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Abstract

Gas Tension Devices (GTDs) are used to acquire accurate and stable measurements of gas
tension, or total dissolved air pressure of the gases dissolved in water. GTDs operate by
measuring the barometric pressure of a small sample volume of air separated from the water by a
gas-permeable membrane resting on a rigid permeable support. Existing GTDs use a
compressible polydimethylsiloxane (PDMS) membrane which exhibit several undesirable
features: the membrane collapses with increasing hydrostatic pressure, which reduces the
permeability; a collapsed membrane increases the response; collapse and expansion generate
large transient signals [McNeil et al 2006a]. Also, reverse osmosis becomes a problem at depths
greater than approximately 330 m in seawater. We present a new GTD that solves the hydrostatic
pressure-generated transients and changing response times, and alleviates reverse-osmosis. These
improvements allow the new GTD to be used in the mesopelagic zone. The new GTD uses a
custom designed small diameter (4 cm) thin (130 pm) incompressible composite Teflon-AF
2400 membrane. It can operate to a depth of at least 1000 m with a depth-independent response
time of approximately 35 minutes. We estimated the hydrostatic pressure dependence of Henry’s
Law solubilities as we characterized the new Teflon-membrane GTD using data collected in the
laboratory. Field testing occurred on two APL/UW Gas-Profiling Floats deployed in the Eastern
Tropical North Pacific (ETNP) for 15 days during May 2014. The floats profiled between the
surface and 400 m depth, sampling gas tension within the Oxygen Deficient Zone. The gas
tension-profiles from the two GTDs were validated against gas tension derived from independent
N>:Ar and Ar concentrations measured by mass spectrometry, agreeing to within £0.6% and
+0.4%.

Keywords: Gas Tension Device, Nitrogen, Dissolved Gas measurements
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1. Introduction

Measurements of dissolved gases are widely used in oceanography, limnology, and
aquaculture, with dissolved Oz being the third most frequently measured property of seawater
after temperature and salinity. Dissolved gas measurements have been used to study: ocean
carbon uptake and acidification [Takahashi et al. 1997]; bubble mediated air-sea gas exchange
[Emerson & Bushinsky 2016]; biological production and net community metabolism [McNeil et
al. 2006b]; water quality for juvenile hatchery fish downstream of dam spillways [Bragg &
Johnston 2016]; denitrification/anammox in anoxic natural and waste waters [Loffler et al.
2011]; and groundwater recharge and trapped gas phases [Manning et al. 2003]. The four major
atmospheric components, namely nitrogen (N2), oxygen (Oz), argon (Ar), and carbon-dioxide
(CO»), are most easily measured using conventional techniques thanks to their large dissolved
concentrations and partial pressures. Since they are important to numerous biological and
chemical processes, and noting the widespread use of these measurements, there is a continued
need to improve dissolved gas sensor measurement technology to overcome current limitations,
such as depth dependence, response time, calibration stability, interferences, cost, cross-
sensitivity, and power consumption, and improve basic performance characteristics, such as
accuracy and resolution.

Of these four gases, dissolved CO2 and Oz are the most chemically reactive. Dissolved
aqueous CO; is normally measured using a nondispersive infrared sensor (NDIR) [Hales et al.
2004]. Dissolved O> is measured most accurately using discrete water samples analyzed by the
Winkler titration method [Langdon 2010]. Several commercially-available in-situ sensors based
on polarographic or fluorescence quenching methods are also used for O». Less-reactive

dissolved Na:Ar are measured by mass spectrometry (MS) or gas chromatography [Groffman et
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al. 2006]. All techniques that require collection, storage, transport, and subsequently analysis of
discrete water samples are subject to numerous opportunities for contamination or alteration of
the water samples. An in-situ sampling method for measuring dissolved N> will help address
most of these issues.

A gas tension device (GTD) measures the gas tension which is subsequently used to
derive in-situ dissolved N if dissolved O is also measured [McNeil et al. 1995]. The first in-situ
dissolved gas measurements made using the tensiometer from D’ Aoust et al. [1975] and the
Weiss saturometer, had accuracies of 3% [Fickeisen et al. 1975]. Gas tension is the total pressure
of dissolved gases in a parcel of water. In a GTD, a semipermeable membrane is used to
equilibrate a small volume of gas trapped behind the membrane with the gases dissolved in the
surrounding water. When the GTD’s gas volume is equilibrated with the seawater sample, a
barometer in the GTD measures gas tension. Using concurrent measurements of gas tension,
dissolved Oz, temperature and salinity, and measured or assumed saturation levels for Ar and
pCOa,, dissolved N> can also be determined to a final accuracy of £0.7% [McNeil et al. 1995;
McNeil et al. 2005].

A custom GTD was designed and used on profiling floats [McNeil et al. 2006a] to
measure the rapid changes in gas tension in the ocean mixed layer during the passage of a
hurricane [D’ Asaro & McNeil 2007]. That GTD used a tubular polydimethylsiloxane (PDMS)
membrane with a large surface area and low-internal volume to achieve a response time of
minutes. The compressibility of PDMS resulted in two major complications with this GTD. First,
the membrane’s permeability decreased with increased hydrostatic pressure which resulted in a
significantly slower response at increased depths and a hysteresis in the gas tension profiles.

Second, the release (uptake) of gases from the membrane during compression (decompression)
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resulted in large transient positive (negative) pressure fluctuations in the raw GTD
measurements. Another more severe problem was sporadic clogging of the membrane, likely
caused by reverse osmosis of liquid water through the membrane into the barometer. These
limitations excluded GTD-equipped floats from deep (below 60 meters) or extended deployment
and increased measurement error.

