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The work described herein comprises field- and laboratory-based assessments 

of dynamic errors in electrode response of the Honeywell Durafet and its internal 

(Ag/AgCl reference electrode containing a saturated KCl reference gel - Ð( ) and 

post-factory added external (solid-state chloride ion-selective electrode, Cl-ISE - 

Ð( ) reference electrodes. Data collected by the Durafet-based pH sensors used 

here were then utilized to improve our understanding of electrode response in 

nearshore waters that experience wide ranges of and rates of change in pH, 

temperature, and salinity. 

In Chapter 2, empirical analyses of pH and environmental data from the 

Murderkill Estuary-Delaware Bay System collected by a deployed sensor revealed that 

tidally-driven dynamic errors in the temperature and salinity responses of the internal 

and external reference electrodes, respectively, were introduced into our pH 

timeseries. Dynamic errors in reference electrode response drove large anomalies 

between Ð(  and Ð(  (denoted ɝÐ(  that reached >±0.8 pH when the 

lowest water temperatures and maximum tidal salinity variability occurred in the 

winter. A clear linear relationship was demonstrated between the ЎÐ(  and the 

rate of salinity change between sensor measurements (dSalt/dt) thereby making 

dSalt/dt the strongest limiting factor of reference electrode response in our application. 

ABSTRACT 
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A dynamic sensor response correction for the Cl-ISE was also developed and applied 

in the voltage domain. After application, this correction substantially reduced 

ɝÐ(  anomaly ranges and it removed the first-order salinity dependence of the 

ɝÐ(  anomalies. However, additional work is needed to refine the Cl-ISE 

dynamic sensor response correction and develop a corresponding correction to address 

dynamic errors in the temperature response of the internal reference electrode to 

improve pH measurement accuracy in nearshore waters. 

In Chapter 3, to further scrutinize the suitability of the Cl-ISE for pH 

measurement as the reference electrode, a half-cell reaction approach for pH 

calculation using Cl-ISE as the chloride ion #Ì-sensitive reference electrode and the 

ion-sensitive field effect transistor (ISFET) of the Honeywell Durafet as the hydrogen 

ion ( -sensitive measuring electrode was developed. This new approach split out 

and isolated the independent responses of the Cl-ISE to #Ì (and salinity) and the 

ISFET to (  (and pH), and calculated pH directly on the total scale Ð(  in 

molinity (mol (kg-soln)-1) concentration units. The new half-cell and existing complete 

cell (where the responses of the Cl-ISE and ISFET are combined) reaction approaches 

were then applied to calculate Ð(  using measurements made using two SeapHOx 

sensors between salinity and pH of 1 and 31 and 6.9 and 8.1, respectively, over a six-

day period in a test tank. When splitting out and calibrating raw pH sensor timeseries 

as needed according to salinity, Ð(  had root-mean squared errors ranging between 

±0.0026 and ±0.0168 pH calculated using both reaction approaches relative to Ð(  
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of co-located discrete bottle samples Ð( . These results are notably in contrast to 

those of the few in situ field deployments over similar environmental conditions that 

demonstrated Ð(  calculated using the Cl-ISE as the reference electrode had larger 

uncertainty in nearshore waters. Therefore, additional work beyond the correction of 

variable temperature and salinity conditions in Ð( calculation using the Cl-ISE is 

needed to constrain the impacts of other external stimuli on in situ Cl-ISE response. 

Furthermore, increased scrutiny of the ISFET as the ( -sensitive measuring electrode 

for pH measurement in natural waters is also needed. 

In Chapter 4, dynamic electrode response was assessed over a six-day period in 

a test tank over wide ranges of and rates of change in salinity between 1 and 31 and -

11.21 and +10.66 (0.5 h)-1, respectively. To do this, measurements made using two 

SeapHOx sensors (designed and assembled by Todd R. Martz of Scripps Institution of 

Oceanography (La Jolla, CA, USA)) and two SeaFET V2 sensors (designed and 

assembled by Sea-Bird Scientific (Bellevue, WA, USA)) were used. After employing 

a new calibration approach designed to reconstruct the electrodesô equilibration 

periods following the salinity change each day, clear differences between the dynamic 

responses of electrodes integrated into each sensor model emerged. Dynamic errors in 

electrode response were substantially greater and persisted longer for the SeaFET V2 

sensors than the SeapHOx sensors; for which these errors were greatly reduced or not 

present at all. Salinity-driven dynamic errors in electrode response for the SeaFET V2 

sensors were greatest directly following the salinity change each day (at Hour 0) and 
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produced large uncorrected Hour 0 salinity-driven anomalies between Ð(  and 

sensor-measured pH Ð(  (referred to as ЎÐ( ȟ  anomalies) of > ±0.1 pH 

that also persisted for multiple hours after the salinity change. 

The differences in electrode response between different sensors models are 

attributable to the different voltage measurement sequences that are carried out over 

measurement periods of different lengths. Here, the SeapHOx sensors use an average 

of 20 voltage measurements collected over a 16 sec period and the SeaFET V2 sensors 

use the final of four voltages collected over a 0.5 sec period for pH calculation. For the 

SeaFET V2 sensors, this may truncate the electrode response period after salinity 

changes each day and produce the dynamic errors in electrode response we observed. 

Therefore, further work is needed to optimize the voltage measurement sequence for 

the SeaFET V2 sensors for nearshore waters. However, large salinity-driven 

ЎÐ( ȟ  anomalies for SeaFET V2 sensors were ultimately corrected using 

post-calibration secondary pH corrections that utilized the smooth exponential 

relationships between ЎÐ( ȟ  anomalies and time. After correction, corrected 

ЎÐ(  ЎÐ( ȟ  anomalies for the SeaFET V2 sensors substantially 

improved and largely met oceanographic community-standard pH data quality 

thresholds while associated improvements were minimal for the SeapHOx sensors 

since their pH corrections were few. Here, the power and necessity of secondary pH 

correction ultimately underpins the need for the development of similar pH correction 

methods for field data collected in nearshore waters. 
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INTRODUCTION  

Estimates indicate that the global mean ocean pH has decreased by about 0.1 

pH since the preindustrial era (ca. 1750) (Gattuso et al., 2015) due to the coincident 

oceanic absorption of about 25% of the anthropogenic carbon dioxide (CO2) released 

over the same period (Friedlington et al., 2019). This aggregate process and the 

accompanying suite of seawater chemistry changes it facilitates has been termed 

ñocean acidificationò (OA). OA rates estimated from time series of oceanographic 

data vary between -0.0026 and -0.0013 pH year-1 (Bates et al., 2014). This orthodox 

definition of OA is applicable to the open ocean where natural perturbations in the 

marine carbonate system are seasonally driven by variations in temperature in the 

subtropics and biological consumption/removal and production/release of CO2 via 

photosynthesis and respiration, respectively, in the mid-high latitudes (Hagens et al., 

2016; Takahashi et al., 2014). However, such perturbations remain relatively limited 

in scope and magnitude (Duarte et al., 2013) because their seasonal controls are 

largely compensatory over annual timescales in vast ocean basins (Kwiatkowski and 

Orr, 2018). Thus, the absorption of anthropogenic CO2 remains the primary driver of 

marine pH decrease in the open ocean (Bates et al., 2014; Duarte et al., 2013). In 

dynamic nearshore waters, however, its practicality for describing changes in pH is 

Chapter 1 
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much more limited (Duarte et al., 2013) as these systems are subject to substantial 

natural and anthropogenic forcing as well (Borges et al., 1998; Duarte et al., 2013; 

Gattuso et al., 1998) 

Acidification and, more generally, marine carbonate chemistry in nearshore 

waters are controlled by a suite of physical, chemical, and biological processes 

(Ingrosso et al., 2016) that vary in both number and magnitude on regional and local 

scales (Duarte et al., 2013; Wallace et al., 2014). Physical processes affecting marine 

carbonate chemistry in nearshore waters include upwelling (Feely et al., 2008; Gruber 

et al., 2012; Kapsenberg and Hofmann, 2016), river discharge (Vargas et al., 2016), 

and mixing with groundwater (Basterretxea et al., 2010; Cai et al., 2003). The balance 

between primary production and respiration and calcification and dissolution 

manifested in net community production (NCP) and net community calcification 

(NCC), respectively (Aufdenkampe et al., 2011; Duarte et al., 2013), and 

eutrophication caused by the oxidation of excess organic matter fueled by terrestrial 

nutrients (Borges and Gypens, 2010; Cai et al., 2011; Feely et al., 2010; Wallace et 

al., 2014) also impact marine carbonate chemistry in nearshore waters. The forecasted 

future latitudinal shifts in estuarine and coastal ocean air-sea CO2 exchange and CO2 

source and sink dynamics (Cai, 2011) together with changes in prevailing 

temperatures (and solubility) (Kapsenberg et al., 2017; Schulz and Riebesell, 2013) 

will further impact marine carbonate chemistry in nearshore systems. 

When combined, this interplay of complex processes along with many others 

not explicitly discussed produces a range of pH trends in nearshore waters ranging 
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from acidification to basification at rates which often greatly surpass current observed 

open-ocean acidification rates (Carstensen et al., 2018; Duarte et al., 2013; Lowe et 

al., 2019; Provoost et al., 2010; Reimer et al., 2017). A recent synthesis estimated that 

rates of annual pH change in nearshore waters were between -0.023 and +0.023 pH 

year-1 (Carstensen and Duarte, 2019). Furthermore, these notable, albeit sometimes 

divergent, pH trends are often masked by substantial natural pH variability on tidal, 

diel, and monthly timescales that can reach up to >1 pH unit (Baumann et al., 2015; 

Carstensen et al., 2018; Chan et al., 2017; Hofmann et al., 2011; Kapsenberg and 

Hofmann, 2016; OôBoyle et al., 2013; Provoost et al., 2010). Unfortunately, this only 

serves to further complicate the characterization and interpretation of long-term trends 

in acidification and marine carbonate chemistry in nearshore waters. (Carstensen et 

al., 2018; Kapsenberg et al., 2017). 

Therefore, our capacity to distinguish between natural variability and long-

term anthropogenic changes hinges on accurately observing the marine carbon system 

through accurate and high-frequency pH measurements. While pH is the ñmasterò 

variable in aquatic systems (Stumm and Morgan, 1996), the scientific community 

faces an urgent need for improved temporal and spatial coverage of pH measurements 

in nearshore waters that link terrestrial and oceanic systems. However, coincident 

reassessments of the methodologies available for pH measurement in nearshore waters 

over the full salinity range of natural waters between 0 and 40 must be carried out to 

ensure accuracy and intercomparability of the pH data collected in future work.  
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 At present, pH is treated as the hydrogen ion (  concentration using a 

concentration scale and is defined via: 

Ð( ÌÏÇ( ρȢρ 

where (  is the concentration of hydrogen ions in solution. (  may also be 

referred to and replaced with Í  or ʆ  when making the distinction between 

concentration units of molality (or mol (kg-H2O)-1 where H2O is pure water) or 

molinity (or mol (kg-solution)-1 or mol (kg-soln)-1), respectively (Clegg and Whitfield, 

1991; MacIntyre, 1976; Zeebe and Wolf-Gladrow, 2001). For calculating pH on a 

molality basis with a reference state of pure water, thermodynamic constants and other 

parameters used for pH calculation are only defined as functions of temperature (e.g., 

Khoo et al. (1977)). On the other hand, pH calculation on a molinity basis uses 

seawater as its reference state where thermodynamic constants and other parameters 

used for pH calculation are only defined as both functions of temperature and salinity 

(e.g., Gonski et al. (2024)). In principle, pH can additionally be treated as the 

hydrogen ion activity (or ñeffectiveò concentration) which is defined via: 

Ð( ÌÏÇÁ ÌÏÇɾÍ ρȢς 

where Á  is the activity of (  and ɾ  is the ion activity coefficient of (  (Sørensen 

and Linderstrøm-Lang, 1924).  

For practical purposes, pH is measured, reported, and applied on a 

concentration scale for contemporary OA and marine carbonate chemistry studies 

(Dickson et al., 2007). The three concentration scales that are currently available for 

use are ï (1) the free hydrogen ion concentration scale (Ð( ), (2) the total hydrogen 
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ion concentration scale (Ð( ), and (3) the seawater scale (Ð( ). These pH 

concentration scales equate to: 

Ð( ÌÏÇ( ȟ ρȢσ 

Ð( ÌÏÇ( ÌÏÇ( (3/ ȟ ρȢτ 

Ð( ÌÏÇ( ÌÏÇ( (3/τ (&ȟ ρȢυ ÌÏÇ ÌÏÇ ρȢτ 

where (  is the (  in solution on the scale of interest, (3/ is the bisulfate 

concentration in solution, and (& is the hydrogen fluoride concentration in solution 

(Zeebe and Wolf-Gladrow, 2001). These pH concentration scales increasingly account 

for additional (  contributions from chemical species that are found in seawater. 

Equations for interconverting between the different pH concentration scales are 

included in Dickson et al. (2007). OA community best practices also dictates reporting 

Ð(  in molinity (or mol (kg-soln)-1) concentration units (Dickson et al., 2007). A 

fourth pH scale referred to as the NBS scale is also available but is seldom used since 

its reference state is pure water of ionic strength of < 0.1 mol kg-1 whereas all pH 

concentration scales use seawater of ionic strength of 0.7 mol kg-1 as their reference 

state (Zeebe and Wolf-Gladrow, 2001). For a more thorough discussion of the pH and 

its different scales, please see Marion et al. (2011) and Waters (2012). 

Benchtop pH analyses can be carried out via ï (a) glass electrode 

potentiometry on the NBS scale (or Ð( ) or (b) spectrophotometry on the total scale 

(or Ð( ) (Dickson et al., 2007). While measuring pH via glass electrode 

potentiometry is cost-effective and straightforward, glass electrodes are fragile, prone 
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to drift, and produce less reliable pH data across wide salinity ranges that have higher 

uncertainties (Dickson, 1984). Still, measured Ð(  values can be converted to 

Ð(  using marine carbonate system calculation programs (e.g., CO2SYS, Sharp et 

al., 2020) or using backend empirical functions (e.g., Badocco et al., 2021). pH 

determination via glass electrode potentiometry is generally not recommended unless 

a coincident spectrophotometric electrode calibration (discussed in Easley and Byrne 

(2012) and Martell-Bonet and Byrne (2020)) or a coincident electrode calibration in 

saline buffer media on a concentration scale is performed to check measurement 

accuracy (Martz et al., 2015). 

 On the other hand, advancements in the preparation of TRIS buffers in 

artificial seawater using variable ratios of TRIS:TRIS-HCl at salinity < 20 (Pratt, 

2014; Müller et al., 2018a) and accurate measurement of their pH on the total scale (or 

Ð( ) using a Harned Cell (Müller et al., 2018a) has reliably extended benchtop pH 

measurement methodologies to salinity < 20. pH is measured on the total scale (or 

Ð( ) via spectrophotometry using pH-sensitive purified colorimetric and diprotic 

sulfonepthalein indicator dyes such as bromocresol purple (BCP; Hudson-Heck et al., 

2021), meta-Cresol purple (mCP; Douglas and Byrne, 2017; Lai et al., 2016; Müller 

and Rehder, 2018), phenol red (PR, Lai et al., 2016), and thymol blue (TB; Hudson-

Heck and Byrne, 2019). Characterization equations for Ð(  calculation using 

purified BCP (Hudson-Heck et al., 2021), mCP (Douglas and Byrne, 2017; Müller and 

Rehder, 2018), and TB (Hudson-Heck and Byrne, 2019) are valid between salinities 0 
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and 40. Ð(  of freshwater can also be calculated using mCP and PR using the 

characterization equations from Lai et al. (2016). 

Spectrophotometric Ð(  measurement methodologies that utilize mixtures 

of different indicator dyes can also be leveraged to expand measurable pH ranges in 

aquatic systems; but this approach simultaneously sacrifices measurement accuracy 

and precision (Raghuraman et al., 2006). Additional work has improved benchtop 

spectrophotometric Ð(  measurements through streamlined methods of accounting 

for the pH perturbation due to the dye addition (Li et al., 2020; Takeshita et al., 2022), 

increased sample throughput and reduced operator error with automated pH 

measurement systems (Carter et al., 2012) and methodological recommendations for 

dealing with potential matrix interferents such as dissolved organic matter (Muller et 

al., 2018b). However, the use of benchtop pH measurement methodologies is limited 

to discrete water samples, and discrete water sampling will not close the critical 

spatiotemporal pH data gaps in dynamic nearshore waters on its own. For further 

discussion of the existing benchtop pH measurement methodologies, please see 

Rérolle et al. (2012) and method-specific references included herein. 

On the other hand, high-frequency pH measurements made using autonomous 

sensors can be used to help resolve spatial patterns and temporal trends in dynamic 

nearshore waters that experience large simultaneous ranges of temperature, salinity, 

and biogeochemical variability over different timescales that discrete water sampling 

cannot capture (Gonski et al., 2018; Johnson et al., 2007). Accordingly, there is an 

urgent need for accurate and fast responding autonomous pH sensors for this purpose. 
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In recent years, the coincident development of robust spectrophotometric pH 

measurement methodologies that are valid for full salinity range of natural waters 

between 0 and 40 (like those described herein) has aided in the development of several 

different types of autonomous pH sensors.  

At present, potentiometric (e.g., Bresnahan et al., 2014; Martz et al., 2010; 

Miller et al., 2018) and optofluidic (e.g., Lai et al., 2018; Martz et al., 2003) pH 

sensors dominate the commercial market. Still, other types of autonomous sensors that 

utilize immobilized fluorescence indicator spots (Clarke et al., 2015; Runcie et al., 

2018), optodes (Fritzsche et al., 2018; Staudinger et al., 2018), and lab-on-chip 

technologies (Nehir et al., 2022; Rérolle et al., 2018) as vehicles for pH measurement 

show exceptional promise for pH measurement in nearshore waters. Moreover, robust 

and modular handheld pH sensors are also being developed and commercialized (e.g., 

Li et al., 2023; Pardis et al., 2022; Ritger and Cullen, 2023) that will make high 

quality pH measurements more accessible to a wider cross-section of the scientific 

community and for a broader range of applications such as citizen science (Pardis et 

al., 2023). It is important to note, however, that each autonomous pH sensor type has 

advantages and disadvantages relative to others. For a more thorough discussion of the 

different autonomous pH sensor types, please see Nehir (2022), Sastri et al. (2019), 

and the sensor-specific references included herein. 

Since the current work focuses on potentiometric pH sensors, further 

discussion of their application to nearshore waters is warranted. A potentiometric cell 

is comprised of a reference electrode and an H+-sensitive measuring electrode where 
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the electrical potential (as voltage) of the solution of interest is measured between 

them. In potentiometry, the measuring electrode responds to the change in (  (and 

pH) of the solution by developing a voltage response that is proportional to the new 

(  of the solution. This response occurs as the reference electrode simultaneously 

sustains a fixed electrical potential independent of changes in ambient environmental 

conditions in solution such as (  (and pH) and ionic strength (and salinity) (Skoog 

et al., 2006). Unfortunately, the application of potentiometric sensors for pH 

measurement in dynamic nearshore waters is complicated by the constant gradation of 

ionic strength and it can impact the responses of either or both electrodes. This, 

ultimately, can lead to the collection of unrepresentative pH data (Millero et al., 1986; 

Whitfield et al., 1985).  

Therefore, when measuring pH in dynamic waters using potentiometric 

sensors, careful consideration must be given to ï (a) the reference electrode employed 

(Butler et al., 1985; Culberson et al., 1981; Whitfield et al., 1985), (b) the buffer 

solutions used to calibrate the electrodes (Easley and Byrne, 2012; Martell-Bonet and 

Byrne, 2020; Millero et al., 1986; Whitfield et al., 1985), and (c) the calibration 

strategy for pH measurement in natural waters between freshwater and seawater 

(Butler et al., 1985; Dickson, 1984, Martz et al., 2015; Whitfield et al., 1985). Since it 

is now possible to calibrate a working potentiometric pH sensor to the pH of discrete 

water samples collected alongside a deployed pH sensor (Bresnahan et al., 2014; 

Hofmann et al., 2011) that is measured using established benchtop spectrophotometric 

methods valid between salinities 0 and 40, the selection of standard buffer media used 
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to calibrate the electrode is now only a secondary consideration. The challenges of 

potentiometric pH measurements over wide ranges of ionic strength (and salinity) in 

nearshore waters are discussed further by Dickson et al. (2016), Easley and Byrne 

(2012), Millero (1986), and Whitfield et al. (1985).   

Ultimately, the characterization and utilization of a suitable reference electrode 

is the primary metrological consideration for pH measurement in nearshore water over 

wide ranges of and rates of change in ionic strength (and salinity) (Butler et al., 1985). 

This principle is well-demonstrated in the potentiometric pH sensors that incorporate 

the Honeywell Durafet Ion-Sensitive Field Effect Transistor (ISFET) technology 

paired with two different reference electrodes (Martz et al., 2010; Bresnahan et al., 

2014); commercialized versions of these sensors (e.g., SeaFET and SeapHOx) are 

available from Sea-Bird Scientific (Bellevue, WA, USA).  Durafet-based pH sensors 

calculate and report a pair of pH values using the Durafetôs #Ì-sensitive internal 

(Ag/AgCl reference electrode containing a saturated KCl reference gel - Ð( ) and 

post-factory added external (solid-state chloride ion-selective electrode, Cl-ISE - 

Ð( ) reference electrodes together with its ( -sensitive ISFET. Now, Ð(  can be 

calculated using two different approaches where responses of the Cl-ISE and ISFET 

are combined using the complete cell reaction approach (described in Martz et al. 

(2010)) or split out and isolated using the half-cell reaction approach (described in 

Chapter 3). The intricacies of electrode response and equations for pH calculation 

using these sensors are discussed in sections 2.3.1, 3.3.1-3.3.2, and 4.3.1-4.3.2 in 

Chapters 2, 3, and 4, respectively.  
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The Honeywell Durafet is an ideal candidate for pH measurement in nearshore 

waters due to its rapid response time (Bagshaw et al., 2021; Long, 2021; Martz et al., 

2010), reliable linear response with temperature (Takeshita et al., 2014), and excellent 

signal stability with low noise effects (Martz et al., 2010; Sandifer and Voycheck, 

1999). With experienced and well-trainer operators, Durafet-based sensors are capable 

of in situ pH accuracies of < ±0.01 pH in oceanic waters (Bresnahan et al., 2014). This 

pH measurement accuracy is bracketed by community standard climate- and weather-

level pH data quality thresholds of ±0.003 pH and ±0.02 pH, respectively, established 

by the Global Ocean Acidification Observing Network (GOA-ON; Newton et al., 

2015).  

The Honeywell Durafet is also an exceptionally versatile pH sensor. It has not 

only seen widespread use in fixed point applications (e.g., Duke et al., 2021; Miller 

and Kelley, 2021) but it also been incorporated into Slocum (Saba et al., 2019; 

Thompson et al., 2021) and Spray (Takeshita et al., 2021) underwater gliders as well 

as autonomous surface vehicles such as Saildrones (Sabine et al., 2020). The Durafet 

has also been used for water-column profiling applications down to 3000 m using the 

Deep-Sea Durafet (Johnson et al., 2016). Despite all this, it remains unclear whether 

the excellent accuracy and fast response of the Honeywell Durafet and its internal and 

post-factory added external reference electrodes seen in high-salinity oceanic waters 

of salinity > 30 (e.g., Bresnahan et al. (2014) and Kapsenberg and Hofmann (2016)) 

extends to nearshore waters with wide ranges of and rates of change in temperature, 
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salinity, and other conservative and non-conservative water quality parameters 

(Gonski et al., 2018; 2023). 

Evidence from limited in situ field deployments of Durafet-based pH sensors 

in dynamic nearshore waters that supports this assertion includes dynamic errors in 

reference electrode response (Gonski et al., 2023) and large salinity-driven anomalies 

between Ð(  and Ð(  after sensor calibration (Gonski et al., 2018; 2023), 

between pH measured with Durafet-based sensors and other co-located redundant pH 

sensors (Fritzsche et al., 2018), and between sensor-measured and discrete sample pH 

(Velo and Padin, 2022) (on the order of > 0.1 pH for all anomalies). However, discrete 

sampling regimes that are used to validate sensor performance demand substantial 

time and resources and rarely produce the number of samples that are needed for an 

actionable assessment of sensor performance in field settings. Because of this, in situ 

evaluations of sensor performance and electrode response under real-world dynamic 

environmental conditions in nearshore waters has only captured snapshots rather than 

the full extent of these electrode response issues.  

While Takeshita et al. (2014) verified the full the Nernstian response of the 

Honeywell Durafet and its two reference electrodes, our understanding of dynamic 

electrode response is further encumbered by the lack of work undertaken with these 

sensors under dynamic environmental conditions in test tanks in controlled laboratory 

settings. To date, the major tank tests conducted with the Durafet-based pH sensors 

have been limited to slow rates of salinity decrease been salinities 30 and 36 

(Bresnahan et al., 2014; Shangguan et al., 2022) and did not include coincident 
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salinity increases (as occurs during tidal mixing in nearshore waters). Therefore, 

additional field- and laboratory-based assessments of dynamic electrode response for 

Durafet-based pH sensors are critically needed to provide context for the limited field-

based assessments that have been conducted to date and determine if the fast response 

and accuracy that characterize these sensors in high salinity oceanic waters extends to 

nearshore waters. Such work will be a crucial enabling step for the improved temporal 

and spatial coverage of global pH data records in dynamic nearshore waters. 

Based on these principles, the objectives of my dissertation are to: 

¶ Leverage existing field data from the Murderkill Estuary-Delaware Bay System to 

assess dynamic reference electrode response under real-world conditions (Chapter 

2). 

