisala PTB-110 was also tested for temperature dependent behavior. The 

Vaisala PTB-110 is temperature compensated internally so should produce an accurate 

record. The Paroscientific barometer has a set of temperature coefficients to correct the 

pressure for any temperature changes, and the sensor has been verified to be stable 

under daily air temperature fluctuations. The two sensors were connected to a large 

volume, to a valve, and then to a hand pump. For this experiment, the Vaisala PTB-110 

was placed in an insulated container with a chiller to control the temperature, while the 
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Paroscientific was allowed to vary with the surrounding air temperature. Over several 

days, the sensors were held at atmospheric pressure, pumped down to an arbitrary 

pressure, and allowed to leak back to atmospheric pressure through a small opening in 

the valve. At different points in time, the chiller temperature was adjusted, and the 

container was allowed to reach thermal equilibrium. Pressure tests were performed at 

stable temperatures from 15°C to 27°C, as shown in Figures 4.3 and 4.4. Minor time 

corrections, again due to timing discrepancies between the two systems logging the 

data, were applied to the two records before taking a difference of the pressures, shown 

in Figure 4.5. The offset between the two sensors varied between 0.02 kPa and 0.04 

kPa. Despite the offset changing by 0.02 kPa, there is little correlation between the 

offset and temperature. Changes in offset were occasionally correlated with changes in 

temperature, but there are no statistically significant results that suggest the gain of the 

barometer should be changed. 

 

4.2 Additional Thermal Effects 

The measured pressure, after barometric and piston thermal expansion 

corrections, is still sensitive to other factors. In the equation for measured pressure, 

there are mass buoyancy, oil surface tension, and piston deformation terms. During 

measurements over many hours, these terms are considered to be invariant with time, 

but they can be susceptible to changes in temperature. 

 

4.2.1 Buoyancy 
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Changes in the density of the air, ρa, inside the ASCPR and the density of the 

stainless steel mass, ρm, will change the buoyancy force acting on the mass. This change 

in buoyancy force will alter the measured DWT reference pressure. Any changes in 

density are likely due to changes in temperature of the materials and any volumetric 

thermal expansion or contraction. By calculating the volumetric thermal expansion or 

contraction, and thus the change in density, the amount of change in reference pressure 

due to buoyancy can then be determined. 

The change in volume of a material can be approximated as ΔV=αvVΔT, where 

αv is the volumetric coefficient of thermal expansion (Turcotte and Schubert, 2002). For 

isotropic materials, the volumetric coefficient of thermal expansion can be estimated as 

3αl, where αl is the linear coefficient. The resulting change in density can be 

approximated as ρ=M/(V(1+αvΔT)), or ρ=ρ0/(1+αvΔT). 

For the ASCPR, we assume that the masses of the air and the stainless steel are 

unchanging, i.e. there are no leaks or phase changes. Any changes in the air volume will 

be due to changes in the volume of its container, so it is important to look at how the 

aluminum pressure case changes with temperature. For aluminum, the volumetric 

coefficient of thermal expansion is αaluminum=66×10-6 °C-1, and for the stainless steel 

mass, the volumetric coefficient of thermal expansion is αsteel=51×10-6 °C-1. Given 

ΔT=-20°C, the densities of the air and stainless steel increase by 0.13% and 0.10% 

respectively. However, this only translates to a small change in the reference pressure of 

less than 1 Pa, or 0.01 cm of water, which is below the threshold of detection. 
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4.2.2 Oil Surface Tension 

In the reference pressure equation, a force arises due to surface tension of the 

oil, γ, acting over the piston-cylinder circumference, C. The oil surface tension force 

will contribute an additional amount to the gravitational force of the mass, and affect the 

measured DWT reference pressure accordingly. The surface tension of the oil and the 

circumference of the piston-cylinder assembly vary most significantly with temperature. 

To determine how much the DWT reference pressure changes due to this effect, changes 

in the oil surface tension and thermal expansion of the circumference will be quantified. 

The thermal expansion of the circumference of a material for an isotropic 

material, is ΔC=αlCΔT, where αl is the linear coefficient of thermal expansion. The 

surface tension of a liquid can be determined at various temperatures using the Eötvös 

equation (4.1). To determine the difference in the surface tension force, two calculations 

of the surface tension must be made at different temperatures, and each multiplied by 

the corresponding circumference at that temperature.  