This paper describes a new GTD designed to overcome these limitations. Our motivation
is to measure dissolved N> on profiling floats deeper in the ocean and specifically in oxygen
deficient zones (ODZs) to study the biological production of N via the denitrification and
anammox processes. We expect a N2-excess signal of 10 — 20 mbar out of a background 850
mbar based on the N-excess from Chang et al. [2012]. We begin by presenting the design of the
new GTD and describing the new materials involved. Next, we lay out the background theory of
gas tension measurements, which is used to construct a model which describes the temperature
and hydrostatic pressure dependencies. The GTD is then characterized in the laboratory using the
developed model, followed by testing in the Puget Sound, and finally deployment in the Eastern
Tropical North Pacific (ETNP) ODZ. Then, we present the results of the lab experiments and
field testing, with the Puget Sound and ETNP results validated against an independent gas
tension estimate calculated with concurrent measurements of dissolved Oz and Na:Ar ratios
determined by mass spectrometry. Lastly, we discuss how the new GTD-design is an
improvement over the previous versions, what needs further development, and future field

applications.
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2. Instrument Design

Autonomous profiling Gas-floats (Applied Physics Lab, University of Washington),
which alter their buoyancy to settle at different isopycnals in the water column, offer a platform
for frequent sampling of multiple seawater properties through time and space. An ideal float-
mounted gas tension device would measure the gas tension with a rapid (seconds) equilibration
(response) time, function independently of temperature and hydrostatic pressure, and function
reliably for long-periods of time on autonomous platforms. The previous float-mounted GTD
utilized a large (1 m length x 3 cm diameter) tubular PDMS membrane to achieve minute
response times [McNeil et al. 2006a]. However, the previously discussed issues of the PDMS-
membrane meant the GTD required frequent maintenance and limited possible applications
[McNeil et al. 2005; McNeil et al. 2006a].

The new GTD design is shown in Figure 1. It has three main components: (1) a pressure
housing, (2) a flushed membrane interface, and (3) a seawater pump. The new design is more
compact than the previous version, making it easier to mount and protect. The compressible
PDMS membrane is replaced with a nearly-incompressible Teflon-AF 2400 membrane
(DuPont). This switch of material reduces response times with hydrostatic pressure and the
hysteresis, improving performance and accuracy of the instrument.

However, Teflon-AF 2400 is a difficult material to make flat membranes from because it
is brittle and thin sheets of it tend to curl. We settled on a 4 cm diameter by 130 um thick
membrane after some experimentation. The membrane is supported on the non-water side by a
fine stainless-steel support mesh. The membrane and support mesh are anchored in a membrane-
housing manufactured from Delrin. Stainless-steel 1/16” tubing connects the membrane housing

to a Paroscientific Digiquartz Pressure transducer (0-30 psia), which has a manufacturer's stated
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precision of 0.0001%, accuracy of 0.01%, and drift of a few parts-per-million per year. The
pressure transducer and associated electronics are protected in a separate pressure-housing.
Barometric pressure and internal temperature of the GTD is recorded by the float.

The water-side face of the membrane is covered with a plenum that is connected to a
SBEST seawater pump. Flushing the membrane significantly reduces the equilibration time by
shrinking the boundary-layer that forms along the membrane-seawater interface. The plenum is a
plastic cap with the water inlet situated over the membrane and several small outlets, with their
total area less than the inlet, spaced radially around the side of the plenum. This directs the water
onto the membrane and shears radially, and maintains a slight positive pressure to ensure the
membrane is held flat against its support. The pump is controlled by the GTD electronics and
operates on three settings: 100% (continuous), 50% (laboratory only), and 10% (pulse) pumping
cycles. Pulse mode is preferred to conserve energy and prolong battery life. Continuous mode is
activated during surfacing to protect the membrane from possible damage when bubble and
temperature-induced supersaturations at the surface may exceed the hydrostatic pressure, causing
ballooning and tearing in the membrane. The GTD mounted on the Argo-float is the same as
those mounted on the gas-sensing floats, except it is unpumped and the membrane is left

uncovered to improve passive flushing.



163

164  Figure 1. Schematic and pictures of the new GTD, showing clockwise from the top left, the

165  assembled GTD with pump, the disassembled membrane housing, and the membrane housing.
166  A: Pressure housing and electronics, B: Paroscientific barometer, C: 1/16” stainless steel tubing,
167  D: assembled membrane housing (Di: membrane collar, D>: main membrane housing), E:

168  plenum, F: plastic tubing, G: Seabird ST pump, H: Teflon membrane and support, I: Stainless

169  steel mesh support.
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3. Methods
3.1. Theory & Modeling
3.1.1. Gas Tension in Seawater
A measurement of gas tension in seawater needs to be corrected for hydrostatic pressure
and temperature [Hamme et al. 2015]. This can be seen with the following derivation for the gas
tension changes in a parcel of water. Gas tension (GT) of seawater is defined as the sum of all the

partial pressures (p;) of the dissolved gases in seawater:

6T = Z pi = pN, +p0; + pAr + pH,0 + pCO, + pTrace Eq. (1)
i

In the above equation i denotes contributions due to individual gases [McNeil et al. 1995]. We
define the total contribution to gas tension of all traces gases (including neon, krypton, nitrous
oxide, methane, etc.) with partial pressures less than pCO, by pTrace. The relative contribution
of each denoted gas to a measurement of gas tension in two different types of seawater are
shown in Table 1. For the first water type (Table 1, Column 1a) we chose representative values
of the core of the ODZ in the ETNP off Mexico. Since these waters are anoxic, there is no
contribution to gas tension by dissolved oxygen. Dissolved nitrogen contributes more than 97.3%
of the gas tension, with another 1.3% from water vapor, 1.1% from argon, 0.16% from carbon
dioxide, and less than 0.02% from other trace gases. In anoxic ODZ core waters, a small
percentage (typically <4% or <30 mbar) of the measured pN, is associated with microbial
denitrification and anammox of nitrogen containing nutrients. For the second water type (Table
1, Column 2a), we chose surface waters in equilibrium with the atmosphere in the same location.
Compared to the ODZ core waters, gas tension in the oxygenated surface water is significantly
larger (>15%), and pH, 0 increased sharply with increased temperature by approximately a

factor of three.
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The classical Henry’s Law is used to relate the partial pressure, p;, of a dissolved gas in

water to the concentration, [C;], of the dissolved gas by:

Gl Eq. (2)
Pi= So1(T, S)

The Henry’s Law solubility Sol; (T, S) for a gas is dependent on water temperature (7)) and
salinity (S). However, Klots [1961] identified that hydrostatic pressure also influenced

Sol;, which depended on the partial molal volume of the gas in solution. The importance of this
effect when utilizing a GTD was identified by Hamme et al. [2015].