¶ Design and conduct a series of tank tests that simulate dynamic environmental 

conditions observed in the Murderkill Estuary-Delaware Bay over ranges of 

salinity and pH between 1 and 31 and 6.9 and 8.1, respectively (Chapters 3 and 4). 

¶ Develop and apply a half-cell reaction approach for pH calculation of the total 

scale (or Ð( ) using the chloride-sensitive Cl-ISE as the reference electrode and 

the ISFET as the ( -measuring electrode and compare it with the complete cell 

reaction approach (Chapter 3).  

¶ Assess and reconstruct electrode equilibration periods driven by dynamic errors in 

electrode response of two different models of Durafet-based pH sensors over large 

rapid salinity changes up to ±11.21 (0.5 h)-1 (Chapter 4). 
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¶ Develop, apply, and demonstrate the utility of secondary pH correction for data 

collected using Durafet-based pH sensors over dynamic environmental conditions 

external to the correction of variable temperature and salinity conditions in pH 

calculation (Chapters 2 and 4). 

The work described herein is separated into chapters that have been published 

(Chapter 2 ï Gonski et al., 2023 and Chapter 3 ï Gonski et al., 2024) or will be 

submitted and published (Chapter 4) after the completion of my degree. Chapters 2 

and 3 were written as independent manuscripts while the material covered in Chapter 

4 will be divided between the manuscript and its supplement prior to submission and 

publication. Because of this, some material, especially in the methods and results 

sections, is shared between multiple chapters.  
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UNDERSTANDING THE DYNAMIC RESPONSE OF DURAFET -

BASED PH SENSORS: A CASE STUDY FROM THE 

MURDERKILL ESTUARY -DELAWARE BAY SYSTEM  

2.1 Glossary of Terms and Abbreviations 

 

Ἡἱ Activity of an ion. Á  and Á  are the activities of hydrogen and 

chloride, respectively. 

 

╬  Sensor offset (or intercept) of a model II least square fit of two 

datasets of the same parameter (e.g., temperature or pH); the 

ideal value is zero. 

 

╬ Sensor gain (or slope) of a model II least square fit of two 

datasets of the same parameter (e.g., temperature or pH); the 

ideal value is 1. 

 

Cl-ISE  Solid-state chloride ion-selective electrode. Serves as the post-

factory added external reference electrode for pH measurement 

and calculation. 

 

CRMs   Certified Reference Materials for DIC and TA analyses. 

 

▀ἏἓἡἏ▀Ἴϳ  Rate of change in the voltage measured by the Cl-ISE (Ὠ% ) 

occurring between the 30-minute sampling periods of the sensor 

(ὨÔ. Term has units of V (time)-1.  

 

▀ἏἏἦἢ
ᶻ ▀ἢἭἵἸϳ  Temperature dependence term of the calibration constant 

specific to the Cl-ISE %ᶻ . Term has units of mV oC-1. 

 

▀ἏἓἚἢ
ᶻ ▀ἢἭἵἸϳ  Temperature dependence term of the calibration constant 

specific to the internal reference electrode (Ag/AgCl reference) 

%ᶻ . Term has units of mV oC-1. 

 

DIC   Dissolved Inorganic Carbon in units of µmol kg-1. 

Chapter 2 
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▀ἡἩἴἼ▀Ἴϳ  Rate of change in the salinity (Ὠ3ÁÌÔ) occurring between the 30-

minute sampling periods of the sensor (ὨÔ. Term has units of 

(0.5 h)-1. 

 

▀ἢ▀Ἴϳ  Rate of change in the temperature (Ὠ4) occurring between the 

30-minute sampling periods of the sensor (ὨÔ. Term has units 

of oC (0.5 h)-1. 

 

ἏἏἦἢ   Voltage measured between the Cl-ISE and ISFET. 

 

ἏἓἚἢ Voltage measured between the internal Ag/AgCl reference and 

ISFET. 

 

ἏἓἡἏ   Voltage measured by the Cl-ISE. 

 

ἏἏἦἢ
ἫἷἺἺ Corrected value of %  after applying the Cl-ISE dynamic 

sensor response correction. 

 

ἏἏἦἢ
ἵἭἩἻ   Measured value of %  before correction. 

 

ἏἏἦἢ
ᶻ    Calibration constant specific to the Cl-ISE. 

 

ἏἓἚἢ
ᶻ  Calibration constant specific to the internal reference electrode 

(Ag/AgCl reference). 

 

ἏἓἡἏ
ἷ  Cl-ISE electrode standard potential that is incorporated into 

%ᶻ Ȣ 
 

ófô subscript Denotes a final value or the value from the current sampling 

cycle. 

 

F   Faraday Constant; 96485 C mol-1. 

 

ἒἍἴ or ἒ Ἅἴ Combined ion activity coefficient for Hydrogen Chloride (HCl). 

 

ἱ Ion activity coefficient. ɾ  and ɾ  are the ion activity 

coefficients of hydrogen and chloride, respectively.  

 

óiô subscript Denotes an initial value or the value from the previous sampling 

cycle. 

 

ISFET    Ion-sensitive field effect transistor. 
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ἵἱ  Molality concentration in units of mol (kg-H2O)-1 where H2O is 

pure water. Í  and Í  are the molalities of hydrogen and 

chloride, respectively. 

 

OA   Ocean acidification. 

 

ἸἒἬἱἻἫ pH on the total scale of the discrete water samples that is 

calculated from DIC and TA at in situ temperature. 

 

ἸἒἏἦἢ pH on the total scale measured using the Cl-ISE; calculated 

from % . 

 

ἸἒἓἚἢ pH on the total scale measured using the internal Ag/AgCl 

reference; calculated from % . 

 

ἸἒἻἭἶἻἷἺ  Non-descript sensor-measured pH (e.g., Ð(  or Ð( ). 

 

ЎἸἒἓἚἢἏἦἢ  Anomalies between Ð(  or Ð(  at the same timestamp. 

 

R   Gas Constant; 8.3145 J mol-1K-1. 

 

RMSE   Root-mean-square error. 

 

S   Nernst slope. 

 

Salinity  Refers to salinity on the Practical Salinity Scale. 

 

T   Temperature in Kelvin. 

 

ἢἡἌἏ Temperature in degrees Celsius measured by the SBE37 

temperature-conductivity sensor. 

 

ἢἼἰἭἺἵ  Temperature in degrees Celsius measured by the Honeywell 

Durafetôs internal thermistor. 

 

TA   Total Alkalinity in µmol kg-1. 

 

ἡἌἏ   Time constant for %  in units of time. Equal to 30 minutes. 
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2.2 Introduction  

Ocean acidification (OA) driven by oceanic absorption of anthropogenic 

carbon dioxide (CO2) has driven pH decrease in the open ocean at rates ranging 

between -0.0026 and -0.0013 pH year-1 (Bates et al., 2014). In biogeochemically 

active nearshore environments such as estuaries, acidification or basification can occur 

at rates which are consistently an order of magnitude greater and range between -0.023 

and +0.023 pH year-1 (Carstensen and Duarte, 2019). Further, these contrasting pH 

trends are also often masked by substantial natural pH variability on tidal, diel, and 

monthly timescales that can reach >1 pH (Baumann et al., 2015; OôBoyle et al., 2013; 

Provoost et al., 2010). Therefore, our ability to distinguish between long-term trends 

and natural variability and to determine controlling processes in estuaries hinges on 

accurately observing the marine CO2 system through high-frequency pH 

measurements. In turn, this has led to intense scrutiny of the metrological challenges 

associated with pH measurement in natural waters (e.g., Dickson et al., 2016) which 

are further encumbered by the constant gradation of ionic strength in estuaries 

(Millero et al., 1986; Whitfield et al., 1985). 

Over the past 40 years, potentiometric pH measurements in estuaries have been 

plagued by the same three challenges: (1) choice and characterization of an 

appropriate reference electrode (Butler et al., 1985; Culberson, 1981; Whitfield et al., 

1985); (2) selection of standard buffers used to calibrate electrodes (Dickson, 1984; 

Easley and Byrne, 2012; Millero, 1986; Whitfield et al., 1985); and (3) absence of an 

accepted calibration strategy for pH measurements for natural waters ranging from 

freshwater to seawater (Butler et al., 1985; Dickson, 1984; Martz et al., 2015; 

Whitfield et al., 1985). Cai and Reimers (1993) also defined three requirements that 

all pH electrodes should satisfy on which performance can be evaluated: (1) quick 
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response time; (2) consistent and stable voltage readings with low noise effects; and 

(3) the demonstration of close to 100% Nernstian response (e.g., -59.16 mV/pH at 

25oC).   

In practice, the characterization and employment of a suitable reference 

electrode is the primary metrological consideration for pH measurement in estuaries 

and supersedes the still notable discussion about the selection of standard buffers 

(Butler et al., 1985). Martell-Bonet and Byrne (2020) provides a full accounting of the 

buffer calibration method. Now, it is possible to calibrate a working autonomous pH 

sensor to the pH of discrete water samples collected alongside the sensor and 

measured using established benchtop methods (Hofmann et al., 2011). Recent work 

has demonstrated the extension of this straightforward calibration approach to 

estuaries (Gonski et al., 2018; Miller et al., 2021) which greatly simplifies the 

calibration strategy for future pH measure in these settings. In recent years, the 

Honeywell Durafet (a hydrogen ion (H+)-selective Ion-Sensitive Field Effect 

Transistor (ISFET)) (Martz et al., 2010) has been used to measure marine and 

estuarine pH. The Honeywell Durafet satisfies all three pH electrode performance 

requirements defined by Cai and Reimers (1993) (Bagshaw et al., 2021; Long, 2021; 

Martz et al., 2010; Takeshita et al., 2014).  

Together with its internal (Ag/AgCl reference) and a post-factory added 

external (solid-state chloride ion-selective electrode, Cl-ISE) reference electrodes, the 

modified version of the Durafet (commercially available from Sea-Bird Scientific 

(Bellevue, WA, USA)) has been integrated into autonomous sensor packages (e.g., 

SeaFET, SeapHOx, and Deep-Sea Durafet) and several mobile oceanographic 

monitoring platforms whose use has proliferated in recent years (Bresnahan et al., 
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2014; Duke et al., 2021; Fritzsche et al., 2018; Johnson et al., 2016; Martz et al., 

2010; Miller et al., 2018, Pettay et al., 2020; Shangguan et al., 2022). Despite this 

substantial body of work, a complete understanding of dynamic reference electrode 

response under rapid simultaneous changes in pH, temperature, and salinity has not 

been reported. As a result, there has been inconsistent reporting and use of pH 

measured with either the internal (Ð( ; Evans et al., 2019; Miller et al., 2018, 2021; 

Miller and Kelley, 2021, Rivest et al., 2016) or external (Ð( ; Bresnahan et al., 

2014, 2021; Takeshita et al., 2018) reference electrodes in different environments for 

various applications among sensor users.  

Hence, there is a clear need for a more comprehensive evaluation of reference 

electrode response to identify and resolve dynamic errors in their temperature and 

salinity responses. Rather than using sensor data to detect a malfunctioning sensor as 

recommended (Bresnahan et al., 2014; Rivest et al., 2016), we, instead, work 

empirically to evaluate a working sensor. To do this, we use the consistently observed 

trends in anomalies between values of Ð(  and Ð(  (denoted ЎÐ( ) 

together with sensor voltages and other measured environmental data (e.g., 

temperature and salinity). We also propose and apply a dynamic sensor response 

correction to the voltage measured by the Cl-ISE. Herein, we report the results of a 

detailed assessment of internal and external reference response over extensive rates of 

pH, temperature, and salinity change performed using measurements made using a 

SeapHOx sensor package at the confluence of Murderkill Estuary and Delaware Bay 

(Delaware, USA) collected during winter (27 January 2016 and 10 February 2016) and 

summer (20 July 2016 to 24 August 2016. 
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2.3 Materials and Methods 

The SeapHOx unit, SP053, used in the present study was originally assembled 

and tested at Scripps Institution of Oceanography. Accordingly, the equations 

describing the sensorôs operating principle and practices associated with the sensorôs 

functional implementation follow those presented in Bresnahan et al. (2014), Martz 

(2015), Martz et al. (2010), and Takeshita et al. (2014). The general performance of 

this same instrument was also evaluated in Gonski et al. (2018). 

2.3.1 Sensor Operation and Its Estuarine Caveats 

The Honeywell Durafet and its integrated reference electrodes calculate and 

report a pair of pH values on the total scale Ð( : Ð(  (Ag/AgCl reference 

electrode containing a saturated KCl gel and diffusion liquid junction) and Ð(  

(solid-state chloride ion-selective electrode, Cl-ISE). Here, we briefly review 

reference electrode operation and pH calculation and outline any operational caveats 

applicable over wide ranges of pH, temperature, and salinity change in estuaries. 

Bresnahan et al. (2014) and Martz et al. (2010) discuss these topics further. 

2.3.1.1 pH INT  

The internal reference of the Honeywell Durafet consists of an Ag wire 

surrounded by a saturated KCl gel which interfaces with the test solution through a 

liquid junction. Ð(  is calculated via: 

Ð(
% %ᶻ

3
ȟ ςȢρ 

where %  is the measured sensor voltage and %ᶻ  is the calibration constant specific 

to the internal reference electrode (Martz et al, 2010). S is the temperature-dependent 

Nernst slope and is calculated via: 
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where R is the gas constant (8.3145 J mol-1K-1), T is temperature in Kelvin, and F is 

the Faraday constant (96485 C mol-1) (Oldham et al., 2011). Using %  and in situ 

temperature, Ð(  is calculated assuming a 100% Nernst slope (e.g., -59.16 mV/pH 

at 25oC) and a constant Ὠ%ᶻ ȾὨ4ÅÍÐ equal to -1.101 mV oC-1 (Martz et al., 2010; 

Bresnahan et al., 2014).  

The internal Ag/AgCl reference electrode contains a liquid junction so liquid 

junction potentials could impart systematic errors to %  measurements and 

subsequently calculated Ð(  (Bresnahan et al., 2014; Martz et al., 2010). Liquid 

junction potentials are functions of both temperature and ionic strength (calculated 

from salinity) so the internal reference electrode also possesses a salinity sensitivity 

(Bates, 1973). Ð(  errors due to liquid junction potentials could be problematic 

under rapid temperature variability and large salinity fluctuations (Bresnahan et al., 

2014).  

In estuaries with substantial temperature variability, additional thermal-

induced errors can be introduced into Ð(  time-series if  a thermal lag in the internal 

saturated KCl reference gel of the internal reference electrode occurs (Bresnahan et 

al., 2021). In other words, if the saturated KCl reference gel does not fully thermally 

equilibrate to the overlying water temperature during the measurement period, then the 

water temperature used to calculate the Nernst slope (T in equation 2.2) and to correct 

%ᶻ  between the reference temperature (e.g., 25oC in Bresnahan et al., 2014) and in 

situ temperature used to calculate Ð(  is not accurate.  
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2.3.1.2 pHEXT 

The Cl-ISE integrated with the Honeywell Durafet is solid AgCl (with small 

amounts of Ag2S) compressed into a solid pellet that uses the seawater chloride ion as 

the reference for its measurements (Martz et al., 2010). Ð(  is calculated via: 

Ð(
% %ᶻ 3 ÌÏÇ‎‎Í

3
ȟ ςȢσ 

where %  is the measured sensor voltage and %ᶻ  is the calibration constant 

specific to external reference electrode (Cl-ISE), ɾ is the activity coefficient of either 

hydrogen (  or chloride #Ì, Í  is the molality of #Ì, and S is the Nernst slope. 

Ð(  is calculated assuming a 100% Nernst slope and a constant Ὠ%ᶻ Ὠ4ÅÍÐϳ  of -

1.048 mV oC-1 from measured voltage, in situ temperature, and salinity. Unlike the 

internal reference, the Cl-ISE lacks a liquid junction and has a much smaller thermal 

mass (hence more rapid temperature equilibration relative to the internal reference). 

Since chloride ion activity in the ocean is a function of temperature and salinity, 

chloride ion concentrations Í  and ion activities ‎‎  also must be calculated to 

reflect variable environmental conditions to be included in the Ð(  calculation 

(Martz et al., 2010). 

Thus, Í  is calculated from salinity following Dickson et al. (2007), and ion 

activities are calculated from temperature between 5 and 40oC and salinity between 20 

and 45 using the empirical function for the mean activity coefficient of HCl ‎  

reported by Khoo et al. (1977). Accordingly, the Cl-ISE and Ð(  are inherently 

salinity-dependent (Martz et al., 2010). Any further inaccuracies associated with Í  

and ‎  calculations at salinities outside of their valid published salinity ranges will 

impart errors to Ð(  time-series.  
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Upstream discharge of highly chlorinated water or wastewater treatment plant 

effluent into estuarine or coastal waters where sensors are deployed may also increase 

ratios of chloride ion concentration to salinity relative to those in seawater at salinities 

< 5 and impact Cl-ISE response. Still further, Cl-ISE response may be complicated by 

environmental chloride ion #Ì and anion 8  concentrations and prevailing 

chloride-to-anion ratios #Ìȡ8 . This results from the Cl-ISEôs cross-sensitivity to 

interfering anions including bromide "Ò, iodide ) , sulfate 3/ , and sulfide 

3  due to equilibrium with AgCl (Bard et al., 1985). This imparts an additional 

salinity dependence to the Cl-ISE (Gonski et al., 2018; Takeshita et al., 2014). 

2.3.2 Cl-ISE Dynamic Sensor Response Correction 

Equation 2.3 for Ð(  is governed by the complete cell reaction of: 

!Ç#Ì
ρ

ς
 ( ᴼ!Ç ( #Ìȟ ςȢτ 

where the electrode couple consisting of the Cl-ISE (reference electrode) and Durafet 

(( -sensitive measuring electrode) measures dissolved hydrogen chloride (HCl) 

directly in the sample; this is expressed through %  (Martz et al., 2010). This 

electrochemical response is parameterized as the activity product of hydrogen and 

chloride ÁÁ  for the purposes of Ð(  calculation using equation 2.3. To produce 

the log term in the second half of equation 2.3, ÁÁ  is further reduced via: 

ÌÏÇÁÁ ÌÏÇɾɾ ÌÏÇÍ Í ÌÏÇɾɾÍ Ð(ȟ ςȢυ 

where ÌÏÇÍ  equates to pH and gets moved to the opposite side of equation 2.3 

(Bresnahan et al., 2021).  
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 However, if we consider the reference electrode half-cell response of 

the Cl-ISE (designated ISE) separately, the accompanying half reaction for the Cl-ISE 

is: 

!Ç#ÌÅ ᴼ!Ç #Ìȟ ςȢφ 

which has the following Nernst equation: 

% % 3Ø ÌÏÇÁ % 3Ø ÌÏÇɾÍ ȟ ςȢχ 

where %  is the measured voltage for the AgCl electrode that is incorporated into 

%  and %  is the electrode standard potential that is incorporated into %ᶻ  from 

equation 2.3. On this basis, the Cl-ISE only exhibits a Nernstian response to Á  (and 

salinity) that is expressed through its measured voltage %  and not to Á  or pH.  

On its own, %  exhibits an inverse relationship with Á  and salinity meaning 

that %  increases as Á  and salinity decrease and vice versa. From this, a temporal 

change in %   isolated to the voltage contribution of Á  can be calculated via: 

Ὠ%

ὨÔ

% 3 ØÌÏÇ‎Í % 3 ØÌÏÇ‎Í

ὨÔ
ȟ ςȢψ 

and equation 2.8 can then be further reduced after subtracting out redundant %  to: 

Ὠ%

ὨÔ

3 ØÌÏÇ‎Í 3 ØÌÏÇ‎Í

ὨÔ
ȟ ςȢω 

where the quantities denoted subscript f and i are the final and initial values for each 

time step. 

On this basis, we propose a pH-independent dynamic sensor response 

correction applied to % . It corrects the salinity response of the Cl-ISE to new 

salinities by imitating the inverse relationship between %  and Á  (and salinity). In 

other words, the correction compensates for the salinity response by making %  

more positive as Á  and salinity decrease and vice versa. The equation for the 
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correction is equivalent to equation 2.3 for Ð( , but %  is modified to % . %  

is linear with time and is calculated via: 

% % ʐ
Ὠ%

ὨÔ
ȟ ςȢρπ 

where %  is the measured % , ʐ  is a time constant for %  in units of time, 

and  is rate of the change in %  in units of V time-1.  

Since Cl-ISE response is fully Nernstian (Takeshita et al., 2014),  is 

expressed through the term, ÌÏÇ ‎‎Í , and is calculated using the form of 

equation 2.9 via: 

Ὠ%

ὨÔ

3 ØÌÏÇ‎‎Í 3 ØÌÏÇ‎‎Í

ρψππ ÓÅÃ
ςȢρρ 

where S remains the temperature-dependent Nernst slope. The ÌÏÇɾɾÍ  terms 

in the quantities denoted subscript f and i are the final and initial values for each time 

step. They are calculated from temperature and salinity measured by the SBE37 

conductivity-temperature sensor during the final (or current) (f) and initial (or 

previous) (i) sampling cycles, respectively, for measurements occurring every 1800 

seconds (or 30 minutes). The inclusion of ‎ in  arises since ‎‎  must be 

calculated together according to Khoo et al. (1977) using equation 2.3 based on the 

complete cell reaction.  In equation 2.3 for Ð( , 3 ØÌÏÇ‎‎Í  is used 

and terms are calculated using temperature and salinity measured during the final (or 

current) sampling cycle.  

 The dynamic sensor response correction for the Cl-ISE potentially accounts 

for the following either singly or in combination ï (1) the slow replacement of #Ì 

with other anions like "Ò on the surface of the AgCl solid element as salinity 

changes, (2) equilibration issues due to a thermal lag in Cl-ISE response as 
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temperature changes, and (3) flow housing carryover caused by an incomplete 

flushing of the flow housing where the waters measured by the electrodes are a 

combination of ñoldò water from the previous sampling cycle and ñnewò water from 

the current sampling cycle that would result in different salinities being measured by 

the SBE37 conductivity-temperature sensor and seen by the electrodes in the flow 

housing. 

We use a ʐ  equal to our sampling interval of 1800 seconds. We assume 

ʐ  is the maximum amount of time the Cl-ISE would need to fully respond to the 

new salinities and is similar to the sampling interval rather than the much quicker 

pump times (50 or 70 seconds; Table A.1) used to renew the water inside the flow 

housing where the electrodes are located. The impacts of the dynamic sensor response 

correction for the Cl-ISE on the ЎÐ(  anomalies that supports these 

assumptions are discussed in section 2.4.2.3 and in Appendix A. 

2.3.3 Field Deployment 

The SeapHOx sensor package includes sensors for temperature and salinity 

(reported on the Practical Salinity Scale, PSS-78) (Sea-Bird Electronics Conductivity-

Temperature Sensor ï SBE37), pH (Honeywell Durafet), and oxygen (Aanderaa Data 

Instruments 4835 Optode) plumbed into a flow path that is flushed by a Sea-Bird 

Electronics (SBE) 5M submersible pump (Bresnahan et al., 2014).  

One SeapHOx unit (SP053) that was configured to measure every 30 minutes 

was deployed in two different sensor flow configurations better suited to our specific 

application: Configuration v2.0 between 11 December 2015 and 04 April 2016 and 

Configuration v3.0 between 20 July 2016 and 24 August 2016 (Table A.1 and Figure 

A.1). Pump times and pH sample averages incorporated into sensor deployment 
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configurations at different times (Table A.1) were varied to design a set of 

experiments to assess reference electrode response under dynamic conditions. For 

more details about the sensor deployment configurations, sample collection and 

analytical methods, and sensor calibration, please see sections A.1-A.4 in Appendix A. 

2.3.4 Study Site 

SP053 was deployed at Bowers, Delaware (Lat. 39.05oN, Lon. 75.39oW) at the 

confluence of the Murderkill Estuary and Delaware Bay (Figure 2.1). In the flood-

dominant, tidally-forced Murderkill Estuary-Delaware Bay System (Dzwonkowski et 

al., 2013), the two dominant endmembers are the fresher Murderkill Estuary outflow 

and more saline Delaware Bay Water. Due to its substantially smaller mean channel 

width and depth and smaller water volume relative to Delaware Bay, the Murderkill 

Estuary outflow experiences more thermal variability during day/night and periods of 

unseasonably warmer or cooler air temperatures than the more thermally stable 

Delaware Bay. Because of this, the fresher Estuary outflow can be warmer or cooler 

than the more saline Delaware Bay water throughout the year (Ullman et al., 2013; 

Voynova et al., 2015). 

The lowest salinities coincide with the lowest pH during slack ebb tides which 

reflect the largest contributions from the Murderkill Estuary outflow (Gonski et al., 

2018; Ullman et al., 2013) usually coinciding with the largest freshwater flows 

(Voynova et al., 2015). Environmental drivers of local biogeochemistry include high-

frequency tidal fluctuations and low-frequency subtidal controls of winds, large 

storms, and spring-neap tides (Dzwonkowski et al., 2013; Voynova et al., 2015; Wong 

et al., 2009). Because of this, tidal pH fluctuations largely follow tidal salinity 

fluctuations. 



 

 39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1:  Map of the Murderkill Estuary. The SeapHOx sensor deployment site 

was co-located with US Geological Survey (USGS) Gauging Station 

01484085 at the mouth of the Murderkill Estuary in Bowers, DE (USA). 