The ASCPR uses dioctyl sebacate oil, which should obey the Eötvös equation to 

first order. The piston-cylinder assembly is made of tungsten carbide, which has a linear 

coefficient of thermal expansion of α=4.5×10-6 °C-1. For an initial temperature of 23°C, 

the nominal surface tension of the oil is 0.0310 N/m, and at a temperature of 3°C, the 

surface tension is 0.0315 N/m. For the same ΔT=-20°C, the circumference decreases 

from a nominal 7.84842 mm to 7.84772 mm. The resulting change in the reference 

pressure is about 1 Pa, or 0.01 cm of water, which is too small to observe in the record. 
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 γ =   
𝑘

𝑉!
!
!
𝑇! − 𝑇 − 6  (4.1) 

 

Table 4.1: Definitions of Parameters in the Eötvös Equation 

γ surface tension (N/m) 

k Eötvös constant (J/K mol2/3) 

Vm molar volume (m3/mol) 

Tc critical temperature (K) 

T oil temperature (K) 

Table 4.2: Eötvös Equation Parameter Values 

k 2.1×10-7 J/K mol2/3 

Vm 4.65428×10-4 m3/mol 

Tc 1229 K 

 

4.2.3 Piston Deformation Under Pressure 

In addition to thermal expansion, the cross-sectional area of the piston-cylinder 

assembly is affected the elastic deformation when under pressure. Time variations of the 

coefficient of deformation, b, under pressure, Pn, are negligible, but changes in the 

measure of deformation can occur with varying temperature. Changes in b can be 

calculated by determining any changes in the Poisson’s ratio or Young’s modulus of the 

piston. 

The amount of areal change due to deformation under pressure can be written in 

the form b=(3µ-1)/Y, where µ is the Poisson’s ratio and Y is the Young’s modulus 
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(Olson, 2009). Therefore, changes in Poisson’s ratio or Young’s modulus of a material, 

the areal deformation factor will also change. Empirical relationships show that the 

Young’s modulus may vary by 5 GPa per 100°C change, at least for other ceramic 

materials (Rouxela et al., 2002). Tungsten carbide is considered a metal ceramic 

compound. 

The nominal value of b for the tungsten carbide piston is about 7.8×10-13 Pa-1. 

This generally agrees with Poisson’s ratio of 0.20 and Young’s modulus of 600 GPa for 

tungsten carbide, depending on the variety of tungsten carbide. No studies have 

characterized the temperature dependence of Poisson’s ratio and Young’s modulus for 

tungsten carbide, but it is unlikely that either of the values changes by more than 1% for 

a 20°C temperature difference, based on studies of other ceramic materials. However, 

given a 1% decrease in Poisson’s ratio and a 1% increase in Young’s modulus, the 

resulting change in the area is on the order of 10-9 mm2, and the change in the DWT 

reference pressure is 10 Pa, or 0.1 cm. While a measurable change, this would likely be 

the upper limit for this term, and is small enough to neglect. 

 

4.3 Undetermined Effects 

 Measurements can be affected by external sources or various instrument 

responses and behaviors. These effects have not been directly quantified or observed in 

this experiment. 

 

4.3.1 Leaks 
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Leaks in the internal pressure lines or connections affect the flow rate between 

the pressure components of the ASCPR, which in turn cause a pressure drop between 

the two points. In previous experiments, for various types of tubing and sizes, various 

flow rates and associated pressure drops were calculated. 

If leaks were present, any expelled oil would fall to the bottom of the pressure 

case. However, the presence of oil on the bottom is not necessarily indicative of a leak. 

In the initial setup, the pressure lines are primed with oil and excess from that stage may 

find its way to the bottom. Also, during calibrations, oil is expelled from the annulus of 

the DWT at a nominal rate of 2.4 drops per hour (personal communication, Sasagawa, 

2015). Once the pressure case is opened, the amount of oil can be observed and 

estimated.  

The ASCPR uses two different types of line to carry oil and pressure, including 

polyetheretherketone (PEEK) tubing and stainless steel tubing. For PEEK tubing, a flow 

(leak) rate of 1 drop per hour produces a pressure drop of 100 Pa, which would be a 

measurable effect. For 1/16 in. stainless steel tubing, a flow rate of 1 drop per hour 

produces a pressure drop of 10 Pa, which is harder to detect. For 1/8 in. stainless steel 

tubing, a flow rate of 1 drop/hour produces an even lower pressure drop and would be 

difficult to detect. It is unlikely that leak rates are much larger than 1 drop/hour, as an 

abnormally large amount of oil would be observed at the bottom of the pressure case. 