The GTD makes a measurement of the pressures of all the dissolved gases at equilibrium
with the surrounding water. Consequently, we used a modified form of Henry’s Law in which
the gas partial pressures were replaced with the gas fugacities, which more accurately
represented the effective partial pressures of the gases in chemical equilibrium with the effective
(i.e. actual) concentrations. Following Ludwig and MacDonald [2005], the effect of hydrostatic

pressure on gas fugacities was expressed as:

aln(f)y Vv, Eq. (3)
< aP >T,Ci_RTK

where f is the fugacity (atm), V; is the molal volume (ml mol™!), R is the universal gas constant

(=82.057 mL atm mol™! K!), and (Ty) is the absolute temperature (K). Assuming constant molal

volumes and concentrations, integrating between hydrostatic pressures and solving for the
fugacity yielded [Ludwig & MacDonald 2005]:

Vi*APH
fi(P) = fi(Pyam) "€ KTk Eq. (4)

Thus, the in-situ gas fugacity f;(P) at a particular hydrostatic pressure P is equal to the gas
fugacity at the sea surface f;(P; ,:m) scaled by the change in hydrostatic pressure APy (atm) and

the gas molal volume (V;). Equation 4 predicted an increase in gas tension of approximately 14%
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per 1000 dbar using partial molal volumes of N> = 33.1 ml mol!, O2 = 32.0 ml mol!, and Ar =
32.1 ml mol! [Hamme et al. 2015]. This agreed with the results from an experiment by Enns et
al. [1964].

The physical interpretation of Equation 4 is that increased hydrostatic pressure increased
the tendency of gas to leave solution, or, equivalently, increased hydrostatic pressure decreased
gas solubility (concentrations remain unchanged). We recast Equation 2 to relate the in-situ gas
fugacity as a function of dissolved gas concentrations and a hydrostatic pressure dependent gas
solubility:

[Ci] Eq. (5)
Soly(T, S, P)

fi(P) =
The effect of rapidly (i.e. adiabatically and with no change in the dissolved gas

concentrations [uM/kg]) altering hydrostatic pressure by 400 dbar on seawater gas tension is
shown in Table 1 for representative ODZ core waters (Column 1b), and for air-saturated surface
waters (Column 2b). For a surface seawater sample that was initially in equilibrium with the
atmosphere and then taken rapidly to 400 dbar, the sample’s gas tension will increase by
approximately 5.2% due to a decrease in the solubility of the gases. Conversely, bringing a
seawater sample from the ODZ core to the sea surface, as occurs during a hydrocast, will cause a
decrease in gas tension of approximately 5.4% due to an increase in gas solubilities. Note that in
both examples, the effects of changes in temperature (< 0.1 °C) due to adiabatic
expansion/contraction on gas solubility are small (5.4% vs 5.2%). Not correcting for the
hydrostatic pressure effect will lead to systematic overestimation of in-situ gas tension and,

consequently, gas concentrations. The effect of the pump’s pressure head is negligible if the

hydrostatic pressure is relatively large.
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Anoxic ODZ Seawater

T=9.6°C, S=34.65

Atm. Equilibrated Seawater

T=28.0°C, S=34.72

Column la 1b 9% Total 2a 2b % Total
Hydrostatic 400 dbar 0 dbar 0 dbar 400 dbar

Pressure

Gas Tension | 8789 £1.2 | 831.2 £1.2* 100 1013.3 £0.2* | 1066.0 £3.8 100
MN2 8554 £2.6 | 808.7 £2.6*% | 97.3 762.3 £1.1*% | 803.5 1.2 75.2
fO2 <0.1 <O.1% <0.1 204.5 £1.0*% | 215.2 #1.1 20.2
JAr 9.9 0.5 9.4 +0.5% 1.1 9.1+0.5* 9.6 H0.5 0.9
fCO, 1.4 £0.2 1.3 H).2% 0.2 0.3 £0.2* 0.3 H0.2 <0.1
fTrace <0.2 <0.2% <0.1 <0.2% <0.2 <0.1
fH20 11.8£03 | 11.7 £0.3* 1.4 37.1 £0.3%* 37.4 H).3 3.7
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Table 1. Dissolved gas composition of a seawater parcel varies significantly between the oxic
and anoxic ocean. The individual partial pressures of dissolved gases with their approximate
absolute levels (in mbar) and best error estimates that comprise the gas tension of seawater for
anoxic core ODZ (Column 1a) using our measurements at 400 dbar in the ETNP, and for surface
seawater in equilibrium with the atmosphere (Column 2a) using observations at the sea surface at
the same location. Calculations based on an assumed adiabatic change in hydrostatic pressure of
400 dbar by either raising a sample of the anoxic core to the sea surface (Column 1b) or lowering
a sample from the sea surface to 400 dbar depth (Column 2b). Argon is assumed saturated +5%,
which is a maximum likely deviation from equilibrium [Hamme & Emerson 2004]. Oxygen
within the ETNP ODZ core was measured on the order of <100 nM [Tiano et al. 2014]. CO» is
taken from the World Ocean Database [Boyer et al. 2013]. Water vapor is assumed to be 100%
saturated and calculated as an explicit function of temperature and adjusted for salinity effects
[Kennish 1989]. Gas tension values are taken from lab and/or field measurements. *We assume
that at the ocean surface the gas fugacities behave as ideal gases such that the fugacity is equal to

the gas partial pressures pi. This means that there is no hydrostatic pressure effect at O dbar.

3.1.2. Observing Temporal Changes of Gas Tension

Observations of gas tension are first made in the laboratory using a sealed pressure test
vessel to understand how the new GTD responds to rapid in situ changes in hydrostatic pressure
at constant temperature and dissolved gas concentrations. In practice, the test vessel slowly
warmed as the room changed temperature and the dissolved oxygen concentration inside the test
tank decreased due to oxidation (microbial and chemical). We compensated for these relatively

small and slow variations in gas tension during analysis. In the field, a Lagrangian float carried
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the new GTD which equilibrated to the gas tension of individual parcels of water which the float
tracked over time. There are similarities between these two measurement approaches which
influenced how we formulated the description of the sensor response below. Our intent is to
process both data sets similarly. For both types of data sets, changes in temperature and
dissolved gas concentrations in the water parcel or enclosed in the pressure test tank are assumed
to vary slowly compared to the response time of the sensor to achieve equilibrium of the GTD.
We do not use the GTD in a CTD-like profiling mode.