2.4 Results and Discussion 

In the Murderkill Estuary-Delaware Bay System, winter and summer represent 

opposing environmental extremes. The lowest water temperatures and maximum tidal 

salinity variability are observed in winter while the highest water temperatures and 

minimum tidal salinity variability are observed in summer. We use sensor data 

collected in winter between 27 January 2016 and 10 February and summer between 20 

July 2020 and 24 August 2022 (originally published in Gonski et al. (2018)) to 

represent these seasonal environmental extremes. 
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2.4.1 General Electrode Response 

In winter, sensor pH measurements (Figure 2.2a) calculated from the measured 

voltages generally exhibit good agreement across the natural wide range of lower 

temperatures (Figure 2.2b) and lower salinities (Figure 2.2c). Diel pH fluctuations of 

>0.5 pH were characterized by better alignment of Ð(  and Ð( during high tide, 

but then the two values diverged between the end of slack ebb tide and the beginning 

of the next flood tide. The divergence between the two pH values was most prominent 

between 04 February 2016 and 08 February 2016 (grey highlighted region in Figure 

2.2 and Figure 2.3) when sharp upward and downward spikes in Ð(  and Ð( , 

respectively (indicated by vertical red lines in Figure 2.3a), were observed coinciding 

with salinities that reached 1 at the end of slack ebb tide before tide reversal (Figure 

2.3c). During summer, Ð(  and Ð(  are generally devoid of any substantial 

divergence across its respective ranges of pH, temperature, and salinity (please see 

Figure 2.3d-f in Gonski et al. (2018)). For comparisons of winter sensor pH and 

discrete sample pH, please see Figure A.3 in Appendix A. 
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Figure 2.2: Murderkill Estuary-Delaware Bay time-series between 27 January 2016 

and 10 February 2016. Panel (a) shows the pH calculated from using the 

internal (solid black) and external (dotted blue) reference electrodes. 

Panel (b) shows in situ temperature (oC). Panel (c) shows salinity. The 

grey-shaded period between 04 February 2016 at 0730 and 08 February 

2016 at 1700 highlights periods when upward and downward spikes in 

pHEXT and pHINT, respectively, are observed when slack ebb tide 

salinities repeatedly approach 1. pH data from the summer 2016 sensor 

deployment are discussed in Figure 3d of Gonski et al. (2018). 
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Figure 2.3: Murderkill Estuary-Delaware Bay time-series between 04 February 2016 

at 0730 and 08 February 2016 at 1700 (grey-shaded region in Figure 2.2). 

Panel (a) shows pH calculated using the internal (solid black) and 

external (dotted blue) reference electrodes. Panel (b) shows in situ 

temperature (oC). Panel (c) shows salinity. Vertical red lines denote 

measurements on 05 February 2016 at 0300, 06 February 2016 at 0330 

and 0400, and 07 February 2016 at 0500 when upward and downward 

spikes in pHEXT and pHINT, respectively, align with flood tide 

measurements after tide reversal from slack ebb tide salinities that 

approach 1. 
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2.4.2 Assessment of Dynamic Electrode Response 

A typical assessment of sensor performance to detect effects of biofouling or 

sensor failure involves direct comparisons of the non-zero anomalies between Ð(  

and Ð(  ЎÐ(  (e.g., Bresnahan et al. (2014) and Rivest et al. (2016)). In 

addition, we found it useful in this study to further examine the raw sensor voltages 

measured by the internal %  and external %  reference electrodes. 

2.4.2.1 Seasonal Data Comparison  

Under opposing seasonal environmental extremes, short-lived, transient 

ЎÐ(  anomalies that approached ±1 pH were consistently observed. In winter, 

the evolution of larger ЎÐ(  anomalies (Figures 2.4a) generally followed tidal 

trends. A positive ЎÐ(  anomaly Ð( Ð(  persists over prolonged 

periods of salinity decrease on the ebb tide. On ebb tides, rates of salinity change 

(dSalt/dt, Figure 2.4d) are negative and relatively smaller compared to the flood tides 

(< -4 (0.5 h)-1). Maximum ЎÐ(  anomalies are generally reached when salinity 

reached its minimum at slack ebb tide reflecting the greatest influence of the fresher 

Murderkill Estuary outflow. This is followed by a sharp rapid decrease to a negative 

ЎÐ(  anomaly Ð( Ð(  coinciding with tide reversal when the 

greatest positive dSalt/dt (< +11 (0.5 h)-1) was observed on the flood tide. Finally, a 

near-zero ЎÐ(  anomaly was reached once the more saline Delaware Bay 

water inundates the sensor deployment site, environmental conditions stabilize, and 

rates of salinity change approach zero. The resulting asymmetric trends in the 

ЎÐ(  anomalies are driven by discharge asymmetry in our system with slow 

pH changes on ebb tides and more rapid pH changes on flood tides (Dzwonkowski et 
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al., 2013). Periods with the greatest observed ЎÐ(  anomalies are indicated by 

grey-shaded regions in Figures 2.4 and shown in Figure 2.5. 

 

 

Figure 2.4: Murderkill Estuary-Delaware Bay pH anomaly time-series between 27 

January 2016 and 10 February 2016. Panel (a) shows the ɲpHINT-EXT 

anomalies relative to a zero anomaly (solid black line). Panels (b) and (c) 

show the voltages measured using the external (blue) and internal (black) 

reference electrodes, respectively. Panel (d) shows the rate of change in 

salinity (dSalt/dt, (0.5 h)-1) relative to a zero change (solid black line). 

Panel (e) shows the rate of change in in situ temperature (dT/dt, oC (0.5 

h)-1) relative to zero change (solid black line). The grey-shaded period 

between 04 February 2016 at 0730 and 08 February 2016 at 1700 

highlights periods when slack ebb tide salinities approach 1 (also shown 

in Figures 2.2 and 2.3) coincide with the largest ɲpHINT-EXT anomalies, 

upward spikes in EEXT and downward spikes in EINT (same direction as 

the pH spikes), and the most extreme positive dSalt/dt and most extreme 

negative dT/dt on flood tides after tide reversal. 
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Moreover, winter time series of %  (Figures 2.4c/2.5c) and %  (Figures 

2.4b/2.5b) also follow tidal trends where prominent deviations in %  and %  from 

the tidal trend are clearly distinguishable. These deviations are marked by downward 

spikes in %  and upward spikes in %  (indicative of negatively- and positively-

biased voltages, respectively). Like the greatest ЎÐ(  anomalies (Figures 

4a/5a), voltage spikes occur with the largest positive dSalt/dt (Figures 2.4d/2.5d) on 

the flood tide and from starting slack ebb tide salinities of 1 after tide reversal 

(indicated by vertical red lines in Figure 2.5). Coincidentally, downward spikes in 

%  and the greatest ЎÐ(  anomalies also occur when in situ temperature 

decreases at some of the largest negative dT/dt (> -1oC (0.5 h)-1; Figures 2.4e/2.5e) on 

the flood tide after tide reversal.  

In contrast, while ЎÐ(  anomalies follow the same asymmetric trends 

in summer, the range of observed ЎÐ(  anomalies (Figure 2.6a) is substantially 

lower over narrower ranges of higher temperatures (Figure 2.6d) and salinities (Figure 

2.6b) that remain >25oC and >15, respectively. Further, spikiness is also absent in 

summer time series of %  and %  (data not shown) over dSalt/dt (Figure 2.6c) and 

dT/dt (Figure 2.6e) comparable to those observed during winter. Accordingly, 

reference electrode response appears to improve in summer. 
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Figure 2.5: Murderkill Estuary-Delaware Bay pH anomaly time-series between 04 

February 2016 at 0730 and 08 February 2016 at 1700 (grey-shaded 

region in Figure 2.4). Panel (a) shows the ɲpHINT-EXT anomalies relative 

to a zero anomaly (solid black line). Panels (b) and (c) show the voltages 

measured using the external (blue) and internal (black) reference 

electrodes, respectively. Panel (d) shows the rate of change in salinity 

(dSalt/dt, (0.5 h)-1) relative to a zero change (solid black line). Panel (e) 

shows the rate of change in in situ temperature (dT/dt, oC (0.5 h)-1) 

relative to a zero change (solid black line). Vertical red lines denote 

measurements on 05 February 2016 at 0300, 06 February 2016 and 0330 

and 0400, and 07 February 2016 at 0430 and 0500 when the largest 

ɲpHINT-EXT anomalies, upward spikes in EEXT and downward spikes in 

EINT (same direction as the pH spikes), and the most extreme positive 

dSalt/dt and most extreme negative dT/dt align with flood tide 

measurements after tide reversal from slack ebb tide salinities that 

approach 1. 



 

 47 

 

Figure 2.6: Murderkill Estuary-Delaware Bay pH anomaly time-series between 20 

July 2016 and 24 August 2016. Panel (a) shows the ɲpHINT-EXT anomalies 

shown relative to a zero anomaly. Panel (b) shows salinity. Panel (c) 

shows the rate of change in salinity (dSalt/dt, (0.5 h)-1) relative to a zero 

change. Panel (d) shows in situ temperature (oC). Panel (e) shows the rate 

of change in in situ temperature (dT/dt, oC (0.5 h)-1) relative to a zero 

change. Gaps in the data represent sensor maintenance and proceeding 

six-hour intra-deployment conditioning periods. 
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2.4.2.2 Decoupling Salinity and Temperature Effects on ɲpH INT -EXT Anomalies 

ЎÐ(  anomalies were more poorly correlated with temperature (R2 < 

0.020) than with dT/dt (R2 < 0.1) (winter ï Figure 2.7a-c; summer ï Figure 2.7d-f). 

So, neither temperature nor dT/dt have a consistent substantial effect on the 

ЎÐ(  anomalies. In contrast, ЎÐ(  anomalies generally exhibit better 

agreement with salinity (R2 < 0.222) (winter - Figure 2.8b-c; summer ï Figure 2.8e-f) 

over dT/dt and temperature. Clear linear relationships with the highest correlations 

emerge between ЎÐ(  anomalies and dSalt/dt (winter ï Figure 2.8a; summer ï 

Figure 2.8d; R2 between 0.654 and 0.733) over wide temperature and salinity ranges. 

Ranges of ЎÐ(   anomalies also grow as tidal salinity variability increases and 

when salinities descend below 20 in winter and vice versa in summer when salinities 

remain >15. Therefore, dSalt/dt is the clear dominant driver of the large ЎÐ(  

anomalies in our work and was the strongest limiting factor of reference electrode 

response. 

It is important to note, though, that downward spikes in %  occur 

simultaneously with large negative dT/dt so dT/dt will still influence electrode 

response. Though, dT/dt will influence sensor response to a lesser extent compared to 

dSalt/dt since salinity variability tied to tidal cycles is larger relative to temperature 

variability. Taken together with the observed spikes in %  and %  that coincide 

with the greatest  ЎÐ(  anomalies, each reference electrode exhibits dynamic 

errors in their temperature and/or salinity responses over rapidly changing 

environmental conditions. Therefore, the large ЎÐ(  anomalies are a composite 

result of dynamic errors in both Ð(  and Ð( .   
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Figure 2.7: Effect of the rate of change in temperature (dT/dt, oC (0.5 h)-1), starting 

temperature, and ending temperature on ɲpHINT-EXT anomalies during (a-

c) winter between 27 January 2016 and 10 February 2016 (circles) and 

(d-f) summer between 20 July 2016 and 24 August 2016 (squares). Start 

and end temperatures represent the initial and final temperatures for each 

time step recorded by the SBE37 conductivity-temperature sensor on the 

previous and current sampling cycles, respectively, performed every 30 

minutes. dT/dt is the difference between them. 
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Figure 2.8: Effect of the rate of change in salinity (dSalt/dt, (0.5 h)-1), starting 

salinity, and ending salinity on ɲpHINT-EXT anomalies during (a-c) winter 

2016 between 27 January 2016 and 10 February 2016 (circles) and (d-f) 

summer between 20 July 2016 and 24 August 2016 (squares) as a 

function of end temperature (color-coded). Solid black lines correspond 

to a zero anomaly. Please note the different color bar scales of each set of 

panels. Start and end salinities represent the initial and final salinities for 

each time step recorded by the SBE37 conductivity-temperature sensor 

on the previous and current sampling cycles, respectively, performed 

every 30 minutes. dSalt/dt is the difference between them. 
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2.4.2.3 Applying the Dynamic Sensor Response Correction 

A >40% reduction in tidally-driven winter ЎÐ(  anomaly ranges is 

achieved (Table 2.1/Figure 2.9a) once %  is applied. Although, substantial 

ЎÐ(  anomalies >±0.4 pH still remain in winter. If the application of %  

reduces errors in Ð(  resulting from the dynamic temperature and salinity response 

of the Cl-ISE, then we must also inevitably assume some portion of the ЎÐ(  

anomaly that remains after processing raw sensor data using the reference pH from 

validation samples can be attributed, at least in part, to dynamic temperature and 

salinity response of the Ag/AgCl internal reference. 

Table 2.1: Summary statistics for temperature, dT/dt, salinity, and dSalt/dt, and pre- 

and post-correction ɲpHINT-EXT anomalies. 

Time Period Parameter n Mean Std Dev. Min  Max 

10 January 

2016 to 10 

February 

2016 

Temperature (oC) 656 4.561 1.684 1.343 8.169 

dT/dt (oC (0.5 h)-1) 656 0.00288 0.143 -1.111 0.892 

Salinity 656 18.831 4.947 1.170 23.974 

dSalt/dt ((0.5 h)-1) 656 0.00312 1.751 -3.546 11.089 

Pre-Correction 

ȹpHINT-EXT 

Anomalies 

656 -0.0245 0.101 -0.821 0.275 

Post-Correction 

ȹpHINT-EXT 

Anomalies 

656 -0.00718 0.0561 -0.459 0.117 

20 July 2016 

to 24 August 

2016 

Temperature (oC) 1612 28.872 1.213 25.429 32.274 

dT/dt (oC (0.5 h)-1) 1612 -0.00401 0.166 -1.463 1.528 

Salinity 1612 26.979 2.210 15.330 29.821 

dSalt/dt ((0.5 h)-1) 1612 0.00206 0.955 -2.224 9.497 

Pre-Correction 

ȹpHINT-EXT 

Anomalies 

1612 -0.00783 0.0199 -0.168 0.0476 

Post-Correction 

ȹpHINT-EXT 

Anomalies 

1612 -0.00443 0.0104 -0.0377 0.0294 
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Figure 2.9: Murderkill Estuary-Delaware Bay ɲpHINT-EXT anomaly time-series from 

(a) winter between 27 January 2016 and 10 February 2016 and (b) 

summer between 20 July 2016 and 1 August 2016 before (solid black) 

and after (dotted sky blue) the dynamic sensor response correction for the 

Cl-ISE applied relative to a zero anomaly. Gaps in the data in panel (b) 

represent sensor maintenance and proceeding six-hour intra-deployment 

conditioning periods. 

The impacts of applying %  are even more prominent in summer (Table 

2.1/Figure 2.9b) as Ð(  and Ð(  approach parity and the ЎÐ(  anomaly 

range is reduced by 68.7% to <±0.04 pH. Despite these reductions, their asymmetric 

tidal trends endure. Most importantly, the application of %  removes the first order 

salinity dependence of the ЎÐ(  anomalies for all data with post-correction 

relationships between ЎÐ(  anomalies and dSalt/dt (Figure A.5) exhibiting R2 
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between 0.002 and 0.172. Further, since temperature is used to calculate ‎‎  from 

Khoo et al. (1977), %  also incorporates a dynamic temperature correction to help 

account for dT/dt; although post-correction correlations between ЎÐ(  

anomalies and dT/dt did not exhibit any substantial changes (data not shown). For 

further discussion of the impacts of the Cl-ISE dynamic sensor response correction, 

please see section A.5 in Appendix A. 

2.4.3 Limits of Assessment 

It must be noted that the data presented here were collected using only one 

sensor in a system that experiences simultaneous substantial temperature and salinity 

variability. Further, in situ ЎÐ(  anomalies will also vary based on user-

defined sensor deployment configurations (i.e., pump times and pH sample averages) 

and be subject to inter-sensor variability (Bresnahan et al., 2014; Martz et al., 2010). 

The winter ЎÐ(  anomalies reported here represent some of the most extreme 

values yet observed. The winter anomalies were specifically used for the purposes of 

our assessment and winter pH should not be used in further biogeochemical contexts.  

2.5 Conclusions 

Empirical assessments of reference electrode response conducted over wide 

ranges of temperature, dT/dt, salinity, and dSalt/dt revealed that dSalt/dt was the 

strongest limiting factor of reference electrode response and tidally driven 

ЎÐ(  anomalies were a composite result of dynamic response issues of both 

reference electrodes. Therefore, dynamic errors in reference electrode response can no 

longer be ignored and must be considered in future experimental designs. While the 

dynamic sensor response correction for the Cl-ISE works for our specific application 
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and sampling interval, additional work is still needed before it is ready for widespread 

implementation. At this time, the correction is also not suitable for sensor applications 

where pressure sensitivity must be accounted for (e.g., profiling using the Deep-Sea 

Durafet ï Johnson et al. (2016)). 

Moreover, additional work is needed to develop an independent dynamic 

sensor response correction for the internal reference electrode to address dynamic 

errors that could be imparted into Ð(  because of liquid junction potentials and 

thermal lags in the internal saturated KCl gel. Several researchers have reported 

successful deployments of Durafet-based biogeochemical sensors over our winter 

temperature range in seawater at salinity >34 (Kapsenberg et al., 2015; Matson et al., 

2011). However, based on our analyses, reference electrode response at low 

temperatures over rapidly changing salinities between freshwater and seawater 

requires further study.  

Based on our findings, there is an inherent need to address the role of 

ЎÐ(  anomalies in sensor data quality control and data reporting in estuarine 

and other dynamic applications beyond the simple detection of biofouling and sensor 

malfunction. First, acceptable ЎÐ(  anomaly threshold ranges should be 

standardized. Second, what magnitude of ЎÐ(  anomalies is acceptable in the 

context of other data quality metrics such as the accuracy of Ð(  and Ð(  relative 

to the chosen reference pH also needs to be established. In the end, we hope this work 

stimulates further discussions around the role and treatment of large ЎÐ(  

anomalies and the dynamic errors in reference electrode response that drive them in 

the context of Sensor Best Practices for the benefit of the OA and sensor user 

communities. 
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A HALF -CELL REACTION APPROACH FOR PH 

CALCULATION USING A SOLID -STATE CHLORIDE ION -

SELECTIVE ELECTRODE WITH A HYDROGEN ION -

SELECTIVE ION -SENSITIVE FIELD EFFECT TRANSISTOR  

3.1 Glossary of Terms and Abbreviations 

 

A   Debye-Hückel constant. 

 

Ἡἱ  Activity of an ion on the molality (mol (kg-H2O)-1) scale. !  

and Á  are the activities of hydrogen and chloride, respectively, 

on the molality scale. 

 

 Ἡἱ  Activity of an ion on the molinity (mol (kg-soln)-1) scale. Á  

and Á  are the activities of hydrogen and chloride, 

respectively, on the molinity scale. 

 

╬  Sensor offset (or intercept) of a model II least square fit of two 

datasets of the same parameter (e.g., temperature or pH); the 

ideal value is zero. 

 

╬ Sensor gain (or slope) of a model II least square fit of two 

datasets of the same parameter (e.g., temperature or pH); the 

ideal value is 1. 

 

CC   Complete cell reaction approach. 

 

Cl-ISE  Solid-state chloride ion-selective electrode. Serves as the post-

factory added external reference electrode for pH measurement 

and calculation. 

 

CRMs   Certified Reference Materials for DIC and TA analyses. 

Chapter 3 
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ἬἏἏἦἢ
ᶻ ἬἢἭἵἸϳ  Temperature dependence term of the calibration constant 

specific to the Cl-ISE for the complete cell reaction approach 

%ᶻ . Term has units of mV oC-1. 

 

ἬἏἏἦἢȟἰἫ
ᶻ ἬἢἭἵἸϳ   Temperature dependence term of the calibration constant 

specific to the Cl-ISE for the half-cell reaction approach 

% ȟ
ᶻ . Term has units of mV oC-1. 

 

DI water   Deionized water. 

 

e   Charge of an electron; ρȢφπς Ø ρπ  C. 

 

   Dielectric constant of H2O or seawater; unitless. 

 

 Permittivity of free space; ψȢψυτπ Ø ρπ # . Í  or 

# * Í .  

 

ἏἫἭἴἴ or ἏἏἦἢ Voltage measured between the Cl-ISE as the reference electrode 

and ISFET as the ( -sensitive measuring or working electrode. 

 

ἏἠἏἐ   Voltage measured by the Cl-ISE as the reference electrode. 

 

ἏἿἷἺἳ Voltage measured by the ISFET as the ( -sensitive measuring 

or working electrode. 

 

ἏἫἭἴἴ
ᶻ  or ἏἏἦἢ

ᶻ  Calibration constant specific to the Cl-ISE for the complete cell 

reaction approach. %ᶻ Ô is the value at in situ temperature. 

% ȟ
ᶻ  is the value corrected to the reference temperature of 

25oC. 

 

ἏἏἦἢȟἰἫ
ᶻ   Calibration constant specific to the Cl-ISE for the half-cell 

reaction approach. % ȟ
ᶻ Ô is the value at in situ temperature. 

% ȟ ȟ
ᶻ  is the value corrected to the reference temperature of 

25oC. 

 

ἏἫἭἴἴ
ἷ  or ἏἏἦἢ

ἷ  Electrode standard potential for the electrode couple comprised 

of the Cl-ISE as the reference electrode and ISFET as the ( -

sensitive measuring or working electrode. 

 

ἏἠἏἐ
ἷ    Reference electrode (Cl-ISE) standard potential. 
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ἏἿἷἺἳ
ἷ  ( -sensitive measuring or working electrode (ISFET) standard 

potential.  

 

F   Faraday Constant; 96485 C mol-1. 

 

ἒἍἴ or ἒ Ἅἴ Combined ion activity coefficient for Hydrogen Chloride (HCl) 

on a molality (mol (kg-H2O)-1 where H2O is pure water) basis. 

 

ἱ  Ion activity coefficient on a molality (mol (kg-H2O)-1) basis 

where H2O is pure water. ɾ  and ɾ  are the ion activity 

coefficients of hydrogen and chloride on a molality (mol (kg-

H2O)-1) basis, respectively.  

 

 ἱ Ion activity coefficient on a molinity (mol (kg-soln)- 1 basis. ɾ  

and ɾ  are the ion activity coefficients of hydrogen and 

chloride on a molinity (mol (kg-soln)-1) basis, respectively.  

 

GOA-ON  Global Ocean Acidification Observing Network. 

 

GPH   Gallons per hour. 

 

h   Hour. 

 

HC   Half-cell reaction approach. 

 

I    Ionic strength.  

 

ISFET    Ion-sensitive field effect transistor. 

 

ἱ  Molinity  concentration in units of mol (kg-soln)-1. ʆ  and ʆ  

are the molinities of hydrogen and chloride, respectively.  

   

ἳἌ   Boltzmann Constant; ρȢσψπχ Ø ρπ * + Ȣ  
 

ἕἡ   Bisulfate (3/ dissociation constant. 

 

ἵἱ  Molality concentration in units of mol (kg-H2O)-1 where H2O is 

pure water. Í  and Í  are the molalities of hydrogen and 

chloride, respectively. 

 

mCP Purified meta-Cresol Purple indicator dye. 

 

ἚἋ   Avogadroôs Number; φȢπςς Ø ρπ ÍÏÌ. 
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Q pH uncertainty of the discrete water samples propagated in 

quadrature. 

 

R   Gas Constant; 8.3145 J mol-1K-1. 

 

RMSE   Root-mean-square error. 

 

S   Nernst slope. 

 

   Density at 1 atm in units of kg-H2O m-3 or kg-soln m-3. 

 

ἸἒἼἷἼἩἴ   pH on the total scale. 

 

ἸἒἼἷἼἩἴ
ἬἱἻἫ Discrete water sample Ð(  corrected from 25oC to in situ 

temperature. 

 

ἸἒἏἦἢ Non-descript pH calculated using the Cl-ISE as the reference 

electrode. 

 

ἸἒἮἺἭἭ
Ἇἦἢ pH on the free scale calculated using the Cl-ISE as the reference 

electrode. 

 

ἸἒἼἷἼἩἴ
Ἇἦἢ  pH on the total scale calculated using the Cl-ISE as the 

reference electrode. An added superscript óHCô or óCCô denote 

the half-cell or complete reaction approaches, respectively. An 

added subscript ósingleô or ósplitô denote different sensor 

calibration methods where data were treated as single 

continuous timeseries or split out according to salinity as 

needed, respectively. For example, Ð( ȟ
ȟ

 is Ð(  

calculated using the half-cell reaction approach where data were 

split out according to salinity as needed for sensor calibration.  

 

ἸἒἓἚἢ Non-descript pH measured using the internal Ag/AgCl 

reference. 

 

ЎἸἒἼἷἼἩἴ Bottle pH anomaly between Ð(  and Ð(  at the same 

timestamp. 

 

Salinity Refers to salinity on the Practical Salinity Scale. 

 

ἡἛ
ἼἷἼἩἴ

  Total concentration of sulfate (3/ ) in solution. 
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SP033/SP053  SeapHOx sensor S/Ns used to identify the sensors. 

 

SW   Seawater. 

 

t   Temperature in degrees Celsius. 

 

T   Temperature in Kelvin. 

 

TA    Total Alkalinity in µmol kg-1. 

 

z   Charge of an ion. 