 

4.3.2 Pressure Gauge Temperature Rate Dependence 

Paroscientific pressure gauges have temperature coefficients, which correct the 

pressure for any temperature offsets relative to a reference temperature. However, the 
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sensors are known to have a temperature rate dependent behavior as well (Chiswell, 

1991; Boss and Gonzalez, 1995). To correct for any temperature rate dependent 

behavior, two things are required: the temperature of the pressure-recording transducer 

and an intrinsic response function. 

The response function for each individual pressure gauge will vary, and it also 

depends on the placement of the gauge relative to temperature changes, that is, if the 

sensor is directly or indirectly exposed to temperature changes   (Chiswell, 1991). 

Previous experiments tested other Paroscientific pressure gauges for these effects, but 

the response functions were inconsistent. Therefore, these corrections were not applied, 

but could be done with further experimentation. 

It is not known with certainty that the remaining variation in the corrected 

pressure signal is due to the changes in temperature of the external pressure gauges. The 

pressure gauges were thermally stable to less than 0.5°C and variations had a period of 

about 24 hours. The variations are small in amplitude and slow enough that the pressure 

gauges should be able to correct for temperature effects. 
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Figure 4.1: The pressures recorded by the Paroscientific 216B and Vaisala PTB-110 
barometers ranged from about 78 kPa to 101 kPa. There is no discernible difference 
between the two gauges at kPa level. 
 
 

 
Figure 4.2: The difference between the two barometers, after the records were corrected 
for a small time offset was plotted. The difference between the two sensors fluctuates 
around a mean of 0.04 kPa, but variations are not much more than 0.01 kPa. 
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Figure 4.3: The two barometers were subjected to a range of pressures from 83 kPa to 
101 kPa. This shows the recorded pressures from the two barometers, which seem to 
exhibit no differences at the kPa level.  
 
 

 
Figure 4.4: The temperature of the insulated tank holding the Vaisala PTB-110 
barometer. The temperature was adjusted several times, values ranged from as low as 
14°C and as high as 27°C. 

 



 

 

50 

 
Figure 4.5: A plot of the difference taken between the two barometers, including a 
small time correction. The difference fluctuates around a mean of 0.03 kPa, and 
variations are about 0.02 kPa. 
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Chapter 5 

Conclusions 

 

The ASCPR is an instrument with potential for performing marine geodetic 

measurements useful far into the future. By making measurements of absolute pressure, 

these data can be used to construct long records of slow seafloor deformation and sea 

level change. To perform valid measurements of the exact pressure over many years, the 

reference pressure supplied by the deadweight tester must be determinable and well-

known to a few parts per million. During a typical deployment, many of the factors in the 

reference pressure equation can be well determined or measured, except temperature, 

which creates a 100-ppm or greater change in pressure. 

An experiment was performed to assess the amount of pressure change due to the 

thermal expansion of the piston gauge area, as well as a corresponding time constant. A 

depth of 1.9 km, corresponding to about 19,000 kPa, was simulated. The ASCPR was 

exposed to two temperature steps, while measuring the DWT reference pressure. The 

internal barometric pressure and piston thermal expansion approximation were used to 

provide corrections to the raw data. The uncorrected pressures, as measured by the two 

external, thermally stable gauges, were stable to a 95% confidence level of 2.3 kPa, 

equivalent to 23 cm of water, with standard deviations of 1.2 kPa (12 cm of water). After 

barometric and expected thermal expansion corrections were applied, the pressure data 

were stable at a 95% confidence interval to about 0.23 kPa, equivalent to 2.3 cm of water, 
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with standard deviations of 0.13 kPa (1.3 cm of water). This was a significant 

improvement over the uncorrected pressure measurements, although the uncertainty is 

still too large for its intended applications. 

The causes of the remaining uncertainty in the pressure data are not known at this 

time. To further reduce the uncertainty in the reference pressure measurements, more 

experiments must be done to characterize the quantity and temporal response of the areal 

thermal expansion effects. Additional investigations of other effects that have not been 

well determined in this experiment may provide insight into the remaining uncertainty of 

these measurements. 
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