We start by considering the changes to the gas tension of a single water parcel with time
(dGTSY /dt). We decompose the changes into several independent components: those due to the
temperature effect on solubility (0GTSY /dT), the hydrostatic pressure effect on
solubility (0GT*Y /dP), the water vapor partial pressure (0pH,0/0T), and any internal sources

or sinks (R):

dGTsv _ GGTSWG_T 4 aGTSW(?_P 4 d(pH,0) a_T +0 Eq. (6)
dt JaT ot opP ot aT ot

The superscript sw indicates seawater. The temperature and hydrostatic pressure terms are a
combination of the individual solubility changes to dissolved N2, Oz, and Ar, scaled by their
respective atmospheric mole fractions. For simplicity we separate the water vapor partial
pressure contribution to the gas tension. We ignore the small changes in solubility due to salinity
variations.

We linearize the dependencies of Equation 6 with the following substitutions: & (%/°C)
for the temperature effect on gas tension, 8 (%/1000 dbar) for the hydrostatic pressure effect on

gas tension, and y (mbar/°C) for change in water vapor due to temperature, and scale the

changes with respect to the initial gas tension of the seawater parcel GT;":
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1 0GT*Y 1 9GT*” _ 0pH,0

crov ot P ap 0 YE ar

This yielded a simplified linear expression for Equation 6:

dGTSW ( aT ap)+ or Eq. (7)
dt Yo ¢

The above equation described the specific case where the sampled water parcel has no external
exchange with the surrounding environment, such as in a laboratory setting.

Integrating Equation 7 with respect to time yielded a discrete expression for the water gas
tension at time ¢ (subscript t) with changes due to temperature, hydrostatic pressure, and biology:

GTS™ = GTs™ + GTs" (a(T, — To) + (P — Py)) + y(T, — To) + Q(t — to) Eq. (8)
Note that Equation 8 describes the actual gas tension in the water parcel, which responds
instantaneously to changes in the driving forces P, 7, and Q.

Now we discuss the response of the sensor, i.e. the GTD, to the change in gas tension of
the water parcel surrounding the sensor. A change in the gas tension of the surrounding water
parcel (Equation 6) creates a gas pressure differential across the GTD membrane between the dry
and water-facing sides. This difference in pressure equilibrates with a characteristic response
time 7. The sensor output (GTETP) is a low-pass filtered (i.e. smoothed) version of the water gas
tension (GT7"). Note the use of superscripts to differentiate between the gas tension in the water
(sw) and the output from the GTD (GTD). We modeled the change in the GTD output

(dGTC™P /dt) as a mathematical convolution operation (x) of the changing seawater gas tension

-t

(dGT*"Y /dt) with the sensor response G eT):

dGTS™  dGTs" 1 -t Eq. (9)
= *—erT

dt dt T
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Importantly, the pressure measured by the barometer in the GTD is not the seawater gas tension
until the GTD is fully equilibrated (i.e. t > 57). In-situ seawater gas tension is obtained by
deconvolving (i.e. reversing the convolution in Equation 9) the measured GTD time series with
the sensor response. The response time of the GTD depends on both the flushing of the water-
side boundary layer and the gas flux through the membrane, which is temperature dependent.
Consequently, the response time for any particular deployment or experiment may vary based on
the environment, the geometry of the GTD setup, and available power for pumping or flushing.
As a result, we calculate a new optimal response time for each individual deployment or
laboratory experiment. However, convolution/deconvolution of a time series requires that the
response time be constant for the entire time series. For an analysis of how pumping affects the
response of a GTD (not the same as the one analyzed here), please see McNeil et al [2006a].
The temperature dependence of the response time is related to the temperature
dependence of the membrane permeability. Gas transport across a non-porous polymer, such as
Teflon-AF, occurs via a solution-diffusion process. The membrane permeability Py, is a function

of the membrane solubility S, and membrane diffusivity D, [Pinnau & Toy 1996]:

P, =S, X D, Eq. (10)
Previous characterization of Teflon-AF 1600 demonstrated that the permeation rates of light
gases, such as N2, Oz, and COz, increased with increasing temperatures and concentrations but
were independent of pressure [Alentiev et al. 2002]. Additionally, permeability was inversely
related to molecular size [Alentiev et al. 2002; Bernardo et al. 2009]. These properties indicate

that permeability of Teflon-AF is diffusion-limited, and hence the temperature dependence (i.e.,
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0P,,/dT) is primarily controlled by the temperature dependence of D,,, rather than S,,
(ie.,S,, x dD,,/dT >> D,, X 8S,,/0T).

Equilibration time for a diffusion-limited process was calculated as a function of the
membrane diffusivity (D,,), the membrane thickness (h), surface area (4), and the total sample
volume of the GTD (V) using:

hV Eq. (11)
D, (T)A

(T) =
The thickness, surface area, and volume were constants independent of temperature. Thus, the
response time is a function of temperature (T (T)) and will be inversely related to the
temperature-induced changes in membrane diffusivity.
Diffusion-dominated gas-permeation temperature dependence through Teflon-AF is
typically empirically fit using an Arrhenius equation [Pinnau & Toy 1996; Alentiev et al. 2002].

We assumed a similar temperature-dependence of the response times:

1 =ie‘% Eq. (12)
(T) 1o

The pre-exponential factor 7, (s™) and constant E (kJ mol ™) are calculated from a linear fit to the
plot of In(1/7) against 1/T (Arrhenius plot).

Teflon-AF is eight-fold more permeable to water vapor than nitrogen [Bernardo et al.
2009]. Thus, we calculated the water vapor contribution as an instantaneous signal. Gas tension
with the water vapor subtracted is referred to as dry gas tension. Substituting Equation 7 into
Equation 9 and integrating with respect to time yielded an analytical solution of the GTD

behavior to a change in the gas tension of the water parcel:

1 -t Eq. (13)
GTET? = GTE™ + (GT6™ (a(Te = To) + B(Pe = Po)) + Q(t — to)) x —e +y(Te = To) 1



336

337

338

339

340

341

342

343

344

345

346
347

348

349

350

351

352

353

18

3.1.3. Modeling Gas Tension
We adapted Equation 13 by letting GTTP = GTM°%!, We also assume that the GTD
starts out in both thermal and gas tension equilibrium with the surrounding seawater, so that
GTE™ = GTSY. The result is a step-response model that predicted the gas tension recorded by
the GTD at time ¢. This model was applied to derive the best fits for the parameters «, 8, T, and
Q, which were calculated using a global unconstrained minimization routine [Lagarias et al.
1998]. The algorithm trained the best-fit parameter values by minimizing the MSE between the
measured time series (GTETP) and the model of the GTD (GTMo4¢!):
n
(@ B,7,Q)yymse = MiN [%Z(GT’:GTD _ GTtModel)Zl Eq. (14)
t=1
Using the best fit a, 5, and @, we can calculate a normalized gas tension (GT™°"™) time
series by removing the effects of temperature, hydrostatic pressure, biology, and water vapor:
GTEo™ = GTE™ = GTE™ a(T, = Tp) = GTE™B(P = Pp) = Q(t — &) Eq. (1)
—y(Te —To)
Applying Equation 15 yielded an idealized isothermal, isobaric model of constant gas
tension with an explicit solution for an individual re-equilibration:
GTModel — grnorm o (GTsw _ GTgorm)e—§ Eq. (16)
An example is shown in Figure 3. This idealized model allowed an independent check of the
response time of the sensor by a regression fit of the data from the experiment to Equation 16.
The result was multiple estimates of T at different hydrostatic pressures to determine the pressure
dependence of t.