3.2 Introduction  

The widespread application of commercially available autonomous sensors for 

pH measurement in dynamic nearshore waters characteristic, of estuarine and coastal 

systems, is encumbered by their extensive simultaneous ranges of and rates of change 

in pH, temperature, salinity, and other conservative and non-conservative water 

quality parameters (Gonski et al., 2023). Moreover, pH data records collected using 

either autonomous sensors or discrete water samples in estuarine and coastal systems 

remain scarce (e.g., Mucci et al. (2017)). Despite recent advancements in pH sensor 

development, marine technology, and ocean observation (Bagshaw et al., 2021; Chai 

et al., 2020; Mowlem et al., 2021; Nehir et al., 2022; Okazaki et al., 2017; Sastri et 

al., 2019; Velo and Padin, 2022), there is still an urgent need for robust and fast-

responding pH sensors to resolve large, rapid biogeochemical changes and distinguish 

between long-term trends and natural variability in these systems. 

A pH sensor technology that is filling this gap is the Honeywell Durafet Ion-

Sensitive Field Effect Transistor (ISFET) technology (Martz et al., 2010; Bresnahan et 

al., 2014). The Durafet has been integrated into commercially available potentiometric 

pH sensors (e.g., SeaFET and SeapHOx, Sea-Bird Scientific, Bellevue, WA, USA). 

These sensors calculate and report a pair of pH values using its internal (Ag/AgCl 
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reference ï Ð( ) and post-factory added external (solid-state chloride ion-selective 

electrode, Cl-ISE ï Ð( ) reference electrodes (Martz et al., 2010). Durafet-based 

pH sensors have already demonstrated exceptional versatility through their widespread 

utilization in situ in both fixed point and mobile applications (Bresnahan et al., 2016, 

2021; Duke et al., 2021; Johnson et al., 2016; Saba et al., 2019; Takeshita et al., 

2021). Moreover, assessing the response and performance of Durafet-based pH 

sensors in dynamic estuarine and coastal systems is already an active area of research 

(Fritzsche et al., 2018; Gonski et al., 2018; 2023; McLaughlin et al., 2017; Miller et 

al., 2018, 2021; Velo and Padin, 2022).  

The external Cl-ISE that exhibits a Nernstian response to the seawater chloride 

ion (Takeshita et al., 2014) should ostensibly be an ideal reference electrode for 

Ð(  measurement over dynamic environmental conditions in estuarine and coastal 

systems (Martz et al., 2010). The Cl-ISEôs small thermal mass enables more rapid 

thermal equilibration, and it also lacks a liquid junction (Martz et al., 2010; Bresnahan 

et al., 2014). Moreover, since activities and concentrations of major ions in seawater 

are known (Dickson et al., 2007; Stumm and Morgan, 1996), their existing 

thermodynamic functions can be leveraged to reflect variable environmental 

conditions to assist with pH calculation (Martz et al., 2010).  

However, the performance of the Cl-ISE has only been reliably tested and 

verified in seawater media down to salinity 20 under rigorously controlled laboratory 

conditions (Takeshita et al., 2014). Furthermore, in situ Cl-ISE response in estuarine 

and coastal systems may also be complicated by long pre-deployment conditioning 

times (Bresnahan et al., 2014) and cross-sensitivity to interfering anions such as 

bromide "Ò and sulfide 3  (Gonski et al., 2023; Takeshita et al., 2014). 
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Estuarine field measurements calibrated to pH of coincident discrete samples collected 

alongside deployed sensors have already demonstrated that Ð( , calculated using 

the Cl-ISE as the reference electrode, to be less reliable in natural waters of salinity < 

20 (Gonski et al., 2018; 2023). It is important to note, though, that shortcomings 

associated with the collection and analysis of discrete samples used to calibrate raw 

sensor pH can impart errors into Ð(  timeseries (Bresnahan et al., 2021; Miller et 

al., 2021; Miller and Kelley, 2021). 

In its current configuration, Ð(  calculation using the Cl-ISE integrated with 

Durafet-based pH sensors is governed by the complete cell potential equation 

(equation 3.1 from Martz et al. (2010)), which on expansion gives equation 3.1a. 

% %ᶻ 3ÌÏÇÁÁ %ᶻ 3ÌÏÇɾɾ 3ÌÏÇÍ Í σȢρ 

% %ᶻ 3ÌÏÇɾɾÍ 3ÌÏÇÍ

%ᶻ 3ÌÏÇɾɾÍ 3 Ð( σȢρÁ
 

Here, %  is the voltage measured by the electrochemical cell comprised of the Cl-

ISE as the reference electrode and ISFET of the Honeywell Durafet as the ( -

sensitive measuring electrode, %ᶻ  is the calibration constant (similar to an electrode 

standard potential; described further in Martz et al. (2010) and section 2.3.1), Á is the 

activity of hydrogen (  or chloride #Ì, and ɔi and mi are the ion activity 

coefficient and molalities, respectively, of (  or #Ì. The electrode couple comprised 

of the Cl-ISE (reference electrode) and ISFET of the Honeywell Durafet (( -sensitive 

measuring electrode) measures dissolved hydrogen chloride (HCl) directly in natural 

waters. On this basis, its electrochemical response is parameterized as the activity 

product of the hydrogen and chloride ions ÁÁ  as in equation 1. 

Equilibrium ion exchange between the electrode surfaces and overlying waters 

must be maintained as environmental conditions vary to preserve the electrode 
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coupleôs Nernstian response to HCl. In the open ocean where pH and salinity remain 

relatively constant, this is not a problem (Bresnahan et al., 2014; Martz et al., 2010). 

In contrast, dynamic nearshore systems experience wide-ranging and rapid 

temperature, salinity, and pH changes that may confound pH measurements when the 

response of both electrodes is combined. In principle, Ð(  can also be calculated 

via a half-cell reaction approach using the two half reactions specific to the Cl-ISE 

(reference electrode) and the ISFET (H+-sensitive measuring electrode). This approach 

effectively separates out and isolates the independent responses of the Cl-ISE to the 

activity of the chloride ion #Ì (and salinity) and the ISFET to the activity of the 

hydrogen ion (  (and pH).  

To advance Sensor Best Practices for Durafet-based pH sensors, there is a clear 

need to develop and assess the suitability of a half-cell reaction approach for Ð(  

calculation using the Cl-ISE. Here, we describe and apply the half-cell reaction 

approach to calculate Ð(  using the Cl-ISE from measurements made using two 

SeapHOx sensors (SP033 and SP053) over a six-day period in a test tank in June 2022 

when salinity and pH were decreased and increased between 1 and 31 and 6.9 and 8.1, 

respectively. Herein, we also report the results of a detailed assessment of and 

comparison between Ð(  calculated using the existing complete cell reaction and 

the new half-cell reaction approaches across a suite of dynamic environmental 

conditions to help inform and improve the utilization of the Cl-ISE as the reference 

electrode in estuarine and coastal systems in future work. 



 

 68 

3.3 pHEXT Calculation 

3.3.1 Complete Cell (CC) Reaction Approach 

The SeapHOx sensors (SP033 and SP053) used in the present work were 

originally assembled and tested at Scripps Institution of Oceanography. Accordingly, 

the equations describing the sensorôs operating principle for the complete cell (CC) 

reaction approach follow those presented in Bresnahan et al. (2014) and Martz et al. 

(2010). Ð(  is calculated using the complete cell reaction approach using a 

rearranged form of eq. 3.1a when the Cl-ISE acts as the reference electrode and the 

ISFET acts as the ( -sensitive measuring electrode via: 

Ð(
% %ᶻ 3ÌÏÇɾɾÍ

3
ȟ σȢς 

where Ð(  is calculated on the free scale Ð(  in terms of molality (mol (kg-

(/)-1), %  replaces %  and is the measured sensor voltage, and %ᶻ  replaces 

%ᶻ  and is the temperature-dependent calibration constant specific to the Cl-ISE that 

is related to the electrode standard potential %  (Martz et al., 2010). S is the 

temperature-dependent Nernst slope and is calculated via: 

3
24

&
ÌÎρπȟ σȢσ 

where R is the gas constant (8.3145 J mol-1K-1), T is temperature in Kelvin, and F is 

the Faraday constant (96485 C mol-1) (Bard and Faulkner, 2001). 

Ion activities are calculated using the empirical function for the mean activity 

coefficient of HCl ‎  ÏÒ ɾɾ  reported by Khoo et al. (1977) that is optimized 

for temperature and salinity between 5o and 40oC and 20 and 45, respectively. %ᶻ  is 

determined on the free scale in molality (mol (kg-(/)-1). Í  is calculated from 

salinity following Dickson et al. (2007). Here, Ð(  is calculated as mol (kg-(/)-1 
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assuming a 100% Nernst slope and a constant Ὠ%ᶻ Ὠ4ÅÍÐϳ  of -1.048 mV oC-1 on 

the free scale from measured voltage, in situ temperature, and salinity. Ð(  in 

molality (mol (kg-(/)-1) is converted to molinity (mol (kg-soln)-1) during data 

processing via: 

Ð( ÍÏÌ ËÇÓÏÌÎ

Ð( ÍÏÌ ËÇ(/ ÌÏÇ
ρπππρȢππυ Ø 3ÁÌÉÎÉÔÙ

ρπππ
Ȣ σȢτ

 

Then, as the final step during data processing, Ð(  is converted to (and reported on) 

the total scale Ð(  via: 

Ð( ÍÏÌ ËÇÓÏÌÎ

Ð( ÍÏÌ ËÇÓÏÌÎ ÌÏÇρ
3/

+
ȟ σȢυ

 

where 3/  and +  are the total sulfate concentration and the bisulfate (3/ 

dissociation constant, respectively (Bresnahan et al., 2014). Equations for 3/  

and +  are included in Dickson et al. (2007). Since 3/  and +  both scale to 

salinity, differences between the free and total scale range between < 0.02 pH at 

salinity < 1 and > 0.1 pH at salinity > 30 (Zeebe and Wolf-Gladrow, 2001). The 

complete cell reaction approach is described in greater detail in Martz et al. (2010) and 

Bresnahan et al. (2014). 

3.3.2 Half -Cell (HC) Reaction Approach  

3.3.2.1 Theory 

pHEXT can be calculated via a half-cell (HC) reaction approach using the two 

half reactions specific to the chloride-sensitive Cl-ISE that acts as the reference 

electrode (hereafter referred to as REF) and the H+-sensitive ISFET that acts as the 
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working or measuring electrode (hereafter referred to as work). Based on the 

definitions provided in this section, Ð(  will be shown to be on the total scale 

Ð( . In the equations below, we follow the convention of Clegg and Whitfield 

(1991) in using ʆ to denote concentration in molinity or in terms of mol (kg-seawater 

(SW))-1 or mol (kg-soln)-1. 

The Cl-ISE half reaction is expressed by: 

!Ç#Ì Ó Å ᴼ!Ç Ó #Ìȟ σȢφ 

where e- is an electron. The Cl-ISE half reaction has the following Nernst equation: 

% % 3ÌÏÇɾ ʆ ȟ σȢχ 

where %  is the voltage, %  is the reference electrode standard potential that 

remains a function of temperature and pressure, ʆ  is the total concentration of 

chloride in molinity or mol (kg-soln)-1, and ɾ  is the ion activity coefficient of 

chloride on a molinity basis (see section 3.3.2.3). 

The H+-sensitive ISFET acts as an ion-selective electrode via hydrogen ion 

exchange represented by eq. 6 between the overlying waters and the ISFET surface 

where >M represents the metal (e.g., Al, Si, Ta, or Y) oxide at the surface of the 

ISFET electrode: 

- /( (/ ᵮ - /( (/Ȣ σȢψ 

For the measurement of the hydrogen ion ((  and (/ ), the relationship between 

voltage, E, and ion activity,  Á  (or  Á  on the molinity scale (e.g., Bakker and 

Pretsch, 2007) is represented by eq. 3.9:  

% % 3ÌÏÇ
ρ

 Á
% 3 ÌÏÇ Á ȟ σȢω 



 

 71 

where %  is the voltage measured by the working electrode and %  is the 

working electrode standard potential that remains a function of temperature and 

pressure. Equation 3.9 can be further expanded into equation 3.10: 

% % 3 ÌÏÇɾ ʆ ȟ σȢρπ 

where ɾ  is the ion activity coefficient of hydrogen on a molinity basis and ʆ  is the 

total hydrogen ion concentration in terms of mol (kg-soln)-1. 

The sum of the half reaction from equation 3.6 and the reverse of the half 

reaction from equation 3.8 yields the complete cell potential equation (e.g., equation 

3.1) as shown in the following derivation. When combining the Nernst equations for 

the half reactions from equations 3.7 and 3.10, the full Nernst equation for %  (or 

%   yields equation 3.10: 

% % % % Ȣ σȢρρ 

Because the Cl-ISE responds to the chloride ion activity (equation 3.7), %  contains 

a chloride dependence as also noted by Bresnahan et al. (2014). The following 

equations, 3.12-3.22, show that the chloride activity dependence can be removed 

mathematically so that Ð(  can be eventually determined. Section 3.3.2.3 shows 

how to account for the chloride activity in a practical way. Equation 3.11 can further 

be expanded into equations 3.12 and 3.13. 

% % 3ÌÏÇɾ ʆ % 3ÌÏÇɾ ʆ σȢρς 

% % % 3ÌÏÇɾ ʆ 3ÌÏÇɾ ʆ σȢρσ 

Equation 3.13 is analogous to equation 3.1 in section 3.3.1. 

The electrode standard potential (%  or % ) is related to the standard 

potentials of the two half reactions and is defined in equation 3.14. 

% % % % ȟ σȢρτ 
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%  and %  are defined in equations 5 and 8, respectively. After substituting 

equation 3.14 for %  into equation 3.13 and rearranging, Ð(  is calculated from 

the two half reactions leading to equation 3.15, which is similar to equation 3.1a using 

the complete cell reaction approach. 

% % 3ÌÏÇɾ ɾ ʆ 3ÌÏÇʆ

% 3ÌÏÇɾ ɾ ʆ 3 Ð( σȢρυ
 

Here, using half reactions, Ð(  is calculated on the total scale Ð(  as 

concentration is in units of mol (kg-soln)-1. Substituting equation 3.11 for %  in 

equation 3.15 and rearranging to solve for Ð(  yields equation 3.16: 

Ð(
% % % 3ÌÏÇɾ ɾ ʆ

3
ÌÏÇʆ Ȣ σȢρφ 

Then, substituting equation 3.7 for %  into equation 3.16 yields equation 

3.17: 

Ð(
% 3ÌÏÇɾ ʆ % % 3ÌÏÇɾ ɾ ʆ

3
ÌÏÇʆ Ȣ σȢρχ

 

Equation 3.17 can further be simplified by removing redundant ÌÏÇɾ ʆ  terms 

which leads to equation 3.18 and the removal of chloride activity or dependence for 

Ð( : 

Ð(
% % % 3ÌÏÇɾ 

3
Ȣ σȢρψ 

Ð(  calculation still utilizes a conventional electrode standard potential 

%  (as seen in equations 3.14 and 3.18) while the equivalent parameter in equation 

3.2 for Ð(  calculation is referred to as a calibration constant denoted by an asterisk 

%ᶻ  rather than a nought symbol %  (Martz et al., 2010). Therefore, for 

calibration purposes, we relate %  to a new calibration constant term, % ȟ
ᶻ , which 
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is defined in equation 3.19 and contains the activity coefficient of the hydrogen ion, 

ɾ : 

% ȟ
ᶻ % 3ÌÏÇɾ Ȣ σȢρω 

Equation 3.19 can be rearranged to equation 3.20 to solve for % : 

% % ȟ
ᶻ 3ÌÏÇɾ Ȣ σȢςπ 

After substituting equation 3.20 for %  back into equation 3.18, equation 3.21 

results: 

Ð(
% % % ȟ

ᶻ 3ÌÏÇɾ 3ÌÏÇɾ 

3
Ȣ σȢςρ 

Equation 3.21 can further be simplified by removing the redundant 3 ÌÏÇɾ  term 

to produce the final equation for calculating Ð( : 

Ð(
% % % ȟ

ᶻ

3
Ȣ σȢςς 

In this form, Ð(  is directly calculated on the total scale Ð(  from the 

calibration constant, % ȟ
ᶻ .  

Lastly, if #Ì and ( are expressed in molal units of mol (kg-(/)-1, 

rearranging equation 3.18 to bring ÌÏÇɾ  to the left side of the equation, 

equation 3.23 results and gives pH on the activity scale: 

Ð( ÌÏÇɾÍ
% % %

3
Ȣ σȢςσ 

3.3.2.2 Evaluation of the Calibration Constant ἏἏἦἢȢἰἫ
ᶻ  

To derive % ȟ
ᶻ , first, consider equation 3.24, which is a rearranged form of 

equation 3.18: 

3 Ð( % % % 3ÌÏÇɾ Ȣ σȢςτ 
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Equation 3.24 can be rearranged again to equation 3.25 to solve for % : 

% % % 3 Ð( 3ÌÏÇɾ Ȣ σȢςυ 

Using equation 3.20 for %  and substituting it into equation 3.25, an equation with 

% ȟ
ᶻ  is generated: 

% ȟ
ᶻ 3ÌÏÇɾ % % 3 Ð( 3ÌÏÇɾ Ȣ σȢςφ 

Equation 3.26 can be further simplified to equation 3.27 by subtracting 3ÌÏÇɾ  

from both sides of the equation to yield the final equation for % ȟ
ᶻ ȡ 

% ȟ
ᶻ % % 3 Ð( Ȣ σȢςχ 

Combining equations 3.5 and 3.27 gives equation 3.28 with % ȟ
ᶻ  calculated from 

Ð( : 

% ȟ
ᶻ  %  ɀ % 3 Ð(  3 ÌÏÇρ

3/

+
Ȣ σȢςψ 

% ȟ
ᶻ  can be evaluated from primary pH standards (e.g., TRIS buffer) or 

pHtotal determined from discrete samples measured using established benchtop 

spectrophotometric methods that are calibrated to and developed using TRIS buffers. 

By utilizing single ion activity coefficients (e.g., ɾ  and ɾ ), the half-cell reaction 

approach enables calculation of Ð(  directly without the need to perform the 

calibration on the free scale. 

3.3.2.3 Application 

Ð(  is now calculated using equation 3.22 via the following steps: 

a) %  is calculated from the standard potential equation for the Ag/AgCl reference 

electrode from Bates and Bower (1954) valid over a range of temperatures 

between 0o and 90oC: 

% 6 % πȢςσφυωτȢψυφτ Ø ρπ Ô σȢτςπυ Ø ρπ Ô υȢψφω Ø ρπ ÔȟσȢςω 
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where t is temperature in degrees Celsius. Bates and Bower (1954) reported an 

average deviation of 0.04 mV from equation 3.29 and their experimental values (n 

= 16). 

b) The chloride concentration (ʆ ) in mol (kg-soln)-1 at another salinity is calculated 

from the corresponding salinity measurement assuming the constant seawater 

ʆ /Salinity ratio of 0.5458696 mol (kg-soln)-1 at a salinity of 35 from Millero et 

al. (2008) via equation 3.30: 

ʆ ÍÏÌ ËÇÓÏÌÎ

3ÁÌÉÎÉÔÙ ËÇÓÏÌÎ Ø 
πȢυτυψφωφ ÍÏÌ ËÇÓÏÌÎ

συ ËÇÓÏÌÎ
Ȣ σȢσπ

 

c) The ion activity coefficient of chloride (ɾ ) for each discrete sample and sensor 

measurement is calculated according to the Davies convention summarized in 

Stumm and Morgan (1996): 

ÌÏÇɾ !Ú
)ϳ

ρ )ϳ
πȢς)ȟ σȢσρ 

where A is the Debye-Hückel constant (in units of (kg-soln)1/2 mol-1/2), z is the 

charge of the chloride ion (or -1), and I is the ionic strength which is proportional 

to salinity where I = 0.697 mol (kg-soln)-1 at a salinity of 35. In this work, ɾ  on 

a molinity basis is optimized for up to I < 0.7 (please see section 3.6.5 and section 

B.1 in Appendix B for further discussion). The Debye-Hückel constant, A, for 

each discrete sample and sensor measurement, is calculated using equation 3.32: 

!
ρ

ςȢσπσ
ςʌ.ʍ ϳ

Å

τʌʀʀË4

ϳ

ȟ σȢσς 

where .  is Avogadroôs number (6.022 x 1023 mol-1), ʍ is the density in kg-soln 

m-3, Å is the charge of an electron (1.602 x 10-19 C), ʀ is the permittivity of free 

space (8.8540 x 10-12 C2 N-1 m-2 or C2 J-1 m-1), ʀ is the dielectric constant of 

seawater, Ë  is the Boltzmann Constant (1.3807 x 10-23 J K-1), and T is the 

temperature in Kelvin (Alberty and Daniels, 1979). ʍ in units of kg-soln m-3 at 1 

atm is calculated from coincident temperature and salinity measured by the 

integrated SBE37 temperature-conductivity sensor following the equations of 

Millero and Poisson (1981). ʀ is calculated from the same coincident sensor-

measured temperature and salinity using the equations from Klein and Swift 

(1977). For a complete description of the equations used to calculate ʍ and ʀ, 
please see section B.1 in Appendix B. 
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d) To calculate % , %  is first calculated using equation 3.7 from parameters 

calculated in equations 3.29-3.31. In turn, %  is calculated from %  and %  

measured by the sensor using an expanded version (equation 3.11a) of equation 

3.11: 

% ἏἠἏἐ % ἏἠἏἐ
ἷ ἡἴἷἯ Ἅἴ ἫἍἴ % Ȣ σȢρρÁ 

As %  still contains a chloride ion activity dependence from the term 

3ÌÏÇɾ Ã  (see equation 3.13), this procedure mathematically removes the 

activity by calculating its activity coefficient (equation 3.31) and accounting for 

the concentration of chloride determined from the salinity data (equation 3.30). 

e) The Nernst slope is calculated using equation 3.3 from in situ temperature (e.g., 

temperature measured by the integrated SBE37 temperature-conductivity sensor 

on a SeapHOx sensor or another co-located sensor). 

f) % ȟ
ᶻ  at in situ temperature (% ȟ

ᶻ Ô) is calculated using equation 3.27 from 

% , % , and the reference pH on the total scale corrected to in situ 

temperature (e.g., pHtotal of discrete samples used to validate sensor performance 

corrected to in situ temperature, Ð( ). Thus, Ð(  substitutes for Ð(  in 

equation 3.27.  

3.3.2.4 Correcting Data to a Reference Temperature 

% ȟ
ᶻ  is a function of temperature. If sensor users wish to correct data to a 

reference temperature as is recommended by current Sensor Best Practices (Bresnahan 

et al., 2014), then an independent Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ must be constrained. For the 

complete cell reaction approach, Martz et al. (2010) did this using TRIS buffers in 

artificial seawater of salinity > 30 between 5o and 35oC whose pHtotal values were 

already established. Due to logistical constraints and resource limitations, values of 

% ȟ
ᶻ Ô calculated from Ð(  were regressed against in situ temperature 

measured by the SBE37 conductivity-temperature sensors integrated with SP033 and 

SP053. The slopes of these regressions were used as experimental Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ  

values that are specific each sensor. A reference temperature of 25oC was used since 
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this was the original reference temperature used for the nomenclature for SP033 and 

SP053 described in Bresnahan et al. (2014). 

Following this practice and using Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ , values of % ȟ

ᶻ (t) were 

corrected from in situ temperature to 25oC (% ȟ ȟ
ᶻ ) via: 

% ȟ ȟ
ᶻ % ȟ

ᶻ Ô ςυ# % ȟ
ᶻ Ô

Ὠ% ȟ
ᶻ

Ὠ4ÅÍÐ
ςυ# Ô Ȣ σȢσσ 

Then, a final value of % ȟ ȟ
ᶻ   was calculated using the discrete samples and is 

applied retroactively to Ð(  calculated using the half-cell reaction approach. 

Afterwards, the final % ȟ ȟ
ᶻ  was corrected back to in situ temperature associated 

with each Ð(  measurement to report Ð(  at in situ temperature Ð( Ô via: 

Ð( Ô

% % % ȟ ȟ
ᶻ Ὠ% ȟ

ᶻ

Ὠ4ÅÍÐ
Ô ςυ#

3
Ȣ σȢστ

 

Equations 3.33 and 3.34 follow those of a similar form included in Bresnahan et al. 

(2014). 

3.4 Materials 

3.4.1 Test Tanks 

Two 335-gallon rectangular fiberglass tanks (L x W x H = 36ò x 36ò x 60ò) 

were requisitioned and used for this work (hereafter referred to as Tank 1 and Tank 2). 

The tanks were housed in the Smith Laboratory Greenhouse on the University of 

Delawareôs Hugh R. Sharp Campus (Lewes, DE, USA). Tank 1 was equipped with 

continuous duty Danner Mfg. Supreme Aqua-Mag Magnetic Drive Model 5 and 

Model 7 submersible pumps which were capable of mixing water at a combined rate 
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of 1200 gallons per hour (GPH) to keep its waters well-mixed. Tank 2 was equipped 

with a single continuous duty Model 7 submersible pump (700 GPH) for the same 

purpose. Salinity was decreased and increased using deionized (DI) water and 

seawater (SW), respectively. SW was provided by the University of Delaware from a 

coastal site (salinity 30.86). Tank 2 was used to house the lowest salinity treatment. In 

Tank 2, DI water and seawater were mixed in an appropriate ratio to produce a final 

salinity of ~1.3-1.4 and DI water was added as needed to maintain an approximate 

30.5-inch water level to counter evaporation over time. 

3.4.2 Instrumentation 

To take advantage of sensor redundancy, two SeapHOx sensors, SP033 and 

SP053, were used in this work. The SeapHOx sensor package includes sensors for pH 

(Honeywell Durafet), dissolved oxygen (Aanderaa Data Instruments 4835 Optode), 

and temperature and salinity (reported on the Practical Salinity Scale, PSS-78) (Sea-

Bird Electronics Conductivity-Temperature Sensor ï SBE37), plumbed into a 

continuous flow path that is flushed by a Sea-Bird Electronics (SBE) 5M submersible 

pump (Bresnahan et al., 2014). SP033 and SP053 were equipped and programmed 

identically with 30-minute sampling intervals, 65 second pump times, and 20-pH 

sample averages (equivalent to 16 second measurement periods). Pump times were 

systematically increased to facilitate a complete flushing of the flow housing over 

individual sampling cycles as salinity and pH changed. The SeapHOx sensors utilize 

off-the-shelf Orion Cl-ISEs.  

The Cl-ISE in SP033 was replaced in February 2022 after leakage around the 

seal of the outer perimeter of the AgCl pellet was observed, and it was then stored in 

seawater inside the sensor flow housing prior to sensor pre-conditioning in seawater in 
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Tank 1 in May 2022. SP053 was removed from Tank 1 and its Cl-ISE was also 

replaced on 1 June 2022 for the same reason. Visual inspection of the Cl-ISE surfaces 

before and after the tank tests indicated no abrasion, discoloration, or leakage. SP033 

and SP053 were deployed vertically and upright in the tanks and were also bolted 

together to prevent them from falling over to one side due to the weight of their 

SBE37 conductivity-temperature sensors. The sensors and test tank setup are shown in 

Figure B.3 in Appendix B. 

3.5 Procedures 

3.5.1 Salinity Cycling 

SP033 and SP053 were subject to salinity (on the Practical Salinity Scale), and 

by extension, pH decreases and increases between 1 and 31 and 6.9 and 8.1, 

respectively, over a six-day period between 12 June 2022 and 17 June 2022. The tank 

tests were designed to simulate the range of environmental conditions observed during 

tidal mixing in the Murderkill Estuary-Delaware Bay System (Bowers, DE, USA) 

(described by Gonski et al. (2018; 2023) and Pettay et al. (2020)). Under this design, a 

single salinity change was simulated via dilution using DI water or concentration 

using seawater between the 30-minute sampling intervals of the sensor; afterwards the 

sensors were allowed to equilibrate and respond to the new environmental conditions 

for ~24 hours. Prior to beginning the salinity (and pH) cycling experiments, SP033 

and SP053 underwent continuous conditioning using a 4 h sampling interval in Tank 1 

in seawater (salinity between 30 and 33) between 15 May 2022 and 12 June 2022. 

To cycle salinity (and pH) as needed between the sensorsô 30-minute sampling 

intervals, an approximate volume of water in the tank was drained and then replaced 
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with DI water or seawater to dilute or concentrate salinity, respectively. DI water was 

collected and stored in 50-gallon cylindrical Nalgene drums ahead of time and 

delivered to Tank 1 using a Rule 1100 GPH Marine Bilge Pump whereas seawater was 

delivered from a direct line connected to the seawater holding tanks on campus. 

Salinity and pH cycling were done in the following chronological order: 

a) Pre-Cycling Period (11 June 2022) ï Sensors were configured with the 

deployment parameters described in section 3.4.2 and then returned to seawater in 

Tank 1. Salinity remained stable between 30.77 and 30.86. 

b) Day 1 (12 June 2022) ï In Tank 1, salinity was diluted from 30.86 to 18.66 using 

DI water. The salinity change occurred in two stages between 30.86 and 19.68 and 

then between 19.68 and 18.66. To restore a consistent 30.5ò water level in Tank 1, 

seawater was added to Tank 1, after sampling was concluded in the evening, to 

replace the water volume lost due to sample collection and evaporation. On days 

3-6, this was, instead, done in the mornings prior to salinity cycling. This leads to 

the differences in salinity at the end of one day and the beginning of the next day. 

c) Day 2 (13 June 2022) ï In Tank 1, salinity was diluted from 19.66 to 9.60 using 

DI water. Due to a pump issue, the salinity change occurred in two stages between 

19.66 and 11.03 and then between 11.03 and 9.60. 

d) Day 3 (14 June 2022) ï Since reducing the salinity in Tank 1 to ~1 would have 

required draining >90% of its existing water, instead, the sensors were removed 

from Tank 1 and quickly moved to Tank 2 between sensor measurements. Salinity 

thus decreased from 9.66 to 1.38. 

e) Day 4 (15 June 2022) ï The sensors were removed from Tank 2 and quickly 

moved back to Tank 1 between sensor measurements. Salinity increased from 1.39 

to 12.05. 

f) Day 5 (16 June 2022) ï In Tank 1, salinity was concentrated from 12.13 to 21.60 

using seawater (salinity ~ 30.86). 

g) Day 6 (17 June 2022) ï In Tank 1, salinity was concentrated from 21.68 to 28.65 

using seawater (salinity ~ 30.86). Because seawater lines had to be switched 

during seawater addition, the salinity change occurred in two stages between 21.68 

and 27.81 and then between 27.81 and 28.65. 
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h) Post-Cycling Period (18 to 20 June 2022) ï Sensors remained as configured in 

Tank 1 before sensor recovery. Salinity increased to 29.77 due to evaporation. 

Given the large salinity changes that occurred, finite control over the volume 

of water to drain to decrease or increase salinity in Tank 1 was unnecessary if the 

sensors remained fully submersed during measurements. Nevertheless, the 

approximate salinity in Tank 1 was monitored in real time using a flow-through 

thermosalinograph (SBE45 MicroTSG Thermosalinograph, Sea-Bird Scientific) 

during salinity cycling. Temperature varied during day/night and due to salinity 

cycling; finite temperature manipulation was beyond the scope of the available 

resources, so all work was performed at ambient temperatures which were monitored 

and recorded.  

3.5.2 Discrete Sampling Approach 

To monitor and validate the sensor responses of SP033 and SP053, discrete 

water samples were collected from the tanks over the first six hours following salinity 

dilution and concentration on Days 1-3 and Days 4-6, respectively, coincident with 

sensor measurements. To conserve water in the tanks and reduce sampling times, 

discrete water samples were collected unfiltered. Separate samples for total alkalinity 

(TA) and Ð(  were collected using a submersible pump positioned at the 

approximate defined depth of the SeapHOx intake by bottom-filling into triple-rinsed 

250-mL borosilicate glass bottles. During sample collection, samples were overflowed 

for at least once their volume to minimize contact with the atmosphere. After 

collection, samples were fixed with 50 µL of saturated mercuric chloride solution 

(HgCl2) and stored in the dark at ~4oC and were analyzed within five days of 

collection. Salinity was also measured independently on each TA and Ð(  sample. 
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Discrete water samples were collected ahead of each salinity step to 

approximate the initial condition and then every 30 minutes between Hours 0 and 3 

and every 60 minutes between Hours 4 and 6. On Days 1-2 and 5-6, duplicate samples 

were collected when collecting initial condition samples and then during Hours 2, 4, 

and 6. On Days 3 and 4, when sensors were moved between tanks, duplicate samples 

were collected when collecting initial condition samples and then during Hours 0, 2, 4, 

and 6. Hour 0 corresponds to the first sensor measurements after salinity fully changed 

due to dilution or concentration during all six days. Further discrete water samples 

were also collected at 22:30 on 18 June 2022 and 15:00 on 19 June 2022 during the 

post-cycling period. This sampling design yielded a total of 94 discrete waters for 

sensor validation. 

3.5.3 Analytical Methods 

Spectrophotometric Ð(  was measured using an automated temperature-

controlled system that included an Agilent 8453 UV-Vis Spectrophotometer with a 10-

cm flow-through water-jacketed cuvette at 25oC and using purified meta-cresol purple 

(mCP) indicator dye (Carter et al., 2013; Liu et al., 2011). A 2.5 mmol L-1 stock 

indicator solution was prepared by dissolving the purified mCP (provided by Robert 

H. Byrne, University of South Florida) in DI water and its pH was adjusted to pH 8.0 

using sodium hydroxide (NaOH). Considering the dependency of the mCP dye 

perturbation on the pH, TA, and salinity of the discrete water sample (Li et al., 2020), 

we divided the water samples into distinct salinity groups: 0-10, 10-20, 20-30, and 30-

35. Within each salinity group, we then conducted double dye addition experiments 

and applied a regression-based dye perturbation correction (Clayton and Byrne, 1993; 

Li et al., 2020). Ð(  was calculated using the mCP characterization equations from 
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Müller and Rehder (2018) that are valid between salinities 0 and 40. Accuracy of 

spectrophotometric pH measurements using purified mCP at 25oC was verified using 

TRIS buffer solutions in artificial seawater of salinity 35 (Batches #33 and #39, 

provided by A.G. Dickson of Scripps Institution of Oceanography) and was 

determined to be <±0.002 pH. Final pH values were calculated from triplicate scans of 

the same sample with a precision (or calculated standard deviation) of <0.001 pH. 

TA was measured by Gran Titration (Gran, 1952) using a semiautomated 

open-cell titration system (AS-ALK2, Apollo SciTech) (Huang et al., 2012; Wang and 

Cai, 2004). TA measurements were calibrated against Certified Reference Materials 

(CRM, provided by A.G. Dickson from Scripps Institution of Oceanography) with a 

precision of ±2.0 µmol kg-1. Discrete water sample salinities were measured using a 

Guildline Autosal 8400B Laboratory Salinometer with a precision of ±0.05. 

3.5.4 Sensor Calibration 

With 94 discrete samples for Ð(  collected over 68 different sampling 

points, a multi-point in situ or field calibration was used for SP033 and SP053 

(Bresnahan et al., 2014; Gonski et al., 2018; Miller et al., 2018). Discrete sample in 

situ Ð(  values (Ð( ) were derived using the MATLAB version of CO2SYS 

(v3.2.0; Sharp et al., 2020) with input parameters of salinity, in situ temperature (from 

the integrated SBE37 sensors), Ð( , and TA using the carbonic acid dissociation 

constants of Millero et al. (2006), the bisulfate dissociation constant of Dickson et al. 

(1990), and total boron from Uppström (1974). To calibrate SP033 and SP053, the 

discrete samples collected during the six-hour period after the salinity steps were used 

as calibration samples (n = 78) whereas the initial condition samples and post-cycling 

period discrete samples were used as reference samples (n = 12) to check and validate 
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the calibration at the same salinity step. After quality control of the Ð(  data, four 

discrete samples were identified as outliers. These four discrete samples included ï (a) 

one duplicate sample collected at Hour 6 on Day 3, (b) two initial condition samples 

collected before salinity was increased on  Day 4, and (c) one sample collected at 

Hour 5 on Day 4. These samples were removed and omitted from further analyses.   

Based on the results of this work, we employed two different iterations of the 

multi-point in situ or field calibration. First, as dictated by Sensor Best Practices, 

average values of % ȟ
ᶻ  and %ᶻ  for the half-cell and complete cell reaction 

approaches, respectively, were calculated based on all valid calibration samples and 

retroactively applied to raw pH sensor timeseries to minimize the anomaly between 

the sensor pH and the discrete sample pH (Bresnahan et al., 2014). Second, we 

propose splitting % ȟ
ᶻ  and %ᶻ  as necessary depending on the direction of salinity 

change and/or ending salinity when distinct and stable values of % ȟ
ᶻ  and %ᶻ  are 

reached over single or multiple days (discussed further in section 3.6.2). To do this, 

% ȟ
ᶻ  and %ᶻ  were split out and then average values were calculated using the 

corresponding subset of calibration samples. the average % ȟ
ᶻ  and %ᶻ  were then 

applied independently to each segment of the raw pH sensor timeseries to calculate the 

final Ð( . The segments were then recombined to restore a continuous timeseries.  

Model II least squares fits of Ð(  and Ð(  (Peltzer, 2007) for selected 

full Ð(  timeseries were performed to generate sensor gains (or slopes, ὧ) and 

sensor offsets (or intercepts, ὧ). Finally, root-mean square errors (RMSE) of their fits 

were calculated. To distinguish between the different Ð(  timeseries, Ð(  

calculated using the complete cell (CC) reaction approach will hereafter be referred to 

as Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 when timeseries are calibrated using a single %ᶻ  and 
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when %ᶻ  are split out before calibration, respectively. Similarly, Ð(  calculated 

using the half-cell (HC) reaction approach will hereafter be referred to as Ð( ȟ
ȟ

 

and Ð( ȟ
ȟ

 using the same criteria. For discussion of the accompanying pH 

uncertainty propagation for the discrete samples using the equations from Khalsa et al. 

(2021), please see section B.2 in Appendix B. Finally, weather- and climate-level pH 

data quality thresholds established by the Global Ocean Acidification Observation 

Network (GOA-ON) were used as ocean acidification (OA) community-standard pH 

data quality thresholds to provide further context for our results; these correspond to 

±0.02 and ±0.003 pH, respectively (Newton et al., 2015). 

3.6 Results and Discussion 

3.6.1 Tank Test Conditions 

The test tanks remained open to the ambient atmosphere for the duration of the 

work. Ambient water temperature (Figure 3.1a) followed atmospheric temperature and 

varied between 21o and 32oC. Water temperature exhibited diel variability between 

day and night with the warmest temperatures in the late afternoon and the early 

evening and the coolest temperatures late at night and in the early morning. Diel 

temperature variability gives this evaluation and calibration procedure similarity to in 

situ field sensor deployments. Salinity (Figure 3.1b) was diluted on Days 1-3 and 

concentrated on Days 4-6 as reflected in the stairstep profile of the salinity data. For 

further discussion of the temperature and salinity data, please see sections B.3-B.4, 

Table B.2, and Figures B.4-B.6 in Appendix B. Dissolved oxygen (DO) (Figure 3.1c) 

and DO percent saturation (Figure 3.1d) varied between 197 and 251 ɛM and 79% and 

98%, respectively, across both sensors. 
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Figure 3.1: Tank test time-series between 11 June 2022 and 17 June 2022. Panels (a) 

and (b) show in situ temperature and salinity measured by the integrated 

SBE37 temperature-conductivity sensors on SP033 (solid black) and 

SP053 (dotted blue). Panels (c) and (d) show dissolved oxygen (DO) and 

dissolved oxygen saturation (DO sat) measured by the integrated 

Aanderaa 4835 optodes on SP033 (solid black) and SP053 (dotted blue). 

Vertical red lines denote the first sensor measurements after salinity 

cycling. 
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3.6.2 Treatment of Calibration Constants 

3.6.2.1 In Situ Temperature 

3.6.2.1.1 Half -Cell Reaction Approach - ἏἏἦἢȟἰἫ
ᶻ  on the Total Scale 

% ȟ
ᶻ Ô (calculated on the total scale) and in situ temperature (Table 3.1 and 

Figure 3.2) did not always conform to a single defined relationship (or linear 

function). For SP033 (Figure 3.2a), data revealed three distinct relationships between 

% ȟ
ᶻ Ô and in situ temperature (R2 > 0.96) that were isolated to single or pairs of 

specific days from the tank tests for Days 1-2, Day 4, and Days 5-6. Day 3 data (n = 

15) collected at salinities 1.38-1.41 broadly aligned with the Day 4 data (n = 13). 

However, due to the scatter of the Day 3 data that would negatively impact the linear 

fit with a small sample size, the Day 3 data were not used to determine linear 

regression parameters for the Day 4 relationship. Slopes of these relationships were 

experimental values of sensor Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ  and varied between -0.9900 and -

0.8004 mV oC-1 over the relatively limited temperature ranges that the discrete water 

samples covered. In addition, the intercepts of these relationships were extrapolated 

values of % ȟ
ᶻ  at 0oC, and these values varied between -1.4169 and -1.4113 V. To 

calculate Ð(  for SP033 using the half-cell reaction approach, the average of the 

three slope values, equal to -0.9124 mV oC-1, was used as the experimental 

Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ  for SP033. The slopes and intercepts of these relationships are 

analogous to the temperature-dependent k2 and temperature-independent k0 terms, 

respectively, for sensor calibration using the engineering nomenclature utilized in later 

iterations of these sensors (Bresnahan et al., 2021; Johnson et al., 2016).  
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Table 3.1: Regression parameters for linear relationships between % ȟ
ᶻ Ô or 

%ᶻ Ô and in situ temperature measured by the integrated SBE37 

conductivity-temperature sensors for SP033 and SP053. The slopes of 

these regressions for the half-cell reaction approach are experimental 

values of Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ. % ȟ

ᶻ Ô and %ᶻ Ô are calculated on the 

total and free scales, respectively. Ὠ%ᶻ Ὠ4ÅÍÐϳ  of -1.048 mV oC-1 

from Martz et al. (2010) was used for Ð(  calculation using the 

complete cell reaction approach. 

Half -Cell Reaction Approach 

Sensor Days ▀ἏἏἦἢȟἰἫ
ᶻ Ⱦ▀ἢἭἵἸ (mV oC-1) Intercept (V) R2 

SP033* 

1-2 -0.9900 ± 0.0266 -1.4113 ± 0.0007 0.9802 

4 -0.9467 ± 0.0536 -1.4149 ± 0.0013 0.9660 

5-6 -0.8004 ± 0.0148 -1.4169 ± 0.0004 0.9905 

SP053**  
1-6 -0.9289 ± 0.0195 -1.4052 ± 0.0005 0.9634 

1-2/4-6 -0.9280 ± 0.0147 -1.4052 ± 0.0004 0.9825 

Complete Cell Reaction Approach 

Sensor Days ▀ἏἏἦἢ
ᶻ Ⱦ▀ἢἭἵἸ (mV oC-1) Intercept (V) R2 

SP033***  

1-2 -0.9555 ± 0.0276 -1.4215 ± 0.0007 0.9803 

4 -1.1219 ± 0.0536 -1.4197 ± 0.0013 0.9755 

5-6 -1.0774 ± 0.0155 -1.4197 ± 0.0005 0.9951 

SP053***  
1-2 -0.9538 ± 0.0219 -1.4137 ± 0.0006 0.9875 

4-6 -1.1941 ± 0.0170 -1.4082 ± 0.0005 0.9925 

*Average of the three slope values used as the experimental Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ for SP033. 

** Days 1-6 Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ used as the experimental Ὠ% ȟ

ᶻ ȾὨ4ÅÍÐ for SP053. 

*** Day 3 for SP033 and SP053 showed no coherent linear relationship of note 
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Figure 3.2: % ȟ
ᶻ  calculated at in situ temperature % ȟ

ᶻ Ô  versus in situ 

temperature measured by the integrated SBE37 conductivity temperature 

sensors for (a) SP033 and (b) SP053 as a function of salinity (color-

coded). % ȟ
ᶻ Ô is calculated on the total scale. For SP033, distinct 

relationships were found for Days 1-2 (circles), Day 4 (triangles), and 

Days 5-6 (squares). Day 3 (diamonds) is superimposed onto Day 4, but 

Day 3 data were not used in the Day 4 regression. For SP053, a single 

continuous relationship was found for Days 1-6 (circles). 
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In contrast, % ȟ
ᶻ Ô and in situ temperature for SP053 (Table 3.1 and Figure 

3.2b) produced a single distinct relationship over all temperatures and salinities. 

Nevertheless, like SP033, data from Day 3 at salinities 1.38-1.41 exhibited more 

scatter. Whereas the relationship between % ȟ
ᶻ Ô and in situ temperature that 

excluded Day 3 data (R2 = 0.9825) was slightly better than the corresponding 

relationship that included Day 3 data (R2 = 0.9634), their slopes (or values of 

Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ ) and intercepts only differed by -0.0009 mV oC-1 and their intercepts 

were the same. Unlike SP033, the scatter of the Day 3 data (n =15) over a limited 

temperature range has little to no impact on the linear regression when it is combined 

with the larger sample size of the Days 1-2 and 4-6 data (n = 75). Therefore, the slope 

of the relationship for all data collected between Days 1 and 6 of the tank tests was 

used as the experimental Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ  (equal to -0.9289 mV oC-1) to calculate 

Ð(  for SP053. Interestingly, the Cl-ISE in SP053 was brand new, installed right 

before the tank tests, and exhibited a single defined relationship between % ȟ
ᶻ Ô 

and in situ temperature unlike SP033. 

3.6.2.1.2 Complete Cell Reaction Approach - ἏἏἦἢ
ᶻ  on the Free Scale 

After correcting values of %ᶻ  (calculated on the free scale) back to in situ 

temperature (%ᶻ Ô) from their reference temperature of 25oC (as discussed in 

Bresnahan et al. (2014)), relationships between %ᶻ Ô and in situ temperature for 

SP033 exhibited similar behavior to what was observed for % ȟ
ᶻ Ô for SP033. For 

SP033 (Table 3.1 and Figure 3.3a), %ᶻ Ô and in situ temperature exhibited four 

distinct relationships or clusters that nominally aligned to the direction of salinity 

change and/or ending salinity value for Days 1-2, Day 3, Day 4, and Day 5-6 with R2 

> 0.975 (excluding Day 3 data at salinities 1.38-1.41 due to increased scatter). Slopes  
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Figure 3.3: %ᶻ  calculated at in situ temperature %ᶻ Ô  for the calibration 

samples only versus in situ temperature measured by the integrated 

SBE37 conductivity temperature sensors for (a) SP033 and (b) SP053 as 

a function of salinity (color-coded). %ᶻ Ô is calculated on the free 

scale. For SP033, distinct relationships or clusters were found for Days 1-

2 (circles), Day 3 (diamonds), Day 4 (triangles), and Days 5-6 (squares). 

For SP053, distinct relationships or clusters were found for Days 1-2 

(circles), Day 3 (diamonds), and Days 4-6 (squares). 
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and intercepts of the SP033 relationships varied between -1.1219 and -0.9555 mV oC-1 

and -1.4215 and -1.4197 V, respectively. 

On the other hand, for SP053 (Table 3.1 and Figure 3.3b) %ᶻ Ô and in situ 

temperature exhibited three distinct relationships or clusters for Days 1-2, Day 3, and 

Days 4-6 with R2 > 0.98 (also excluding Day 3 data at salinities 1.38-1.41 due to 

increased scatter). Slopes and intercepts of the SP053 relationships varied between -

1.1941 and -0.9538 mV oC-1 and -1.4137 and -1.4082 V, respectively. Here, %ᶻ Ô 

for SP053 were split out between Days 1-2 and Days 4-6 because these two periods 

exhibited better agreement when separated than when combined. Moreover, 

differences in the slopes and intercepts of their respective linear relationships were at 

least six times greater (0.2403 mV oC-1 and 5.5 mV, respectively) relative to analogous 

metrics for % ȟ
ᶻ Ô (0.0364 mV oC-1 and 0.9 mV, respectively). It is important to 

note that the Ὠ%ᶻ Ὠ4ÅÍÐϳ  for the Cl-ISE from Martz et al. (2010) continued to be 

used to correct %ᶻ  on the free scale between in situ temperature and the reference 

temperature of 25oC. Furthermore, calculating %ᶻ Ô on the free scale causes a 

positive shift in the Day 3 values at salinities 1.38-1.41 relative to %ᶻ Ô for Days 1-

2 and 4-6 as expected due to the 3/  change. This behavior is not seen with 

% ȟ
ᶻ Ô that is calculated on the total scale. 

3.6.2.2 Reference Temperature: 25oC 

At the reference temperature of 25oC, % ȟ ȟ
ᶻ  (calculated on the total scale; 

Figure 3.4 and Table B.3) and % ȟ
ᶻ  (calculated on the free scale; Figure 3.5 and 

Table B.3) between Days 1 and 6 of the tank tests match the behavior exhibited by 

relationships between % ȟ
ᶻ Ô or %ᶻ Ô and in situ temperature for each sensor for 

the half-cell and complete cell reaction approaches, respectively. For SP033, three  
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Figure 3.4: Timeseries of % ȟ
ᶻ  corrected to a reference temperature of 25oC 

% ȟ ȟ
ᶻ  using experimental Ὠ% ȟ

ᶻ ȾὨ4ÅÍÐ for (a) SP033 and (b) 

SP053 as a function of salinity (color-coded) relative to their average 

values (solid black lines) and ±1 (dashed black lines) and ±2 (dotted 

black lines) standard deviations. % ȟ ȟ
ᶻ  is calculated on the total scale. 

Raw data measured with SP033 were split between Days 1-2, Days 3-4, 

and Days 5-6 for calibration (indicated by blue boxes in panel (a)). 
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Figure 3.5: Timeseries of %ᶻ  corrected to a reference temperature of 25oC 

% ȟ
ᶻ  using Ὠ%ᶻ ȾὨ4ÅÍÐ from Martz et al. (2010) for (a) SP033 

and (b) SP053 as a function of salinity (color-coded) relative to their 

average values (solid black lines) and ±1 (dashed black lines) and ±2 

(dotted black lines) standard deviations. % ȟ
ᶻ  is calculated on the free 

scale. Raw data measured with SP033 were split between Days 1-2, Day 

3, Day 4, and Days 5-6 for calibration (indicated by blue boxes in panel 

(a)). Raw data measured with SP053 were split between Days 1-2, Day 3, 

and Days 4-6 for calibration (indicated by blue boxes in panel (b)). 
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visually distinct clusters of % ȟ ȟ
ᶻ  (Figure 3.4a) were observed over Days 1-2, 3-4, 

and 5-6 using the half-cell reaction approach while four visually distinct clusters of 

% ȟ
ᶻ  (Figure 3.5a) were observed over Days 1-2, 3, 4, and 5-6 for the complete cell 

reaction approach. On the other hand, for SP053, % ȟ ȟ
ᶻ  (Figure 3.4b) remained 

constant and stable over all six days for the half-cell reaction approach whereas three 

visually distinct clusters of % ȟ
ᶻ  (Figure 3.5b) were observed over Days 1-2, 3, and 

4-6. Therefore, % ȟ ȟ
ᶻ  and % ȟ

ᶻ  were split and grouped thusly based on the 

distinct clusters observed for each sensor. Average values of % ȟ ȟ
ᶻ  or % ȟ

ᶻ  

were then calculated using the subset of calibration samples and applied independently 

to the segment of sensor data specific to each cluster of % ȟ ȟ
ᶻ  or % ȟ

ᶻ . Average 

values of % ȟ ȟ
ᶻ  and % ȟ

ᶻ  that were used to calibrate the raw sensor data for 

both sensor calibration methods are given in Table B.4. 