In addition to changing gas levels, profiling between surface and depth may also create a

difference between the internal GTD temperature (T¢7?) and surrounding water temperature as
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measured by the float CTD (T ¢TP). This difference exists because the barometer and the
electronics pressure housing contain significant mass, much of which is not in direct contact with
the surrounding water (Figure 1). The GTD thermal response time ¢ described the equilibration
of TCTP to T¢TP, We constructed a model to fit ¢ by first quantifying the changes of the GTD

temperature with respect to time (dT%7P /dt) as a convolution of the change in temperature
.t
measured by float CTD (dT ¢TP /dt) with a characteristic temperature equilibration (; e ‘P> :

dreéTe  grertp 1 _t Eq. (17)
= *x—e @
dt dt )

Equation 17 has an explicit solution of the same form as Equation 16. This resulted in a model of
the GTD temperature (T™°%!) at time :

t
Model _ p€TD (TgTD _ TOCTD) - Eq. (18)

The value for ¢ is calculated in a similar manner to the parameters in Equation 13 by minimizing
the MSE between TSP and T4 as followed in Equation 14.

The thermal response time introduced a lag between the internal GTD temperature (°C)
and the surrounding water temperature as measured by the CTD. Starting with the ideal gas law,
we relate the disequilibrium ATP® due to the lag between the CTD temperature and the GTD
temperature to a disequilibrium AGTP' between the actual gas tension and the GTD reading:

GTE™ _ (GTf™ + AGTPY) Eq. (19)
(TE™ +273.15)  ((TETP + 273.15) + ATP)

This assumes both no net transfer of gas across membrane (constant n) and the volume of the
GTD remains unchanged (constant V). Rearranging, we have an equation describing the gas

tension disequilibrium as a function of the temperature disequilibrium:
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ATP' Eq. (20)

AGTtDiS — GTtGTD (thTD + 27315)

Since the temperature disequilibrium is a transient, its effect on the gas tension is also transient
and dependent on the temperature equilibration timescale. So long as ¢ < 7, we did not
explicitly account for the transient when fitting the GTD observations, because the signal
disappeared as the GTD reached gas tension equilibrium with the surrounding water. However, it
is important to remain aware of this effect, as the specific configuration of the instrument on a
platform may alter the thermal equilibration time.

The time series collected by the GTD required processing to arrive at a sample seawater
gas tension. Initially, the water vapor is subtracted from the GTD time series. Then the dry GTD
time series is deconvolved with the response time by inverting Equation 9. Next, the
deconvolved time series is low-pass filtered. The filtered data is then averaged over each
segment of the time series that the GTD was held at the same isopycnal, which we labelled
‘drifts’. The result was a single measurement of the dissolved gas tension minus water vapor,

referred to as dry gas tension, for each float drift.

3.2. Experimental Methods
3.2.1. Laboratory Methods
GTD performance, design limits, and membrane-properties were assessed in the
laboratory with several experiments. In Experiment 1, two GTDs with Teflon-membranes (S/N
43 & 44) were placed in a large pressure test vessel (PTV) filled with freshwater at equilibrium
with one standard atmosphere. Over 15 days the hydrostatic pressure was changed in increments

of approximately 70 dbar up to a maximum of 300 dbar, with variability of £ 2.5 dbar. Each
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isobaric test was maintained for a minimum of 24 hours. Pumping was set at 50% cycle.
Temperature, GTD barometric pressure, and hydrostatic pressure were recorded once per minute.

The collected time series were modeled using the model described by Equation 13. The
effects of hydrostatic pressure, temperature, respiration on gas tension (via decreasing oxygen),
along with the response times, were fit following Equation 14. Parameter standard errors are the
diagonal of the covariance matrix (C), which is calculated following the equation C =
a?(JT])~1, where | is the Jacobian matrix. With the fitted model parameters, the gas tension time
series were normalized following Equation 15. Each equilibration of the GTD, identified by
discontinuities in the normalized time series, was fit using the simplified model in Equation 16 to
investigate any effect of hydrostatic pressure on the response times of the GTD.

Another experiment assessed the operational hydrostatic pressure range of the Teflon
membranes. Two Teflon-membranes and housings were placed in a PTV and the hydrostatic
pressure slowly raised to 550 dbar. The membranes were held at 550 dbar for over 24 hours. This
was followed by rapid cycling between ambient pressure (60 dbar) and 550 dbar in the PTV.
Using a custom-design bulkhead that allowed us access to the dry side of the membrane and
housing while the system is pressurized, we tested for presence of water using a syringe to
evacuate the volume behind the dry-side of the membrane, which would indicate membrane
failure or reverse osmosis.

Separately with Experiment 2, the Teflon-temperature dependence was assessed by
measuring the equilibration time of the GTD from 5 — 30°C, a typical range for field
measurements. The GTDs were submerged in a containment vessel filled with atmospheric-
equilibrated freshwater. The containment vessel is placed within a temperature-controlled water

bath. Addition of degassed water (by boiling for > 10 minutes and cooling while sealed from the
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atmosphere) induced a step-change in the gas tension. Gas tension and temperature were
recorded once every 30 seconds. The GTDs equilibrated for a minimum of six e-folding times,

and the resulting curves fit to estimate the effect of temperature on response times.

3.2.2. Site Descriptions and Field Methods

Initial field-testing in seawater occurred off Shilshole, Seattle, Washington, in the Puget
Sound April 16" — 20 2014 aboard the UW/APL vessel R/V Robertson. Two UW/APL Gas
Floats #77 and #78 (F77 & F78) were respectively equipped with pumped GTDs #44 and #43
(GTD#44 & GTD#43). First, the floats were attached to a stand and lowered by crane to set
depths off the side of the ship. This was followed by a series of untethered calibration dives
between the surface, 140 dbar, and 70 dbar. Discrete water samples were collected at 5 meter
increments bracketing the calibration depths of the GTDs.

The two UW/APL Gas-Profiling Floats F77 and F78 equipped with pumped GTDs, along
with a prototype un-pumped GTD-equipped Argo float (GTD-Argo), were deployed from the
R/V New Horizon in the ETNP as part of the NHI410 research cruise. In May 2014, the floats
were deployed approximately 2 kilometers apart at 20.08°N 107.07°W for cross-calibration of
the instrumentation, and subsequently drifted northwest over the course of the 15-day
deployment.

During initial deployment, both floats performed a series of calibration profiles with
concurrent CTD casts. Niskin bottles at the calibration pressures were collected for N2:Ar
measurements and Winkler titrations. The float profiles targeted predetermined isopycnals by
adjusting their density to be neutrally buoyant. A profile consisted of an initial dive to a max

density, followed by a series of drifts at decreasing densities in the water column. Each float drift
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438  lasted 2-3 hours, sufficient time for the GTD to fully equilibrate. Float 77 was recovered during

439  initial deployment due to a malfunction and redeployed for four days at the end of NH1410.

440
441 3.2.3. Standard Reference Methods
442 Gas tension measurements by the GTD were validated against a gas tension estimate

443  calculated from independent dissolved gas concentration measurements of N», O2, and Ar. The
444  SeaBird 43 and Anderaa optode dissolved oxygen data were calibrated using in situ Winkler
445  titration measurements. N2:Ar ratios were measured by the Isotope Biogeochemistry Group
446  (School of Marine Science and Technology, University of Massachusetts-Dartmouth). Puget
447  Sound N»:Ar and O2:Ar ratios were measured from discrete bottle samples in the lab at UMass-
448  Dartmouth by Isotope-Ratio Mass Spectrometry [Charoenpong et al. 2014]. ETNP Nz:Ar ratios
449  were sampled at sea via Quadrupole Mass Spectrometry.

450 ETNP background argon concentrations are provided by Clara Fuchsman, which were
451  collected as an onshore-offshore transect from 18.39°N 104.99°W to 14.00°N 110.00° in the
452  ETNP in 2012 as part of a separate project [Fuchsman et al 2017]. Argon concentrations were
453  measured by isotope dilution [Hamme and Emerson 2004b]. Then, we developed and used a
454  linear-mixing-model based on T-S analysis to interpolate the ETNP 2012 argon concentration
455  data to our observations.

456 To derive an independent gas tension for validating the GTD in the OMZ, first the

457  measured No:Ar ratios were multiplied by the interpolated background argon concentrations to
458  calculate the nitrogen concentrations. Next the nitrogen and argon concentration were converted
459  to partial pressures using Henry’s Law including the literature hydrostatic pressure dependence

460  of 14% 1000 dbar™! [Enns et al. 1964; Ludwig & MacDonald 2005]. Water vapor pressure was
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explicitly calculated assuming 100% saturation [Kennish 1989]. The pCO: was taken from
climatology (=1.4 mbar in the ETNP OMZ) [Boyer et al. 2013]. Typical concentrations of the
remaining trace gases contributions fall below the instrument noise level and thus are considered

negligible.

4. Results
4.1. Laboratory Characterization

In the laboratory, the two GTDs measured +0.2 mbar of each other (Figure 2, note the
timeseries are purposefully offset for clarity of presentation). Temperature varied between 20 —
22°C. Using Equation 14 best-fit values for 7, @, 8, and Q, are shown in Table 2. The modeled
time series calculated using Equation 16 and the results in Table 2 compared with the collected
time series have standard deviations of 1.87 and 1.25 mbar (=0.2%) for GTD#43 and GTD#44,
respectively (Figure 2).

Applying Equation 15 to normalize the gas tension time series, the response times
calculated with Equation 16 range from 26.8 min to 48.8 min (Figure 3) with a mean 7 = 35
min, independent of hydrostatic pressure. The response times for GTD#43 also increased over
time. This compares with T = 20 min calculated using Equation 14. This difference between
response times and the individual curve fits are due to the fitting procedure. The model is finding
global parameter values that best reproduce the time series, whereas the individual curve fits are
optimally-fitting the transient response of the GTD to a large change in gas tension. The best-fit

response time for the field deployments was T = 36 min.
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- GTD#43 Data
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— GTD#44 Model - 10

Gas Tension

(dbar)
f
|

Pressure Temp

358 360 362 364 366 368 370 372
Time (Year-Day)

482
483  Figure 2. Results of lab experiment 1 - The model described by Equation 13 successfully
484  recreates the observed gas tension time series to within £1.87 (GTD#43) and £1.25 mbar

485  (GTD#44) using the best fit parameters (Table 2) calculated following Equation 14. Note the

486  GTD#44 data and model is offset by 10 mbar for both time series to be visible.

Parameter + SE GTD#43 GTD#44

7 (min) 21.36 +0.30 20.22 +0.34

a (%/°C) 1.67 +0.03 1.63 +0.02

B (%/1000 dbar) | 12.78 £0.2 12.98 +0.14

Q (mbar/min) -2.70%107 £ 2.31*%10° | -2.60*10° + 1.41*10°®
GT o (mbar) +1.87 +1.25

487  Table 2. Lab experiment 1 - Model parameter best-fit values and standard errors trained on the
488  laboratory gas tension time series from the first laboratory experiment. Data collected with 50%

489  pumping. Response time 1 is assumed independent of hydrostatic pressure and temperature.
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Figure 3. Results of lab experiment 1 - Top: The normalized gas tension time series corrects for
the effects of temperature, hydrostatic pressure, and biology, using the best fit parameters from
Table 2. Each discontinuity in the normalized gas tension time series occurs at a change in
hydrostatic pressure, when the GTDs re-equilibrate. The highlighted box represents the inset
below. A 3 mbar offset is applied to the GTD#44 time series to make the time series visible.
Bottom: GTD#43 (blue circles) and GTD#44 (green squares) response times are independent of
hydrostatic pressure, a significant advance over previous GTD versions. An individual response
time is calculated by fitting a curve to a GTD equilibration (inset, curves offset by 3 mbar). Data

collected with 50%-pumping. Response times for GTD#43 increased over time (print: color)
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Response times for an atmospheric mixture of dissolved gases showed an inverse linear
relationship with temperature (Figure 4), decreasing from 17.4 = 1.8 min at 5.3°C to 13.0 £ 1.2
min at 29.9°C. Calculated exponential constant was 7.7 + 2.2 kJ/mol. Literature comparisons

were 4.6 (N2) and 3.4 (O2) kJ/mol for Teflon-AF 2400 [Alentiev et al. 2002].