3.6.3 Bottle Sample and Sensor pH Comparisons 

Over the course of the tank tests, Ð(  and salinity of the discrete samples 

(Figure 3.6) varied between 7.06 and 8.06 and 1 and 31, respectively. On Day 1, 

Ð(  in Tank 1 increased from 7.92 to 8.04 when salinity was diluted from 30.86 to 

18.66 and it remained relatively stable between 8.02 and 8.06 over the course of the 

six-hour sampling period. On Day 2, Ð(  in Tank 1 increased slightly from 7.95 to 

8.02 when salinity was diluted from 19.66 to 9.60, and then, further decreased to 7.92 

over the six-hour sampling. Between Days 2 and 3, Ð(  decreased by ~0.2 to 7.74. 

When the sensors were switched between test tanks on Day 3, Ð(  and salinity 

decreased from 7.74 and 9.66 in Tank 1 to 7.13 and 1.38, respectively, in Tank 2. Over 

the six-hour sampling period on Day 3, Ð(  varied between 7.06 and 7.17. 
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Figure 3.6: Test sensor Ð(  time-series between 11 June 2022 and 21 June 2022 

for (a) SP033 and (b) SP053 shown relative to Ð(  of calibration 

samples (open circles) and reference samples (open diamonds) as a 

function of salinity (color-coded). Timeseries of Ð( ȟ
ȟ

 (dark 

green), Ð( ȟ
ȟ

 (dark pink), Ð( ȟ
ȟ

 (dark blue), and Ð( ȟ
ȟ

 

(sienna) are shown. In panel (a) for SP033, Ð( ȟ
ȟ

 (dark pink) and 

Ð( ȟ
ȟ

 (sienna) largely overlap. 
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When concentrating salinity on Day 4 by switching the sensors back to Tank 1, 

Ð(  and salinity increased to 7.83 and 12.05, respectively, Ð(  then slowly 

decreased to 7.75 over the six-hour sampling period on Day 4. When concentrating  

salinity further on Day 5 in Tank 1 by adding seawater with salinity and Ð(  of 

30.86 and 7.88, respectively, Ð(  and salinity increased from 7.73 and 12.13 to 

7.89 and 21.60, respectively. Ð(  remained stable between 7.88 and 7.90 over the 

six-hour sampling period on Day 5. On Day 6, Ð(  only changed marginally from 

7.86 to 7.87 while salinity increased from 21.68 to 28.65 when adding seawater with 

salinity and Ð(  of 30.86 and 7.94, respectively, in Tank 1. Over the post-cycling 

period, Ð(  and salinity further increased to > 8.0 and > 29.5, respectively, prior to 

sensor recovery. The propagated uncertainty (Q) for all calibration and reference 

samples (Table B.1) was < 0.0072 pH.  

Throughout the salinity (and pH cycling work during the tank tests, the four 

Ð(  timeseries for SP033 (Figure 3.6a) and the three Ð(  timeseries for SP053 

(Figure 3.6b) closely tracked the bottle sample pH regardless of the starting and 

ending salinity and the direction of salinity change. All Ð(  timeseries across both 

sensors remain tightly coupled over Days 1 and 2 at end salinities of 18.66 and 9.60, 

respectively. Afterward, they all clearly diverge depending on the sensor calibration 

method employed on Day 3 when the sensors were switched to Tank 2 with a salinity 

of 1.38. Once both sensors were returned to Tank 1 at salinity 12.05 on Day 4, all 

Ð(  timeseries across both sensors generally start to converge and tightly couple 

again over time and as salinity was increased to > 20 on Day 5 and through the post-

cycling period prior to sensor recovery. 
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Figure 3.7: Tank test pH anomaly ЎÐ(  time-series between 11 June 2022 and 

21 June 2022 for (a) SP033 and (b) SP053 as a function of salinity 

(color-coded). Values of ЎÐ(  are shown relative a zero anomaly 

(solid black line) and GOA-ON weather-level (±0.02 pH; dashed black 

lines) and climate-level (±0.003 pH; dotted black lines) pH data quality 

thresholds. Values of ЎÐ(  between Ð(  and Ð( ȟ
ȟ

 (open 

diamonds), Ð( ȟ
ȟ

 (asterisks), Ð( ȟ
ȟ

 (open circles), and 

Ð( ȟ
ȟ

 (open squares) are shown. Reference samples are the samples 

of a different salinity that precede clusters of calibration samples and the 

single samples from 18 and 19 June 2022. 
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In general, anomalies between Ð(  of the calibration samples and 

Ð(  ЎÐ(  timeseries for SP033 (Figure 3.7a and Table B.5) were tightly 

coupled on each day for each time-series. In general, ЎÐ(  for all 

Ð(  timeseries were <0.02 pH on Days 1-2 and 5-6. On the other hand, on Day 3  

between salinities 1.38 and 1.41, ЎÐ(  clearly diverge for the Ð(  timeseries 

and this divergence is related to the sensor calibration method. On Day 3, ЎÐ(  

exhibits increased scatter with larger mean ЎÐ(  for Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 

of 0.02435 ± 0.01687 and -0.04363 ± 0.01738 pH, respectively. Increased mean 

ЎÐ(  for Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 persists through Day 4 relative to 

Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 that remain closer to zero on Days 3 and 4. 

For both Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 measured by SP033, 69.23% and 

67.95% of the ЎÐ(  values, respectively, met the GOA-ON weather-level pH data 

quality threshold of <±0.02 pH. In contrast, only 16.67% and 1.28% of the ЎÐ(  

values for Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

, respectively, achieved the GOA-ON 

climate-level pH data quality threshold of <±0.003 pH. On the other hand, Ð( ȟ
ȟ

  

and Ð( ȟ
ȟ

 measured by SP033 experienced better performance since 32.05% and 

46.15% of the ЎÐ(  values were <±0.003 pH, respectively, whereas 94.87% of the 

ЎÐ(  values for both were <±0.02 pH. 

Values of ЎÐ(  between Ð(  of the calibration samples and 

Ð(  timeseries for SP053 (Figure 3.7b and Table B.6) largely follow similar trends 

for SP033. Unlike SP033, however, there are only three Ð(  timeseries for SP053 

and Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 have mean ЎÐ(  values close to zero across all 

six days. For Ð( ȟ
ȟ

 measured by SP053, 51.28% and 97.44% of the ЎÐ(  

values met the GOA-ON climate-level (<±0.003 pH) and weather-level (<±0.02 pH) 
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pH data quality thresholds, respectively. Comparably, 26.92% and 98.72% of the 

ЎÐ(  values for Ð( ȟ
ȟ

 were <±0.003 pH and <±0.02 pH, respectively. On the 

other hand, Ð( ȟ
ȟ

 has relatively larger mean ЎÐ(  values on Days 1 and 3-6 

with the greatest non-zero anomalies seen on Day 3 when the mean ЎÐ(  was -

0.06476 ± 0.01274 pH. Even more, for Ð( ȟ
ȟ

 measured by SP053, only 7.69% 

and 64.10% of the ЎÐ(  values met the GOA-ON weather-level and climate-level 

pH data quality thresholds. This analysis demonstrates that splitting out % ȟ ȟ
ᶻ  and 

% ȟ
ᶻ  is important to achieve these pH data quality thresholds in this context when 

enough discrete samples are available for calibration. 

3.6.4 Assessment of Cl-ISE Performance 

Unlike the long pre-deployment sensor conditioning periods (on the order of 1-

2 weeks) required for the Cl-ISE noted by other studies (Bresnahan et al., 2014; Miller 

et al., 2018; Takeshita et al., 2021), the responses of the Cl-ISEs in both sensors were 

nearly instantaneous to new salinity changes in the first measurements following 

dilution or concentration within their 16 second pH measurement periods. On average, 

after calibration, ЎÐ(  for the first sensor measurement after salinity dilution or 

concentration across Days 1-6 of the tank tests for Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 for 

SP033 and Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 for SP053 was better than <±0.012 pH 

indicating pH response was also rapid. Whereas SP033 and SP053 operated 

continuously in seawater for ~4 weeks in preparation for this work, this still 

sufficiently demonstrates the fast response of the Cl-ISE to rapid environmental 

changes in this application. 

In a side-by-side comparison of the model II least square fits of Ð(   and 

Ð(  (Table 3.2 and Figures 3.8 and 3.9), the calibration method had the greatest 
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impact on the sensor offsets (c0) and sensor gains (c1). Sensor offsets and sensor gains 

exhibited the greatest deviations from their ideal values of 0 and 1, respectively, for 

Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 for SP033 and Ð( ȟ
ȟ

 for SP053. Linear fits of 

Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 for SP033 and Ð( ȟ
ȟ

 for SP053 were much more 

robust with sensor gains and offsets substantially closer to 0 and 1, respectively. 

Ultimately, the single defined linear relationship between % Ȣ
ᶻ Ô and in situ 

temperature for SP053 provided a robust linear fit for Ð( ȟ
ȟ

 for SP053. 

Table 3.2: Sensor offsets (or intercepts, c0) and sensor gains (or slopes, c1) of model 

II least square fits of Ð(  and Ð(  for SP033 and SP053. 

Sensor Timeseries Sensor Offset (c0) Sensor Gain (c1) 

SP033 

Ð( ȟ
ȟ

 -0.3357 ± 0.0411 1.0430 ± 0.0053 

Ð( ȟ
ȟ

 0.0129 ± 0.0239 0.9983 ± 0.0031 

Ð( ȟ
ȟ

 0.3659 ± 0.0580 0.9530 ± 0.0075 

Ð( ȟ
ȟ

 0.0027 ± 0.0231 0.9996 ± 0.0030 

SP053 

Ð( ȟ
ȟ

 -0.0288 ± 0.0195 1.0035 ± 0.0025 

Ð( ȟ
ȟ

 0.6739 ± 0.0405 0.9133 ± 0.0052 

Ð( ȟ
ȟ

 0.0056 ± 0.0231 0.9991 ± 0.0030 
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Figure 3.8: Property- property plots of Ð(  versus Ð(  of the calibration 

samples for SP033 as a function of salinity (color-coded). Dashed black 

lines represent a 1:1 relationship (Ð(  = Ð( ). RMSEs were not 

calculated for Ð( ȟ
ȟ

 or Ð( ȟ
ȟ

. Please see Table 3.2 for 

descriptions of the comparisons. 
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Figure 3.9: Property-property plots of Ð(  versus Ð(  of the calibration 

samples for SP053 as a function of salinity (color-coded). Dashed black 

lines represent a 1:1 relationship (Ð(  = Ð( ). A RMSE was not 

calculated for Ð( ȟ
ȟ

. Please see Table 3.2 for descriptions of the 

comparisons. 

The RMSEs calculated from the model II least square fits between Ð(   and 

Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 for SP033 and between Ð(   and Ð( ȟ
ȟ

 and 

Ð( ȟ
ȟ

 for SP053 (Table 3.3) are accurate to <±0.02 pH relative to Ð(   across 

all salinities. Therefore, Ð(   measured using the Cl-ISE as the reference electrode 

meets the GOA-ON weather-level data quality threshold on the short timescales of this 

work. Further, timeseries on Days 1-2 and 4-6 are also accurate to <±0.01 pH relative 

to Ð(  . In contrast, RMSEs between Ð(  and the selected Ð(   for Day 3 at 

salinity ~1.38-1.39 and Ð(   < 7.2 were always higher (but still better than <±0.02 

pH relative to Ð(  ). The reduced accuracy for Day 3 is not surprising given that the 

physicochemical characterization of purified mCP dye used to calculate Ð(  from 

Müller and Rehder (2018) is less reliable at salinity < 5 where pH of the TRIS buffers 

used to perform the dye characterization is not accurately known (Müller et al., 2018) 

and at pH < 7.2 where is mCP is not typically used to measure pH (Liu et al., 2011).  
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On Day 3, the tank test waters with TA < 125 ɛmol kg-1 were more poorly buffered 

which potentially introduced an equilibration issue between the electrodes and 

overlying waters throughout the six-hour sampling period that may have increased 

scatter and reduced accuracy. Also, discrete bottle samples for Ð(   were collected 

unfiltered, so impacts of particles on spectrophotometric pH measurements may also 

contribute here. Still, depending on water budgets and logistical constraints, filtering 

discrete water samples during collection would eliminate these potential impacts in 

future work. Given the excellent agreement between Ð(  and Ð(   across all 

other days; however, this likely does not represent a substantial contribution. RMSEs 

were not calculated and reported for Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 for SP033 and 

Ð( ȟ
ȟ

 for SP053. 

Table 3.3: Root-mean square errors calculated from model II least square fits for 

select comparisons of Ð(  and Ð(  for SP033 and SP053 using the 

calibration samples that were collected on each day (Days 1-6) and for all 

the calibration samples that were collected during all days of the tank 

tests (All). 

Day 

SP033 SP053 

ἸἒἼἷἼἩἴȟἻἸἴἱἼ
ἏἦἢȟἒἍ

 ἸἒἼἷἼἩἴȟἻἸἴἱἼ
ἏἦἢȟἍἍ

 ἸἒἼἷἼἩἴȟἻἱἶἯἴἭ
ἏἦἢȟἒἍ

 ἸἒἼἷἼἩἴȟἻἸἴἱἼ
ἏἦἢȟἍἍ

 

RMSE RMSE RMSE RMSE 

1 0.0053 0.0053 0.0032 0.0043 

2 0.0058 0.0054 0.0048 0.0056 

3 0.0162 0.0168 0.0123 0.0122 

4 0.0048 0.0049 0.0080 0.0096 

5 0.0066 0.0050 0.0049 0.0057 

6 0.0057 0.0026 0.0029 0.0084 

All  0.0084 0.0081 0.0069 0.0081 
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3.6.5 Primary and Secondary Corrections for ἸἒἼἷἼἩἴ
Ἇἦἢ 

To calculate pH when using the Cl-ISE as the reference electrode, primary 

corrections to account for variable temperature are employed via the Nernst slopes for 

both reaction approaches. In addition, ɾɾÍ  and ɾ ʆ  are employed during 

calibration as primary corrections for the complete cell and half-cell reaction 

approaches, respectively, to account for variable temperature and salinity. However, 

ɾɾ  from Khoo et al. (1977) must be extrapolated down from salinity 20 to calculate 

%ᶻ  on the free scale. Typically, the ion activity coefficient defined by the Davies 

convention (e.g., Stumm and Morgan (1996)) must be extrapolated up from I = 0.5 

(nominally salinity 25), but when the dielectric constant (Ů) is considered as a function 

of temperature and salinity rather than temperature alone, the Davies convention for 

ɾ  is extended to I < 0.7 (please see Figures B.1 and B.2 in the Appendix B) and 

allows the calculation of % ȟ
ᶻ  on the total scale during calibration. 

Both %ᶻ  and % ȟ
ᶻ  (and the final calculated Ð( ) are benchmarked to 

Ð(  which replaces the standard buffer solutions that were originally used to 

determine ɾɾ  and ɾ   as the primary pH standard. Nevertheless, purified mCP dye 

characterizations used to determine Ð(  are traceable to primary TRIS buffer 

standards (Müller et al., 2018). Therefore, when using Ð(  to calculate % ȟ ȟ
ᶻ  

and % ȟ
ᶻ , it is possible to normalize the effects of non-idealities associated with 

extending ɾɾ  and ɾ  beyond their optimized salinity ranges to calculate an 

accurate final Ð( . Together with the updated Davies equation calculations, these 

primary corrections are well supported for ɾ  using the half-cell reaction approach to 

I < 0.7 for SP053 by a single robust linear relationship between % ȟ
ᶻ Ô and in situ 

temperature. Our analysis suggests that extrapolating ɾɾ  on the free scale down to 

salinity < 20 for the complete cell reaction approach is dependable down to salinity 
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~9.6-9.7 for SP053. At our lowest salinity, the %ᶻ  deviation is likely due to the 

changing difference between the free and total scales in response to the changes in 

3/  and +  with salinity during %ᶻ  calculation on the free scale. This is 

apparent from the Day 3 relationship between %ᶻ Ô and in situ temperature at 

salinity ~1.38-1.40 that was positively shifted for both sensors relative to those of 

Days 1-2 and 4-6, as shown in Figure 3.3a-b. 

After calibration, our results still differed from our understanding of electrode 

response based on in situ field deployments. Here, this manifested in the occurrence of 

and apparent linkage between multiple distinct linear relationships between % ȟ
ᶻ (t) 

or %ᶻ (t) and in situ temperature and multiple distinct temporal clusters of % ȟ ȟ
ᶻ  

or % ȟ
ᶻ  over different salinity conditions. Our findings have not been previously 

described in field deployments in nearshore waters, likely due to the lack of discrete 

samples for sensor calibration and validation. These issues may be caused by the 

following either singly or in combination ï (a) response issues with the Cl-ISE as the 

reference electrode and/or the ISFET as the ( -sensitive measuring electrode, (b) use 

of ɾ  versus ɾɾ , (c) calculating % ȟ
ᶻ  and %ᶻ  on the total and free scales, 

respectively, due to changes in 3/  and +  between salinity 1 and 31, and (d) 

inter-sensor variability between SP033 and SP053. Further work is needed to 

determine which of these issues are most important and when. Nonetheless, we 

accounted for some of this by splitting % ȟ ȟ
ᶻ  and % ȟ

ᶻ  based on salinity and 

then calculating and applying independent average % ȟ ȟ
ᶻ  or % ȟ

ᶻ  to each 

segment. Ultimately, by splitting out these calibrations, the final calculated Ð(  

and Ð(  approached parity. 
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Whereas splitting out and applying % ȟ ȟ
ᶻ  and % ȟ

ᶻ  based on salinity 

deviates from established Sensor Best Practices, its feasibility is demonstrated in the 

fit parameters of the model II least square fits of Ð( ȟ  and Ð(  (Table 3.2 

and Figures 3.8 and 3.9) discussed in section 3.6.4. Even more, the tighter agreement 

of ЎÐ(  between Ð( ȟ  and Ð(  relative to Ð( ȟ  and Ð(  

(Figure 3.7a-b) further demonstrate the efficacy of this new calibration method. In this 

context, this new multi-point in situ or field calibration provides a superior means of 

minimizing the anomaly between the sensor pH and the discrete sample pH as needed 

in our application. We were only able to accomplish this since we had a high number 

of high-quality discrete samples that covered an extensive salinity range. Accordingly, 

this alternative calibration method will likely need to be refined before widespread 

application to field data or may not be possible in field settings since discrete sample 

collection in the field is challenging and demands substantial time and resources. 

The best data from this work in terms of lowest RMSE from robust model II 

least square fit parameters and lowest ЎÐ(  comes from Ð( ȟ
ȟ

 for SP053. 

Here, % ȟ ȟ
ᶻ  values were stable across all salinities and data were able to be 

recalibrated using a single average % ȟ ȟ
ᶻ  based on all calibration samples 

regardless of salinity. Therefore, this remains the preferred calibration method 

independent of reaction approach whenever possible, as defined by current Sensor 

Best Practices (e.g., Bresnahan et al., 2014). 

3.6.6 Implications for Field Deployments in Nearshore Systems 

The overall excellent agreement between Ð(  and Ð(   across all salinity 

steps differed from the results of limited in situ field deployments of Durafet-based pH 

sensors in dynamic tidally forced nearshore systems over similar environmental 



 

 108 

conditions. Such field studies demonstrated Ð(  calculated using the complete cell 

reaction approach to be less reliable with higher uncertainties in those settings 

(Fritzsche et al., 2018; Gonski et al., 2018; 2023). Whereas the results of this work 

contrast with those in situ field deployments, there are several notable differences 

between the work presented here and those in situ field studies. Here, only a single 

large rapid salinity change to simulate tidal mixing was performed each day, and the 

sensors were given ~24 hours to equilibrate to new environmental conditions. 

In tidally-forced nearshore systems, however, salinities consistently change 

with tidal mixing between every measurement, so the equilibration and/or 

conditioning time sensors have for each new pH, temperature, and salinity in the field 

is only as long as the sensorôs sampling interval (e.g., 30 minutes). Our work was also 

performed using clean DI water and seawater and operated as a simplified dilution and 

concentration experiment. In contrast, concentrations of major and minor ions likely 

deviate from seawater conservative ratios in freshwater endmembers of real nearshore 

systems and are also characterized by high turbidity that may affect in situ electrode 

response (Gonski et al., 2018; 2023). Moreover, the water chemistry of natural waters 

in nearshore systems will also differ from those conditions experienced during the 

tank tests and may include other anions such bromide "Ò and sulfide 3   at 

higher concentrations and at different ratios to salinity relative to seawater. High levels 

of humics or organics from salt marsh and/or wastewater treatment plant inputs may 

also be present and negatively impact the Cl-ISE response (Gonski et al., 2023). 

Notably, the divergence between linear relationships % ȟ
ᶻ (t) or %ᶻ (t) and in 

situ temperature was larger for SP033 relative to SP053 given that their Cl-ISEs were 

installed at different times (~4 months before for SP033 and ~11 days before for 
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SP053) even though they were stored and/or operated in seawater prior to testing. If 

we were to generalize the inconsistent electrode response to new salinities exhibited 

by SP033 as a sensor that has been deployed in a dynamic nearshore environment for 

>4-6 months and the repeatable electrode response to new salinities exhibited by 

SP053 as a sensor that was newly deployed, then this divergence may grow over time. 

Ultimately, this work highlights the need for high-frequency reference pH data to track 

electrode response in dynamic nearshore systems, that spans its full ranges of salinity 

and rates of salinity change through the deployment of co-located redundant pH 

sensors, use of empirical regional marine carbonate system relationships, and/or 

collection of plentiful discrete bottle samples.  

3.7 Conclusions 

Here, we defined a half-cell reaction approach to calculate Ð(  using the 

electrochemical couple comprised of the Cl-ISE (reference electrode) and the ISFET 

of the Honeywell Durafet (( -sensitive measuring electrode). This approach differed 

from the complete cell reaction approach defined by Martz et al. (2010) (where the 

responses of both electrodes are combined) by splitting out and isolating the 

independent responses of the Cl-ISE to #Ì (and salinity) and the ISFET to (  (and 

pH). In contrast to the complete cell reaction approach, the half-cell reaction approach 

enabled the dependence of Ð(  on ɾ ʆ  and ɾ  to be accounted for via 

equations 3.11a and 3.19, respectively; thus, allowing sensor calibration and pH 

calculation to be carried out directly on the total scale.  

By calculating the A-constant in the Davies equation (equation 3.31) for the 

half-cell reaction approach using the ionic strength in units of mol (kg-soln)-1, and the 

density of solution (kg-soln m-3) and the dielectric constants from temperature and 
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salinity, we show that the ɾ  function can be calculated using temperature and 

salinity in molinity units since concentration, ə, is expressed in mol (kg-soln)-1. On the 

other hand, the A-constant derived using data from Khoo et al. (1977) by Martz et al. 

(2010) that is used to calculate ɾɾ  as part of the complete cell reaction approach is 

only a function of temperature and is calculated in molality units (mol (kg-H2O)-1) 

since concentration, m, is expressed in mol (kg-H2O)-1. We further applied and 

assessed the suitability of both reaction approaches for pH calculation using Cl-ISE 

measurements made using two SeapHOx sensors over a six-day period in a test tank 

when salinity and pH were decreased and increased between 1 and 31 and 6.9 and 8.1, 

respectively. 

The response of the Cl-ISE to new salinity changes during the first sensor 

measurements following salinity dilution and concentration was rapid, and 

calculations showed sensor pH was within <±0.012 pH of Ð( , on average, across 

all salinities for both sensors. Further, the sensor pH values calculated using the Cl-

ISE as the reference electrode were accurate to better than <±0.02 pH at all salinities 

for both sensors thereby meeting the GOA-ON weather-level pH data quality 

threshold. Therefore, the Cl-ISE as the reference electrode is suitable for calculating 

and reporting pH with the accuracy needed to help detect local spatial patterns and 

short-term variations in acidification in dynamic nearshore waters. Our work shows 

that both electrode reaction approaches are reliable, have unique benefits and thus are 

an example of Hessô Law that states the thermodynamics of the system is independent 

of the reaction pathway from the initial to the final state (Sandler and Woodcock, 

2010).  
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As a result, we now have a second independent approach to calculate Ð(  

using the Cl-ISE as the reference electrode for Durafet-based pH sensors that can be 

reported in addition to the complete cell reaction approach. The half-cell reaction 

approach can likely also be utilized as an additional mode of data quality control for 

future in situ field sensor deployments. To streamline the widespread implementation 

of Ð(  calculation using the half-cell reaction approach, workflows are needed to 

constrain more robust Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ  values using TRIS buffers or natural water 

standards over appropriate temperature and salinity ranges. Until then, 

Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ  will need to be constrained ad hoc using Ð(  or another high-

frequency reference pH as demonstrated here.  