22

20

Response Time (min)
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Temperature (‘C)

Figure 4. Results of lab experiment 2 - Continuously-pumped response times of the Teflon-
membrane mounted in GTD#43 are inversely dependent on temperature. The dependence and
95% confidence intervals are fit following Equation 12. Note that the thermal response time for a

pulse-pumped system will be larger.

4.2. Puget Sound
Gas tension was successfully recorded only by GTD#44 mounted on Float 77 (GTD#43

did not record properly) (Figure 5). Both GTDs successfully recorded internal temperatures. The
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seawater temperature ranged from 10.4°C at the surface to 8.0°C at 140 dbar. Salinity varied
from 27.77 psu at the surface to 29.72 psu at 140 dbar. Thermal equilibration times (¢) were
21.4 £7.0 min and 28.2 + 4.8 min for GTD43 and GTD44, respectively. Response times with
pulse-pumping (10 %) averaged r = 36 minutes, which is still larger than the thermal response
time. Argon was calculated from the O»:Ar and SBE43 oxygen concentrations. Estimated gas
tension agrees, to within 2 — 4 mbar (0.2% - 0.4%), with the independent IRMS N»:Ar and O:Ar

gas tension (Figure 6).
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Figure 5. Successful measurements of gas tension in the Puget Sound by GTD#44 on Float 77.
The procedure deriving the gas tension from the collected raw data is demonstrated. The raw
data from GTD#44 on Float 77 (green squares) is deconvolved (blue circles) with a pulse-
pumping response time T = 36 minutes, and low-pass filtered (red line), which is averaged over a
constant hydrostatic pressure (black lines) to arrive at the gas tension measurement (magneta
circles). Floats were attached to the ship winch before the 500 minute mark and freely profiling

after. (print: color)
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Figure 6. GTD#44 on Float 77 successfully measured gas tension throughout the water column
in the Puget Sound, whether the sensor was tethered or freely drifting. The mass spectrometry
(MS) data points show the target range of measured gas tension. The GTD agrees within 2 — 4

mbar (0.2 - 0.4%).

4.3. Eastern Tropical North Pacific
The oxycline, where oxygen rapidly decreases from saturation to anoxia, was located at
approximately 50 — 70 dbar in the water column. Gas tension decreased from approximately
atmospheric at the surface to a local minimum just below the oxycline, then a small local
maximum, and then an absolute minimum of 836 mbar at 127 dbar (Figure 7). Below the
absolute minimum the gas tension increases with depth. Both GTDs operated without displaying

any behavior indicative of a blockage as occurred in the Puget Sound. The Argo float
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successfully equilibrated and measured gas tension twice during separate 12-hour drifts. The
GTDs did not fully equilibrate at the surface due to the profiling schedule set for the floats.

Gas tension from Float 77 is approximately 7 mbar higher than gas tension from Float 78
throughout the anoxic portion of the water column without any dependence on hydrostatic
pressure or temperature (Figure 7). Argo float measurements are approximately 3 mbar higher
than the Float 77 measurements. Measured gas tension agrees to within error with the calibration

gas tension (Figure 8).
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Figure 7. Gas tension within the anoxic portion of the water column was successfully measured
to within +3.13 mbar of the N>:Ar-derived validation gas tension in the ETNP ODZ. The
oxycline, located from approximately 50 — 70 dbar and identified with the two red lines, is where
the oxygen concentrations decline from saturation to sub-micromolar (< 1 uM/kg)

concentrations. The GTD on Float 77 measures approximately 7 mbar higher than Float 78
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within the anoxic portion of the water column. The GTDs were pulse-pumped and floats freely-

drifting. The Argo float is unpumped. (print: color)
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Figure 8. Validation that we successfully measured gas tension using the GTDs in the ETNP
ODZ. The gas tension measured by the GTD (y-axis) generally agrees within error with the
independent gas tension derived from the N2: Ar measurements (x-axis). Puget Sound (grey
squares) are adjusted 180 mbar to fit on scale. Hydrostatic pressure of the measurements shown

with a linear color scale. (print: color)

4.4. Sources of Error
Changes in temperature and hydrostatic pressure not only alter the gas tension in the

water but may also affect how well the GTDs operate. Under the tightly controlled conditions of
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the laboratory PTV, GTD#43 and GTD#44 measure to within #0.2 mbar of each other. Model
characterization describes the GTD response to +2.13 (GTD#43) and +1.32 mbar (GTD#44).

In the Puget Sound and ETNP, uncertainty in determining the end-point equilibrated gas
tension is affected by the background geophysical noise. The uncertainties following
deconvolution and low-pass filtering, which are calculated by taking the standard deviation of
the low-pass filtered data for a drift following GTD equilibration, average + 1.29 mbar (0.15%)
and % 1.44 mbar (0.17%) for GTD#44 (Float 77) and GTD#43 (Float 78), respectively.
Geophysical noise is comprised of physical processes, such as internal waves, which alter in-situ
gas tension and temperature faster than the GTD can equilibrate, introducing high-frequency
variability. The high-frequency variability is further amplified by applying the deconvolution
procedure.

Assessment of the accuracy of the GTD gas tension is influenced by how well we can
independently determine the gas tension in the water column from the N2:Ar and O2
measurements. The No: Ar measurements themselves have a precision of 0.23%o [Charoenpong et
al. 2014]. Seabird and optode oxygen errors are =2 pM/kg with respect to Winkler titrations.
However, the oxygen errors only contribute to uncertainty within the oxycline and surface; in the
anoxic portion of the water column, oxygen is below 100 nM and its contribution to the total
uncertainty is negligible [Tiano et al. 2014]. Interpolation of the argon concentrations measured
by Fuchsman et al [2017] has an uncertainty of 0.03 uM/kg, which with solubility uncertainty of
0.13% results in an average pAr uncertainty of 0.03 mbar (0.26%) [Hamme & Emerson 2004].
Propagation of the argon uncertainty when calculating the nitrogen concentrations from N2:Ar is
the dominant source of the uncertainty in the final pN> of 3.15 mbar (0.31%). The total

uncertainty amounts to 3.42 mbar (0.40%), of which 92% is attributed to uncertainty on pN2,
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7.8% to pO2, and 0.2% to pAr. The final uncertainties are 15 — 30% the size of the signal we aim
to resolve.