We further document results over the salinity conditions encountered that 

differed from our current understanding of electrode response based on in situ field 

deployments. These manifested as multiple independent linear relationships between 

% ȟ
ᶻ (t) or %ᶻ (t) and in situ temperature that resulted in multiple average distinct 

and stable values of % ȟ ȟ
ᶻ  or % ȟ

ᶻ  over different salinity conditions for 

individual pH sensor timeseries. We overcame these issues by splitting out the data for 

% ȟ ȟ
ᶻ  and % ȟ

ᶻ  and independently calibrating segments of those timeseries 

according to salinity. When compared with using single average values of % ȟ ȟ
ᶻ  or 

% ȟ
ᶻ , splitting out the data for % ȟ ȟ

ᶻ  and % ȟ
ᶻ  based on salinity improves 

model II least square fits between Ð( ȟ  and Ð(  and broadly improves their 

accuracy across all salinities. Nevertheless, additional work in natural waters of 

salinity < 1.5 with higher alkalinity and buffering capacity (e.g., relative to TA < 125 

µmol kg-1 as seen here on Day 3 at salinity 1.38-1.41) and between salinities 1 and 10 

with finer salinity incrementation than seen here with the half-cell and complete cell 
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reaction approaches is needed. Additional work with the half-cell reaction approach at 

temperatures < 20oC is also needed. Moreover, since ion activity coefficients are also 

pressure-dependent, additional work addressing pressure compensation for the half-

cell reaction approach is needed before it can be utilized in water column profiling 

applications like those done with the Deep-Sea Durafet described in Johnson et al. 

(2016). 

Based on the results presented here that contrast with the results of in situ field 

deployments of Durafet-based pH sensors in dynamic tidally-forced nearshore system 

under similar environmental conditions, we do not yet fully understand in situ 

electrode response over the full environmental ranges of natural waters. Therefore, 

future work should examine the effects of stimuli external to the correction of variable 

temperature and salinity conditions on pH calculation using the Cl-ISE as the 

reference electrode like those described in section 3.6.6 including the impacts of 

interfering anions (e.g., "Ò and 3 ) and humics that are present at higher 

concentrations in nearshore waters relative to seawater. Whereas past work has 

predominantly focused on the responses of the Durafetôs reference electrodes, further 

scrutiny of the response of the ISFET as the ( -sensitive measuring electrode is also 

needed.  
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ASSESSING THE DYNAMIC RESPONSE OF TWO DIFFERENT 

MODELS OF DURAFET -BASED PH SENSORS BETWEEN 

SALINITIES 1 AND 31  

4.1 Glossary of Terms and Abbreviations 

 

Ἡἱ  Activity of an ion on the molality (mol (kg-H2O)-1) scale. Á  

and Á  are the activities of hydrogen and chloride, respectively, 

on the molality scale. 

 

 Ἡἱ  Activity of an ion on the molinity (mol (kg-soln)-1) scale. Á  

and Á  are the activities of hydrogen and chloride, 

respectively, on the molinity scale. 

 

CC   Complete cell reaction approach. 

 

Cl-ISE  Solid-state chloride ion-selective electrode. Serves as the post-

factory added external reference electrode for pH measurement 

and calculation. 

 

Ἅἴἢ Total chloride concentration on a molality (mol (kg-H2O)-1 

where H2O is pure water) basis. 

 

CRMs   Certified Reference Materials for DIC and TA analyses.  

 

ἬἏἏἦἢ
ᶻ ἬἢἭἵἸϳ  Temperature dependence term of the calibration constant 

specific to the Cl-ISE for the complete cell reaction approach 

for the SeapHOx sensors %ᶻ . Term has units of mV oC-1. 

 

ἬἏἏἦἢȟἰἫ
ᶻ ἬἢἭἵἸϳ   Temperature dependence term of the calibration constant 

specific to the Cl-ISE for the half-cell reaction approach 

% Ȣ
ᶻ . Term has units of mV oC-1. 

 

Chapter 4 
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ἬἏἓἚἢ
ᶻ ἬἢἭἵἸϳ  Temperature dependence term of the calibration constant 

specific to the internal Ag/AgCl reference for the SeapHOx 

sensors %ᶻ . Term has units of mV oC-1. 

 

▀ἡἩἴἼ▀Ἴϳ  Rate of change in the salinity (Ὠ3ÁÌÔ) occurring between the 30-

minute sampling periods of the sensor (ὨÔ. Term has units of 

(0.5 h)-1. 

 

▀ἢἭἵἸ▀Ἴϳ  Rate of change in the temperature (Ὠ4ÅÍÐ) occurring between 

the 30-minute sampling periods of the sensor (ὨÔ. Term has 

units of oC (0.5 h)-1. 

 

DI water   Deionized water. 

 

DIC  Dissolved Inorganic Carbon in µmol kg-1. 

 

E Non-descript voltage measured between a reference electrode 

and the ISFET for the %ᶻ nomenclature associated with the 

SeapHOx sensors. 

 

ἏἿἷἺἳ Voltage measured by the ISFET as the ( -sensitive working 

electrode. 

 

Ἇᶻ Non-descript calibration constant for a reference electrode for 

the %ᶻ nomenclature associated with the SeapHOx sensors. 

 

ἏἏἦἢ
ᶻ  Calibration constant specific to the Cl-ISE for the SeapHOx 

sensors using the complete cell reaction approach. % ȟ
ᶻ  is the 

value at the 25oC reference temperature and %ᶻ Ô is the value 

at in situ temperature. 

 

ἏἏἦἢȟἰἫ
ᶻ  Calibration constant specific to the Cl-ISE for the SeapHOx and 

the SeaFET V2 sensors using the half-cell reaction approach. 

% ȟ ȟ
ᶻ  and % ȟ ȟ

ᶻ  are the value at the reference 

temperatures of 25oC and 0oC for the SeapHOx and SeaFET V2 

sensors, respectively. % ȟ
ᶻ Ô is the value at in situ 

temperature for both sensor models. 

 

ἏἓἚἢ
ᶻ  Calibration constant specific to the internal Ag/AgCl reference 

for the SeapHOx sensors. % ȟ
ᶻ  is the value at the 25oC 

reference temperature and %ᶻ Ô is the value at in situ 

temperature. 
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ἏἠἏἐ
ἷ    Electrode standard potential for the Cl-ISE. 

 

ExpDS2P  Single Two-Parameter Exponential Decay function. 

 

ExpDS3P  Single Three-Parameter Exponential Decay function. 

 

ExpRTM S3P Singe Three-Parameter Exponential Rise To a Maximum 

function. 

 

F   Faraday Constant; 96485 C mol-1. 

 

ἒἍἴἢ or ἒ Ἅἴ Combined ion activity coefficient for Hydrogen Chloride (HCl) 

on a molality (mol (kg-H2O)-1 where H2O is pure water) basis. 

 

ἱ  Ion activity coefficient on a molality (mol (kg-H2O)-1 where 

H2O is pure water) basis. ɾ  and ɾ  are the ion activity 

coefficients of hydrogen and chloride on a molality (mol (kg-

H2O)-1) basis, respectively.  

 

 ἱ Ion activity coefficient on a molinity (mol (kg-soln)-1) 

basis. ɾ  and ɾ  are the ion activity coefficients of hydrogen 

and chloride on a molinity (mol (kg-soln)-1) basis, respectively.

  

GOA-ON  Global Ocean Acidification Observing Network. 

 

GPH   Gallons per hour. 

 

h   Hour. 

 

H   Height. 

 

ISFET    Ion-sensitive field effect transistor. 

 

ἱ  Molinity  concentration in units of mol (kg-soln)-1. ʆ  and ʆ  

are the molinities of hydrogen and chloride, respectively.  

 

ἳ  Temperature-independent calibration constant (or standard 

potential offset) at the 0oC reference temperature for the 

engineering nomenclature associated with the SeaFET V2 

sensors. Ë  and Ë  are the values specific to the internal 

Ag/AgCl reference and Cl-ISE, respectively at 0oC.  
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ἳ  Temperature-dependent calibration constant (or temperature 

slope coefficient) for the engineering nomenclature associated 

with the SeaFET V2 sensors. Ë  and Ë  are the values 

for the internal Ag/AgCl reference and Cl-ISE, respectively. 

 

ἕἡ   Bisulfate (3/ dissociation constant. 

 

L    Length. 

 

ἵἱ  Molality concentration in units of mol (kg-H2O)-1 where H2O is 

pure water. Í  and Í  are the molalities of hydrogen and 

chloride, respectively. 

 

mCP Purified meta-Cresol Purple indicator dye. 

 

pCO2 Partial pressure of carbon dioxide. 

 

ἸἒἮἺἭἭ   pH on the free scale. 

 

ἸἒἼἷἼἩἴ   pH on the total scale. 

 

ἸἒἼἷἼἩἴ
ἬἱἻἫ Discrete water sample Ð(  corrected from 25oC to in situ 

temperature. 

 

ἸἒἏἦἢ Non-descript pH calculated using the Cl-ISE as the reference 

electrode. 

 

ἸἒἏἦἢȟἍἍ Non-descript pH calculated using the Cl-ISE as the reference 

electrode using the complete cell reaction approach. 

 

ἸἒἮἺἭἭ
ἏἦἢȟἍἍ

 pH on the free scale calculated using the Cl-ISE as the reference 

electrode using the complete cell reaction approach. 

 

ἸἒἏἦἢȟἒἍ Non-descript pH calculated using the Cl-ISE as the reference 

electrode using the half-cell reaction approach. 

 

ἸἒἓἚἢ Non-descript pH measured using the internal Ag/AgCl 

reference. 

 

ἸἒἼἷἼἩἴ
ἭἴἭἫ Sensor-measured pH on the total scale. Superscript óelecô is 

replaced by óEXT,CCô, óEXT,HCô, or óINTô for each pH 

timeseries. 
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ἸἒἼἷἼἩἴȟἽἶἫἷἺἺ
ἭἴἭἫ  Uncorrected sensor-measured pH on the total scale. Superscript 

óelecô is replaced by óEXT,CCô, óEXT,HCô, or óINTô for each 

pH timeseries. 

 

ἸἒἼἷἼἩἴȟἫἷἺἺ
ἭἴἭἫ  Corrected sensor-measured pH on the total scale. Superscript 

óelecô is replaced by óEXT,CCô, óEXT,HCô, or óINTô for each 

pH timeseries. 

 

ЎἸἒἼἷἼἩἴ
ἬἱἻἫἭἴἭἫ Bottle pH anomalies between Ð(  and Ð(  at the same 

timestamp. Superscript óelecô is replaced by óEXT,CCô, 

óEXT,HCô, or óINTô for each pH timeseries. 

 

ЎἸἒἼἷἼἩἴȟἽἶἫἷἺἺ
ἬἱἻἫἭἴἭἫ Uncorrected bottle pH anomalies between Ð(  and Ð(  at 

the same timestamp. Superscript óelecô is replaced by 

óEXT,CCô, óEXT,HCô, or óINTô for each pH timeseries. 

 

ЎἸἒἼἷἼἩἴȟἭὀἸ
ἬἱἻἫἭἴἭἫ Values of the exponential pH correction term applied to values 

of Ð( ȟ  to calculate Ð( ȟ  for a specific pH 

timeseries. Superscript óelecô is replaced by óEXT,CCô, 

óEXT,HCô, or óINTô for each pH timeseries. 

 

ЎἸἒἼἷἼἩἴȟἫἷἺἺ
ἬἱἻἫἭἴἭἫ Corrected bottle pH anomalies between Ð(  and Ð(  at 

the same timestamp. Superscript óelecô is replaced by 

óEXT,CCô, óEXT,HCô, or óINTô for each pH timeseries. 

 

ЎἸἒἼἷἼἩἴ
ἭἴἭἫἭἴἭἫ Electrode pH anomalies between two different Ð(  at the 

same timestamp. The two superscript óelecô are replaced by a 

combination of óEXT,CCô, óEXT,HCô, and óINTô for each pH 

timeseries. 

 

ЎἸἒἼἷἼἩἴȟἽἶἫἷἺἺ
ἭἴἭἫἭἴἭἫ Uncorrected Electrode pH anomalies between two different 

Ð(  at the same timestamp. The two superscript óelecô are 

replaced by a combination of óEXT,CCô, óEXT,HCô, and óINTô 

for each pH timeseries. 

 

ЎἸἒἼἷἼἩἴȟἫἷἺἺ
ἭἴἭἫἭἴἭἫ Corrected Electrode pH anomalies between two different 

Ð(  at the same timestamp. The two superscript óelecô are 

replaced by a combination of óEXT,CCô, óEXT,HCô, and óINTô 

for each pH timeseries. 
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ЎἸἒἼἷἼἩἴ
ἬἱἻἫἭἴἭἫἬἱἻἫἭἴἭἫ

 Anomaly between two values of two different 

ЎÐ( ȟ  anomalies at the same timestamp. 

Superscript óelec1ô and óelec2ô are replaced by a 

combination of óEXT,CCô, óEXT,HCô, and óINTô for 

each pH timeseries. An added subscript ñuncorrô or 

ócorrô further specifies uncorrected and corrected, 

respectively, anomalies. 

 

Q pH uncertainty of the discrete water samples propagated in 

quadrature. 

 

R   Gas Constant; 8.3145 J mol-1K-1. 

 

SF2289/SF2293 SeaFET V2 sensor S/Ns used to identify the sensors. 

 

ἵ ἫἺἭἻἷἴ Analytical standard deviation for the uncertainty from the 

purified mCP dye. 

 

ἌἷἼἼἴἭ ἠἭἸἴἱἫἩἼἭἻ  Analytical standard deviation for the uncertainty from the 

spectrophotometric Ð(  bottle replicates. 

 

ἼἱἼἺἩἼἷἺ Analytical standard deviation for the uncertainty from the TA 

titrator performance. 

 

ἍἛ ἡἧἡ ἍἷἶἻἼἩἶἼἻ Analytical standard deviation for the uncertainty from CO2SYS 

constants. 

 

Salinity Refers to salinity on the Practical Salinity Scale. 

 

ἡἚἭἺἶἻἼ   Nernst slope. 

 

ἡἛ
ἼἷἼἩἴ

  Total concentration of sulfate (3/ ) in solution. 

 

SP033/SP053  SeapHOx sensor S/Ns used to identify the sensors. 

 

SW   Seawater. 

 

t   Temperature in degrees Celsius. 

 

T   Temperature in Kelvin. 
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TA    Total Alkalinity in µmol kg-1. 

 

UW   Underway. 

 

ἤἏἦἢ ἠἏἐ Voltage measured between the Cl-ISE and ISFET for the 

SeaFET V2 sensors. Same as %  for the SeapHOx sensors. 

 

ἤἓἚἢ ἠἏἐ  Voltage measured between the internal Ag/AgCl reference and 

ISFET for the SeaFET V2 sensors. Same as %  for the 

SeapHOx sensors. 

 

ἤἺἻ Non-descript reference-source voltage for the engineering 

nomenclature associated with the SeaFET V2 sensors. 

 

W   Width. 

4.2 Introduction  

Autonomous biogeochemical sensors are a foundational component of 

contemporary studies of marine carbonate chemistry and ocean acidification (Martz et 

al., 2010; Nehir et al., 2022). Moreover, since pH is the ñmasterò variable in aquatic 

systems (Stumm and Morgan, 1996), autonomous pH measurements are especially 

valuable for scientists and environmental and natural resource managers to help 

distinguish between long-term trends and natural variability and identify controlling 

processes in marine, coastal, and estuarine systems (Gonski et al., 2023; Sastri et al., 

2019). In recent years, autonomous pH sensors that incorporate the Honeywell Durafet 

Ion-Sensitive Field Effect Transistor (ISFET) technology (Martz et al., 2010; 

Bresnahan et al., 2014) have become keystone sensors for these purposes.  

Commercial versions of these sensors (e.g., SeaFET and SeapHOx, Sea-Bird 

Scientific, Bellevue, WA, USA) calculate and report a pair of pH values using the 

chloride (Cl-)-sensitive internal (Ag/AgCl reference - Ð( ) and post-factory added 

external (solid-state chloride ion-selective electrode, Cl-ISE - Ð( ) reference 
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electrodes and the ISFET as the hydrogen ion (H+)-sensitive measuring electrode. 

Ð(  measurement using the Cl-ISE as the reference electrode can be carried out 

using the complete cell reaction approach described in section 3.3.1 (and by Martz et 

al. (2010)) which combines the electrochemical response of the Cl-ISE and ISFET to 

hydrogen chloride (HCl). It requires pH calculation and sensor calibration to be 

performed on the free scale in molality units (mol (kg-H2O)-1 where H2O is pure 

water) before converting pH to the total scale in molinity units (mol (kg-soln)-1) during 

data processing (Bresnahan et al., 2014). On the other hand, Ð(  can also be 

calculated using a half-cell reaction approach (described in sections 3.3.2.1-3.3.2.4 in 

Chapter 3) where the response of the Cl-ISE to Cl- and the ISFET to H+ are split out 

and isolated. Ultimately, this enables pH calculation and sensor calibration to be 

performed on the total scale in molinity units without the need for interconversions 

between pH scales or concentration units (Gonski et al., 2024). 

In addition to their utilization in fixed-point applications (e.g., Duke et al. 

(2021) and Miller and Kelley (2021)), this technology has been configured and 

adapted for water-column profiling applications using the Deep-Sea Durafet (Johnson 

et al., 2016) and for use with Slocum (Saba et al., 2019; Thompson et al., 2021) and 

Spray underwater gliders (Takeshita et al., 2021) and autonomous surface vehicles 

such as Saildrones (Sabine et al., 2020). The Durafetôs rapid response time (Long, 

2021; Martz et al., 2010), consistent linear response with temperature (Takeshita et al., 

2014), and good signal stability with low noise effects (Martz et al., 2010; Sandifer 

and Voycheck, 1999) make it the ideal incubator for innovation around autonomous 

pH sensor measurement in the Ocean Observation space. 
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 Active innovation around the Honeywell Durafet ISFET technology has 

already enabled scientists and environmental and natural resource managers to 

maximize the spatial, temporal, and vertical extent of autonomous pH measurement in 

the global ocean. Despite these advancements, there is a growing evidence that the fast 

response and excellent accuracy that characterize performance of Durafet-based 

sensors in high-salinity (salinity > 30) oceanic environments with narrow salinity 

ranges (e.g., Bresnahan et al., 2014 and Kapsenberg and Hofmann (2016)) may not 

extend to nearshore waters with wide ranges and rates of change in salinity typical of 

estuaries and the coastal ocean (Fritzsche et al., 2018; Gonski et al, 2018; 2023; Miller 

et al., 2018; Velo and Padin, 2022). Such evidence includes dynamic errors in 

reference electrode response (Gonski et al., 2023) and large anomalies between Ð(  

and Ð(  after sensor calibration (Gonski et al., 2018; 2023), between pH measured 

with Durafet-based sensors and other co-located redundant pH sensors (Fritzsche et 

al., 2018), and between sensor-measured and discrete sample pH (Velo and Padin, 

2022) (on the order of > 0.1 pH for all anomalies). 

However, these data and results originate from in situ field deployments of 

Durafet-based sensors in nearshore waters where the quality of the pH data collected is 

directly related to the skill and expertise of the sensor operators (McLaughlin et al., 

2017). Further, the collection of discrete samples to validate sensor performance over 

a suitable range of environmental conditions is logistically challenging in these 

settings and demands substantial resources and staff-time (Rivest et al., 2016). Even 

more, these sensor validation samples can also carry large intrinsic pH uncertainty on 

their own (Khalsa et al., 2021; Miller and Kelley, 2021; Miller et al., 2021). 

Accordingly, overreliance on in situ evaluations of sensor performance and electrode 
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response in real nearshore waters has only captured snapshots rather than the full 

extent of these electrode response issues. 

The notable absence of work examining electrode response over large rapid 

salinity changes in controlled laboratory settings further encumbers our understanding 

of electrode response in real nearshore waters. Bagshaw et al. (2021) verified the 

response and performance of standalone Durafet-units at low temperatures and low 

ionic strengths between -15 and +10oC and 0.7 and 40 mmol L-1, respectively, 

representative of glacial meltwaters. Takeshita et al. (2014) verified response of both 

reference electrodes at salinities between 20 and 35 using TRIS Buffers. In test tanks, 

Bresnahan et al. (2014) verified proper electrode response while diluting salinity from 

35.9 to 30.1 over a 14-day period using freshwater. Shangguan et al. (2022) also 

verified proper electrode response when diluting salinity from 33.48 to 30.11 over a 4 

h period using deionized water in a test tank and then monitoring electrode response 

for 24 hours. The limited range and slow rate of change in these test tank salinity 

dilutions provides limited insight into how Durafet-based sensors respond and perform 

in real estuarine and coastal systems where salinity can change as much as 11 units 

over 30-minute periods between sensor measurements (Gonski et al., 2023). Even 

more, in nearshore systems, salinity decreases on the ebb tide but also increases on the 

subsequent flood tide; the latter of which has yet to be incorporated into tank test 

assessments conducted to date. 

Hence, there is a clear need to assess dynamic electrode response and sensor 

performance of Durafet-based sensors over wide ranges of and rates of change in 

salinity under controlled conditions in a test tank to: (a) reproduce and validate 

electrode response issues described and documented during in situ field deployments 
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of these sensors in dynamic nearshore waters and (b) develop a framework to begin to 

address and correct for these issues in future work. Here, we report our assessment of 

dynamic electrode response and evaluation of the performance of two SeapHOx 

sensors (originally designed and assembled by Todd R. Martz of Scripps Institution of 

Oceanography, La Jolla, CA, USA) and two SeaFET V2 sensors (designed and 

assembled by Sea-Bird Scientific, Bellevue, WA, USA). over a six-day period in a test 

tank in June 2022. pH, temperature, and salinity varied between 6.9 and 8.1, 21o and 

32oC, and 1 and 31, respectively, during this work. To further examine the suitability 

for the Cl-ISE for pH measurement as the reference electrode, we also calculate 

Ð(  using both the complete cell and half-cell reaction approaches. Finally, we 

outline and apply an approach to correct dynamic errors in electrode response that 

occurred over large rapid salinity changes in the pH domain that can be improved and 

refined as more work is undertaken in the future. 

4.3 pH Calculation 

The Honeywell Durafet and its integrated reference electrodes calculate and 

report a pair of pH values: Ð(  (Ag/AgCl reference electrode contains a saturated 

KCl gel and liquid junction) and Ð(  (AgCl solid-state chloride ion-selective 

electrode, Cl-ISE) (Martz et al., 2010).  

4.3.1 SeapHOx Sensors 

The SeapHOx sensors (SP033 and SP053) used in this work were originally 

assembled and tested by Todd R. Martz of Scripps Institution of Oceanography. 

Therefore, the equations that describe the sensorsô operating principle follow to the %ᶻ 

nomenclature and employ a reference temperature of 25oC (Bresnahan et al., 2014; 
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Martz et al., 2010). Using the %ᶻ nomenclature, the Nernst equation is used to relate 

pH and voltage via:  

% %ᶻ
24

&
ÌÎρπØÌÏÇÁÁ ȟ τȢρ 

where E is the measured voltage, E* is the reference potential (instead referred to as a 

calibration constant), R is the universal gas constant (8.3145 J mol-1K-1), F is the 

Faraday constant (96485 C mol-1), 4 is temperature in Kelvin, and ai is the activity of 

hydrogen (H+) or chloride (Cl-). The ÌÏÇÁÁ  term can be simplified further to 

isolate and calculate pH (or Í ): 

ÌÏÇÁÁ ÌÏÇɾɾ ÌÏÇÍ Í ÌÏÇɾɾÍ Ð(ȟ τȢς 

where ɔi or mi is activity coefficient or molality, respectively, or either H+ or Cl- 

(Bresnahan et al., 2014; Martz et al., 2010). 

Equations for Ð(  calculation on the total scale in molinity units (mol (kg-

soln)-1) using the internal Ag/AgCl reference electrode (hereafter referred to Ð( ) 

are discussed in section 2.3.1.1 and described in more detail in Bresnahan et al. (2014) 

and Martz et al. (2010).  For Ð(  calculation, a constant Ὠ%ᶻ Ὠ4ÅÍÐϳ  of -1.101 

mV oC-1 is used to correct data between the reference temperature of 25oC and in situ 

temperature for both SeapHOx sensors, SP033 and SP053, used in this work.  

Equations for Ð(  calculation using the Cl-ISE as the reference electrode 

via the half-cell reaction approach on the total scale in molinity units (mol (kg-soln)-1) 

(hereafter referred to as Ð( ȟ
) are discussed in sections 3.3.2.1-3.3.2.4 and in 

Gonski et al. (2024).  For Ð( ȟ
 calculation, experimental Ὠ% ȟ

ᶻ Ὠ4ÅÍÐϳ  equal 

to 0.9124 mV oC-1 and -0.9289 mV oC-1 for SP033 and SP053, respectively, were used 

to correct data between the reference of 25oC and in situ temperature (discussed 

further in section 3.6.2.1.1). 
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Ð(  calculation using the Cl-ISE as the reference electrode via the complete 

cell reaction approach is carried out on the free scale (hereafter referred to Ð( ȟ
) 

in molality units (mol (kg-H2O)-1). Ð( ȟ
 is then converted to the total scale 

(hereafter referred to as Ð( ȟ
) in molinity units (mol (kg-soln)-1) during data 

processing. Equations for the aggregate Ð( ȟ
 calculation are discussed in section 

3.3.1 and described in greater detail in Bresnahan et al. (2014) and Martz et al. (2010). 

For Ð( ȟ
 calculation, a constant Ὠ%ᶻ Ὠ4ÅÍÐϳ  of -1.048 mV oC-1 is used to 

correct data between the reference temperature of 25oC and in situ temperature for 

both SP033 and SP053 (Bresnahan et al., 2014). 