Final accuracy of the GTDs, assessed by comparison of the GTD gas tension with the
independent gas tension calculated from the N>: Ar measurements, are 0.6% (GTD#44; Float 77)
and 0.4% (GTD#43; Float 78; refer to Figure 8). We take this as a conservative error estimate,
since at this time we cannot claim that the differences are due to a systematic bias rather than

random error and uncertainty.

S. Discussion

GTD#43 on Float 78 successfully measured gas tension in the ETNP ODZ to within
0.40%. This compares favorably with the error estimate of 0.7% on previous GTD versions
[McNeil et al. 1995]. The cause of the 7-mbar offset of GTD#44 relative to GTD#43 cannot yet
be determined. The two barometers measured to within less than 0.2 mbar difference in pre-and-
post cruise calibrations. Additionally, the difference between the two deployed GTDs is constant
throughout the water column, and shows no change with depth or temperature. However, this
does suggest we successfully characterized the effects of changing temperature and hydrostatic
pressure on the GTDs. Additionally, our final uncertainties are about 15-30% of the expected 10
- 20 mbar N> signal produced by denitrification in the ETNP, which is the primary motivation for
this work. Thus, these GTDs are sufficiently precise to separate a small 20 mbar signal from a
large 850 mbar signal.

Our descriptive model estimates the Henry’s Law pressure dependence as 12.8 £ 0.3%
per 1000 dbar. This is lower than the limited literature estimates of 14% per 1000 dbar [Ludwig

& Macdonald 2005]. Additionally, we fit a simple linear regression of gas tension vs hydrostatic
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pressure from the gas tension minimum to the maximum depth measured, spanning 300 dbar.
The fit yielded a 13.2 + 2.8% increase per 1000 dbar. This agrees with the literature values, but
ignores the microbial-processes which alter gas tension in the OMZ [Klots 1961; Enns et al.
1964; Ludwig & Macdonald 2005].

The estimates of the hydrostatic pressure effect and equilibration times are complicated
by confounding factors not explicitly controlled. In the lab, changes in hydrostatic pressure are
altered using a secondary steel overflow tank with a bladder that forces water into or accepts
water from the main tank. The water within the secondary tank was rapidly reduced via oxidation
of the steel tank. Thus, changes in hydrostatic pressure create instantaneous jumps in dissolved
oxygen that are not readily quantifiable. Biology and rust products may also alter flow of or
physically coat the membrane from the water, impeding gas exchange and equilibration. This
complicates and introduces error to the interpretation of the hydrostatic pressure effect on gas
tension in the lab. It also adds variability when calculating the equilibration times from the
individual curve fits, because equilibration is dependent on renewal of the water-side membrane
boundary layer. Additionally, we suspect that these processes disproportionately affected
GTD#43 in the PTV over GTD#44 because GTD#43 response times increased over time. We are
unsure why GTD#43 was affected, but suspect its placement in the PTV relative to the overflow
tank and pressurization bladder was important.

In the ETNP ODZ, active nitrogen loss processes such as denitrification and anammox
actively alter the dissolved nitrogen levels [Gruber & Sarmiento 1997; Paulmier & Ruiz-Pino
2008; Chang et al. 2012]. Knowing the effect of hydrostatic pressure on gas solubility is
necessary to accurately calculate the nitrogen concentrations from the gas tension measurements.

Similarly, both the Anderaa Oxygen Optode and SBE43 oxygen sensor functionally measure the
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partial pressure of oxygen, not the concentration [Demas et al. 1999; Carlson 2002]. Although
both oxygen sensors have confounding hydrostatic pressure effects, they are calibrated to the
surface solubility [Uchida et al. 2008; McNeil & D’ Asaro 2014]. This led us to utilize the
literature value of 14% 1000 dbar™! for our calculations. Consequently, we aim to further refine
the hydrostatic pressure effect on gas tension by future experimentation utilizing the new GTD.
Gas tension sampling was not flawless. There was an apparent internal blockage in
GTD#44 during field testing in the Puget Sound. While the source of the blockage is not yet
certain, we suspect condensation of water vapor on internal piping due to rapid profiling because
the floats were tethered to the ship winch. This should not be an issue when the floats profile
autonomously by adjusting their buoyancy, since it results in much slower ascent and descent
rates. Indeed, we observed no blockages in the ETNP. The goal is to keep the internal GTD
temperature close to equilibrium with the surrounding water temperature to avoid condensation
of water vapor. Additionally, membrane diffusion coefficients change by =28.5% over the
operational temperature range of the GTD. However, the response of 7(T) is linear and is simple

to adjust needed response times based on water temperature.

6. Conclusions

The new Teflon-membrane GTD offers a compact, stable method for in-situ
determination of total dissolved gas pressure. It eliminates, or at the least minimizes, many of
the complications of the previous PDMS-membrane version: the response time is independent of
hydrostatic pressure, there is no apparent reverse-osmosis, and it functions uniformly throughout
operational water depths. We demonstrate that two GTDs successfully measured to within an

error of 0.4% and 0.6% the gas tension in the ETNP ODZ. Additionally, we showed that a GTD
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can equilibrate and measure gas tension on an Argo-float. Using previously published methods
for determining dissolved nitrogen from measured gas tension, the new GTD opens up the
possibility for in-situ investigation of denitrification within pelagic ODZs [McNeil et al. 2005;
McNeil et al. 2006a]. An additional advantage to this version of the float-mounted GTD is it is
significantly more compact than the previous PDMS-version. Further reduction in response time
should be possible using a pressure sensor with a very small internal volume. A faster response
time should also reduce the uncertainty due to geophysical noise.

We envision a variety of future applications for our new GTD. Its compact size and low-
power makes it an ideal candidate to be incorporated onto biogeochemical-Argo-floats for long
term in-situ studies of denitrification in ODZs, air-sea gas exchange, and net community
production in the surface ocean. Continuing improvements in shrinking the size and response
time are also targeted at future incorporation onto CTDs as part of the standard instrument
package. Our goal is to make gas tension measurements and dissolved-N2 gas a regularly

collected parameter, alongside T, S, and O».
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