4.3.2 SeaFET V2 Sensors 

Beginning with Johnson et al. (2016), the operating principles of the Durafet-

based biogeochemical sensors transitioned to engineering nomenclature that employs a 

reference temperature of 0oC. Equations for pH calculation using the SeaFET V2 

sensors (designed and assembled by Sea-Bird Scientific, Bellevue, WA, USA) adhere 

to the engineering nomenclature and follow those presented in Bresnahan et al. 

(2021).  

Using engineering nomenclature, the Nernst equation is used to relate pH to 

voltage and follows the general form: 

6 Ë Ë Ôz
24

&
ÌÎρπ ÌÏÇÁÁ ȟ τȢσ 

where 6  is the reference-source voltage, Ë is the temperature-independent 

calibration constant, Ë is the temperature-dependent calibration constant, and Ô is the 

temperature in Celsius while all other values are the same as those expressed in 

equation 4.1. When using engineering nomenclature, 6  replaces E and the quantity, 
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Ë Ë Ôz , replaces E* where Ë is the value of E* at 0oC, Ë is Ὠ%ᶻ Ὠ4ÅÍÐϳ  

or Ὠ%ᶻ Ὠ4ÅÍÐϳ  which both have a linear temperature dependence where 

temperature is in degrees Celsius (Bresnahan et al., 2021). The ÌÏÇÁÁ  term in 

equation 4.3 can be simplified according to equation 4.2. 

4.3.2.1 ἸἒἼἷἼἩἴ
ἓἚἢ Calculation 

For SeaFET V2 sensors (SF2289 and SF2293), Ð(  in molinity units (mol 

(kg-soln)-1) is calculated via: 

Ð(
6  Ë Ë Ôz

3
ȟ τȢτ 

where 6   is the raw voltage measured with the internal (Ag/AgCl) reference 

electrode, Ë  is the standard potential offset (or the Ë term from equation 4.3) for 

the internal reference electrode, Ë  is the temperature slope coefficient (or the Ë 

term from equation 4.3) for the internal reference electrode, and t is temperature in 

degrees Celsius. 3  is the Nernst slope and is calculated via: 

3
2z 4z ÌÎρπ

&
ȟ τȢυ 

where all parameters correspond to those defined in equation 4.1 (Sea-Bird Scientific, 

2019). For further discussion, please see Sea-Bird Scientific (2019). Sea-Bird 

Scientific evaluates and provides independent values of Ë  for each Durafet-based 

pH sensor it manufactures; equal to -1.047354 mV oC-1 and -1.027122 mV oC-1 for the 

SeaFET V2 sensors SF2289 and SF2293, respectively, used in this work. Potential 

electrode response issues related to liquid junction potentials and thermal lags in the 

internal saturated KCl reference gel of the internal Ag/AgCl reference discussed in 

section 2.3.1.1 remain broadly applicable to the SeaFET V2 sensors. 
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4.3.2.2 ἸἒἼἷἼἩἴ
ἏἦἢȟἍἍ

 Calculation 

For SeaFET V2 sensors (SF2289 and SF2293), Ð( ȟ
 follows the same 

sequence described in section 3.3.1. First, Ð( ȟ
 in molality units (mol (kg-H2O)-1) 

is calculated via: 

Ð( ȟ ÍÏÌ ËÇ(/

6  Ë Ë Ôz

3
ÌÏÇ#Ì ςz ÌÏÇɾ ȟ τȢφ

 

where 6   is the raw voltage measured with the external (Cl-ISE) reference 

electrode, Ë  is the standard potential offset (or the Ë term from equation 4.3) for 

the external reference electrode, Ë  is the temperature slope coefficient (or the Ë 

term from equation 4.3) for the external reference electrode, and t is temperature in 

degrees Celsius. 3  is the Nernst slope, #Ì is total chloride calculated following 

Dickson et al. (2007), and ɾ  is the ion activity coefficient of hydrogen chloride 

(HCl) calculated following Khoo et al. (1977). For further discussion, please see Sea-

Bird Scientific (2019). Sea-Bird Scientific evaluates and provides independent values 

of Ë  for each Durafet-based sensor it manufactures; equal to -0.9386411 mV oC-1 

and -0.9100722 mV oC-1 for SF2289 and SF2293, respectively. Then, Ð( ȟ
 is 

converted from molality (mol (kg-H2O)-1) to molinity (mol (kg-soln)-1) units and from 

the free to the total scale (Ð( ȟ
) using equations 3.4 and 3.5 respectively, 

discussed in section 3.3.1 (Sea-Bird Scientific, 2019). Potential Cl-ISE response issues 

due to deviations from seawater conservative [Cl-]-to-Salinity ratios and its cross-

sensitivity to interfering anions including bromide "Ò, iodide ) , sulfate 3/ , 

and sulfide 3  discussed in section 2.3.1.2 remain broadly applicable to the 

SeaFET V2 sensors. 
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4.3.2.3 ἸἒἼἷἼἩἴ
ἏἦἢȟἒἍ

 Calculation 

The theory and application of the half-cell reaction approach for Ð( ȟ
 

calculation using the Cl-ISE as the reference electrode are discussed in detail in 

sections 3.3.2.1-3.3.2.4. Ð( ȟ
 is calculated via: 

Ð( ȟ % % % ȟ
ᶻ

3
ȟ τȢχ 

where %  is the external reference electrode (or Cl-ISE) standard potential, %  is 

the voltage measured by the H+-measuring electrode (or ISFET), % ȟ
ᶻ  is the 

calibration constant specific to the half-cell reaction approach, and 3  is the 

Nernst slope. The chloride-dependence of Ð( ȟ
 in equation 4.7 is mathematically 

removed through the %  term from equation 3.11a in section 3.3.2.3. Therefore, 

Ð( ȟ
 is calculated directly on the total scale in molinity units (mol (kg-soln)-1) 

without the need for interconversion between pH scales or concentration units as is 

done for the complete cell reaction approach (Gonski et al., 2024). Since no equivalent 

terms for % , % , and % ȟ
ᶻ  currently exist in engineering nomenclature, we 

continue to use the %ᶻ nomenclature defined for the SeapHOx sensors for Ð( ȟ
 

calculation using the SeaFET V2 sensors. However, rather than using a reference 

temperature of 25oC as is done for the SeapHOx sensors, we instead, adopt a reference 

temperature of 0oC for Ð( ȟ
 using the SeaFET V2 sensors.    

Therefore, to correct data between the reference temperature of 0oC and in situ 

temperature, values of % ȟ
ᶻ  at in situ temperature (% ȟ

ᶻ Ô) calculated from 

Ð(  of discrete bottle samples corrected to in situ temperature Ð(  were 

regressed against in situ temperature to determine independent experimental Ὠ% ȟ
ᶻ Ⱦ

Ὠ4ÅÍÐ for each SeaFET V2 sensor. Using Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ for the SeaFET V2 
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sensors, values of % ȟ
ᶻ (t) were corrected from in situ temperature to 0oC (% ȟ ȟ

ᶻ ) 

via: 

% ȟ ȟ
ᶻ % ȟ

ᶻ Ô π# % ȟ
ᶻ Ô

Ὠ% ȟ
ᶻ

Ὠ4ÅÍÐ
π# Ô Ȣ τȢψ 

Then, a final value of % ȟ ȟ
ᶻ  was calculated using the discrete samples and is 

applied retroactively to Ð( ȟ
. Afterwards, the final % ȟ ȟ

ᶻ  was corrected back 

to in situ temperature associated with each Ð( ȟ
 measurement to report Ð( ȟ

 

at in situ temperature Ð( ȟ Ô via: 

Ð( ȟ Ô

% % % ȟ ȟ
ᶻ Ὠ% ȟ

ᶻ

Ὠ4ÅÍÐ
Ô π#

3
Ȣ τȢω

 

Equations 4.8 and 4.9 follow those of a similar form to equations 3.33 and 3.34 in 

section 3.3.2.4. % ȟ ȟ
ᶻ  and 

ȟ
ᶻ

 are similar to Ë and Ë, respectively. 

4.4 Materials 

4.4.1 Test Tanks 

Two 335-gallon rectangular fiberglass tanks (L x W x H = 36ò x 36ò x 60ò) 

were used (hereafter referred to as Tank 1 and Tank 2). The tanks were located in the 

Smith Laboratory Greenhouse on the University of Delawareôs Hugh R. Sharp 

Campus (Lewes, DE, USA). Tank 1 used with two submersible pumps capable of 

mixing waters at a rate of 1200 gallons per hour (GPH) to keep the waters well-mixed. 

Tank 1 was used to decrease and increase salinity using deionized (DI) water and 

seawater (SW), respectively, provided by the University of Delaware. SW was 

collected by the University of Delaware from a nearby coastal site (salinity 30.86). 
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Tank 2 housed the lowest salinity treatment that was prepared by mixing DI water and 

SW at an appropriate ratio to produce a final salinity of ~1.3-1.4. Tank 2 used one 

submersible pump capable of mixing waters at 700 GPH to keep its water well-mixed. 

DI water was also added as necessary over time to counter evaporation and maintain 

an approximate 30.5ò water level in Tank 2. 

4.4.2 Instrumentation 

Two SeapHOx sensors (SP033 and SP053) (designed and assembled by Todd 

R. Martz of Scripps Institution of Oceanography (La Jolla, CA, USA)) were used. The 

SeapHOx sensor package is comprised of sensors for pH (Honeywell Durafet), 

dissolved oxygen (Aanderaa Data Instruments 4835 Optode), and temperature and 

salinity (reported on the Practical Salinity Scale, PSS-78) (Sea-Bird Electronics 

Conductivity-Temperature Sensor ï SBE37), that are plumbed into a single flow path 

that is flushed by a Sea-Bird Electronics (SBE) 5M submersible pump (Bresnahan et 

al., 2014). Thus, the SeapHOx is an actively flushed sensor.  

SP033 and SP053 were equipped and programmed identically with 30-minute 

sample intervals to measure on the hour and half-hour and 65 second pump times. 

Pump times were systematically increased to facilitate a complete flushing of the flow 

housing over individual sampling cycles as salinity and pH changed. SP033 and 

SP053 were also programmed with 20-pH sample averages where the average of 20 

voltage measurements made over a 16-second measurement period is used for pH 

calculation. The SeapHOx sensor utilizes off-the-shelf Orion Cl-ISEs (S/N 9417BN); 

these are made by compressing AgCl with some !Ç3 into a solid pellet (Ross et al., 

1971). Visual inspection of the Cl-ISE surfaces before and after the tank tests 

indicated no abrasions, discoloration, or leakage. SP033 and SP053 were deployed 
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vertically and upright in the tanks and were also bolted together to prevent them from 

falling over due to the weight of their SBE37 conductivity-temperature sensors.  

Two SeaFET V2 sensors (SF2289 and SF2293) (designed and assembled by 

Sea-Bird Scientific (Bellevue, WA, USA)) were also used. The SeaFET V2 sensor 

measures and reports Ð(  and Ð(  together with temperature using the Durafetôs 

internal thermistor. Because of this, an external co-located salinity measurement is 

needed to calculate Ð( measured with the Cl-ISE (Miller et al., 2018). Moreover, 

since the Durafetôs internal thermistor is only accurate to between 0.2o and 0.5oC (Fox 

et al., 2019; Bresnahan et al., 2014), Sensor Best Practices recommend that sensor 

users calculate pH for SeaFET V2 sensors using a more robust external co-located 

temperature measurement, if available (Bresnahan et al., 2014; Miller et al., 2018). 

Here, an external pump was not used to flush and renew the water inside the SeaFET 

V2 sensor flow housing where the electrodes are located. Instead, the SeaFET V2 

sensors were equipped with SeaFET Biofouling Guards (Sea-Bird Scientific Part No. 

ASY-PHS-00008) that were placed over the electrodes; holes along the circular wall 

of a biofouling guard permit surrounding waters to passively flush back and forth 

through it over time.  

SF2289 and SF2293 were programmed identically to measure every 30 

minutes on the hour and half-hour synchronous with SP033 and SP053. In contrast to 

the SeapHOx sensors, sensor users cannot customize deployment parameters like pH 

sample averages or measurement periods for the SeaFET V2 sensors. After testing, it 

was discovered that the SeaFET V2 sensors employ a factory-set voltage measurement 

sequence where the final of four voltage measurements recorded over a 0.5-second 

measurement period is used for pH calculation. The Cl-ISEs used in the SeaFET V2 
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sensors are prepared from AgCl pellets sourced from the Van London, Co. (Houston, 

TX, USA) that also contain small amounts of !Ç3. Cl-ISE preparation is performed 

in-house at Sea-Bird Scientific (Bellevue, WA, USA) and broadly follows the 

procedure described in Johnson et al. (2016) (Charles Branham of Sea-Bird Scientific, 

Personal Communication, Oct 2023). Visual inspection of the Cl-ISE surfaces before 

and after the tank tests indicated no abrasions, discoloration, or leakage. SF2289 and 

SF2293 were always deployed horizontally in a white Delrin sensor rack with the 

Honeywell Durafetsô sensing windows facing up. SF2289 and SF2293 were deployed 

horizontally so their electrodes were at the same approximate depth of the flow path 

intakes of SP033/SP053 and of the submersible pump used to collect sensor validation 

samples in the tanks. The sensors and test tank setup are shown in Figure 4.1. 

4.5 Procedures 

4.5.1 Salinity Cycling 

Over a six-day period between 12 June 2022 and 17 June 2022, salinity and pH 

decreased and increased between 1 and 31 and 6.9 and 8.1, respectively. The tank tests 

were designed to simulate the range of environmental conditions observed during tidal 

mixing in the Murderkill Estuary-Delaware Bay System (Bowers, DE, USA) 

(described by Gonski et al. (2018; 2023) and Pettay et al. (2020)). To do this, a single 

salinity change was simulated via dilution using DI water or concentration using 

seawater between the 30-minute sampling intervals of the sensor. Then, all four 

sensors were allowed to equilibrate and respond to the new salinity for ~24 hours. 

Prior to testing, all four sensors underwent continuous conditioning using a 4 h 

sampling interval in seawater in Tank 1 (salinity between 30 and 33) for four weeks. 



 

 

 
 

Figure 4.1: Setup of Tank 1 where salinity dilution and concentration using deionized water and seawater, respectively, 

took place. SeapHOx sensors SP033 and SP053, SeaFET V2 sensors SF2289 and SF2293, pumps used to mix 

tank waters, water sampling line, and the underway partial pressure of carbon dioxide (CO2) (pCO2) system 

intake are labeled and identified using orange arrows. The setup in Tank 2 was identical but it only 

incorporated a single pump to keep waters in the tank mixed. 

1
3
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The salinity cycling experiments are described in detail in section 3.5.1. To 

change salinity (and pH), an approximate volume of water in the tank was drained and 

then replaced with DI water or SW to decrease or increase salinity, respectively. DI 

water was collected and stored in 50-gallon cylindrical Nalgene drums ahead of time 

and delivered to Tank 1 using a Rule 1100 GPH Marine Bilge Pump. On the other 

hand, SW was delivered from a direct line connected to the seawater holding tanks on 

campus. DI water or SW was added to the tanks each day as necessary to restore a 

~30.5ò water level before salinity cycling to replace water lost due to discrete sample 

collection and evaporation. This leads to salinity differences at the end of one day and 

the beginning of the next day. Tables 4.1 and 4.2 summarize the salinity cycling 

experiments. 

Since large salinity changes were performed, finite control over the volume of 

water to drain to decrease or increase salinity in Tank 1 was unnecessary if the sensors 

remained fully submersed when measuring. However, the approximate salinity in 

Tank 1 was monitored in real time using a flow-through thermosalinograph (SBE45 

MicroTSG Thermosalinograph, Sea-Bird Scientific) integrated with an Apollo 

SciTech AS-P3 underway (UW) pCO2 system during salinity cycling. Besides 

temperature and salinity measured by the flow-through SBE45 MicroTSG 

Thermosalinograph, the underway data will not be discussed further. Finite 

temperature manipulation was beyond the scope of the available resources, so all work 

was performed at ambient temperatures which were monitored and recorded by the 

SBE45 MicroTSG Thermosalinograph when the underway pCO2 system was 

operational.



 

 

Table 4.1: Summary of the tank test stages and six-hour monitoring periods proceeding salinity changes on Days 1-6 of 

the tank tests. 

Tank Test Stage Start of Stage End of Stage Hour 0 Hour 6 

Pre-Cycling 6/11/2022 20:00 6/12/2022 10:30 NA NA 

Day 1 6/12/2022 11:00 6/13/2022 11:00 6/12/2022 11:00 6/12/2022 17:00 

Day 2 6/13/2022 11:30 6/14/2022 09:30 6/13/2022 12:00 6/13/2022 18:00 

Day 3 6/14/2022 10:00 6/15/2022 10:00 6/14/2022 10:30 6/14/2022 16:30 

Day 4 6/15/2022 10:30 6/16/2022 10:30 6/15/2022 10:30 6/15/2022 16:30 

Day 5 6/16/2022 11:00 6/17/2022 10:00 6/16/2022 11:00 6/16/2022 17:00 

Day 6 6/17/2022 10:30 6/18/2022 10:30 6/17/2022 11:00 6/17/2022 17:00 

Post-Cycling 6/18/2022 11:00 6/20/2022 08:30 NA NA 
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Table 4.2: Summary of the salinity cycling experiments undertaken between 12 June 2022 and 17 June 2022. Pre-cycling 

preceded the salinity cycling experiments on 11 June 2022 and post-cycling proceeded the salinity cycling 

experiments between 18 and 20 June 2022. Salinities reached > 29.5 during the post-cycling stage prior to 

sensor recovery. 

Date Day Tank 
Salinity 

Change 

1o Salinity 

Change 

2o Salinity 

Change 
Comments 

12 June 2022 1 1 Two-Stage 
30.86 to 

19.68 

19.68 to 

18.66 

Salinity decreased 

using DI water 

13 June 2022 2 1 Two-Stage 
19.66 to 

11.03 

11.03 to 

9.60 

Salinity decreased 

using DI water 

14 June 2022 3 2 One-Stage 
9.66 to 

1.38 
NA 

Sensors switched 

between Tank 1 and 

Tank 2 

15 June 2022 4 1 One-Stage 
1.39 to 

12.05 
NA 

Sensors switched 

between Tank 2 and 

Tank 1 

16 June 2022 5 1 One-Stage 
12.13 to 

21.60 
NA 

Salinity increased 

using SW (salinity 

30.86, pH 7.88) 

17 June 2022 6 1 Two-Stage 
21.68 to 

27.81 

27.81 to 

28.65 

Salinity increased 

using SW (salinity 

30.86, pH 7.94) 
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4.5.2 Discrete Sampling Approach 

To monitor and validate sensor response, discrete water samples were collected 

from the tanks over the first six hours following salinity dilution and concentration on 

Days 1-3 and Days 4-6, respectively, coincident with sensor measurements. Discrete 

water samples were collected unfiltered to conserve water in the tanks and reduce 

collection times. Separate samples for total dissolved inorganic carbon (DIC) and total 

alkalinity (TA) and Ð(  were collected using a submersible pump positioned at the 

approximate depth of the SeapHOx intake and the position of the electrodes in the 

horizontally oriented SeaFET V2 sensors. Discrete water samples were collected by 

bottom-filling into triple-rinsed 250-mL borosilicate glass bottles. During sample 

collection, samples were overflowed for at least once their volume to minimize contact 

with the atmosphere. After collection, samples were fixed with 50 µL of saturated 

mercuric chloride solution (HgCl2) and stored dark at ~4oC and were then analyzed 

within five days of collection. Salinity (on the Practical Salinity Scale) was also 

measured independently on each DIC/TA and Ð(  sample.  

Discrete water samples were collected ahead of each salinity change to capture 

the initial condition and then every 30 minutes between Hours 0 and 3 and every 60 

minutes between Hours 4 and 6. On Days 1-2 and 5-6, duplicate samples were 

collected when collecting initial condition samples and then during Hours 2, 4, and 6. 

On Days 3 and 4 when sensors were moved between tanks, duplicate samples were 

collected when collecting initial condition samples and then during Hours 0, 2, 4, and 

6. Summary statistics for the duplicate samples are given in Tables C.2 and C.3 in 

Appendix C. Hour 0 corresponds to the first sensor measurement after the full salinity 

change each day. Further discrete water samples were also collected at 22:30 on 18 
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June 2022 and 15:00 on 19 June 2022 during the post-cycling period. This sampling 

design produces 94 discrete waters for sensor validation. 

4.5.3 Analytical Methods 

Spectrophotometric Ð(  was measured using purified meta-cresol purple 

(mCP) indicator dye and an automated temperature-controlled system that included an 

Agilent 8453 UV-Vis Spectrophotometer with a 10-cm flow-through water-jacketed 

cuvette at 25oC (Carter et al., 2013; Liu et al., 2011). The dye perturbation was 

corrected by different salinity groups ï 0-10, 10-20, 20-30, and 30-35 - as discussed 

by Li et al. (2020). Spectrophotometric Ð(  was calculated using the mCP 

characterization equations from Müller and Rehder (2018) that are valid between 

salinities 0 and 40.  

TA was measured by Gran Titration (Gran, 1952) using a semiautomated 

open-cell titration system (AS-ALK2, Apollo SciTech) (Huang et al., 2012; Wang and 

Cai, 2004). TA measurements were calibrated against Certified Reference Materials 

(CRM, provided by A.G. Dickson from Scripps Institution of Oceanography) with a 

precision of ±2.0 µmol kg-1. For further discussion of the DIC analytical methods, 

please see section C.1 of Appendix C. Independent salinities of every 

spectrophotometric Ð(  and DIC/TA sample were measured on the Practical 

Salinity Scale with a Guildline Autosal 8400B Laboratory Salinometer with a 

precision of ±0.05. 

4.5.4 Sensor Calibration 

In nearshore waters, salinity and pH generally change between sensor 

measurements (e.g., every 30 minutes) due to tidal mixing, winds, spring/neap tides, 
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large storm events, and other region-specific processes. In nearshore systems, Sensor 

Best Practices dictate that an in situ or field calibration approach is employed. This 

involves collecting discrete water samples coincident with times of sensor 

measurements alongside a deployed sensor, and their pH is determined using 

established benchtop methods (Bresnahan et al., 2014; Hofmann et al., 2011). Then, 

using measured sensor voltages, in situ temperature, salinity, and the discrete sample 

pH corrected to in situ temperature, single calibration constants are calculated and 

retroactively applied to the raw sensor pH. By doing this, sensor users minimize the 

anomaly between the discrete sample pH and the sensor-measured pH (Bresnahan et 

al., 2014). However, the logistical challenges associated with collecting discrete water 

samples in nearshore waters for sensor calibration can lead to a substantial mismatch 

between the ranges of and rates of change in pH, temperature, and salinity integrated 

into sensor calibration schemes and analogous environmental ranges of the extant 

sensor-measured pH timeseries that gets calibrated. Ultimately, this limits a robust 

assessment of electrode response following large rapid salinity changes in nearshore 

waters using field data alone. 

Here, however, only single salinity (and pH) changes were performed each day 

under reasonably controlled conditions in a test tank and then the sensors were 

allowed to respond and equilibrate for ~24 hours while salinity remained constant. 

Since high-quality discrete water samples were collected in the six hours proceeding 

the salinity change each day, we employ a variation of the in situ or field calibration 

approach specific to our application that is designed to reconstruct and demonstrate 

any equilibration period that the electrodes underwent following salinity changes each 

day. To do this, the 80 total discrete water samples collected during the six hours 
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following salinity changes each day were used. Therefore, the discrete water samples 

collected preceding the salinity change each day to approximate initial conditions and 

the two discrete water samples collected during the post-cycling period will not be 

discussed further. Of the 80 discrete samples available for sensor calibration, two 

discrete samples were removed after data quality control. 

Discrete sample in situ Ð(  values Ð(  were derived using the 

MATLAB version of CO2SYS (v3.2.0; Sharp et al., 2020) with input parameters of 

salinity and in situ temperature, Ð( , and TA using the carbonic acid dissociation 

constants of Millero et al. (2006), the bisulfate dissociation constant of Dickson et al. 

(1990), and total boron from Uppström (1974). To calculate the calibration constants 

for SP033 and SP053 (described in section 4.3.1), temperature measured by the 

SBE37 conductivity-temperature sensors integrated with each sensor and salinity 

measured on the spectrophotometric Ð(  samples were used. To calculate the 

calibration constants for SF2289 and SF2293 (described in section 4.3.2), the average 

of the SBE37-measured temperatures from SP033 and SP053 at the same timestamp 

and salinity measured on the spectrophotometric Ð(  samples were used. To 

perform the sensor calibration, data from all four pH sensors were first partitioned by 

day according to salinity (e.g., Days 1-6). Then, data for each day were calibrated 

using the average calibration constant calculated from the duplicate Hour 6 discrete 

samples that were collected. This was done based on the assumption that the 

electrodes in each pH sensor had equilibrated to the new salinities in the tanks by then 

each day. This was confirmed by later analyses; please see sections 4.6.7.1.1-4.6.7.1.2 

and 4.6.7.2.1-4.6.7.2.2 for further discussion.  
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Afterward, pH calculation using the applied calibration constants for SP033 

and SP053 was performed using the coincident temperature and salinity measurements 

from each sensorôs integrated SBE37 conductivity-temperature sensor from the same 

timestamp. On the other hand, pH calculations using the applied calibration constants 

for SF2289 and SF2293 was performed using the average of the temperatures and the 

average of the salinities from the same timestamp measured by the SBE37 

temperature-conductivity sensors integrated with SP033 and SP053. This sensor 

calibration approach forces any anomalies between the discrete sample and sensor-

measured pH to approach zero (and the two pH to approach parity) by Hour 6 each 

day. All other discrete samples collected each day prior to Hour 6 were then used to 

reconstruct the electrodesô equilibration period to new salinities following the salinity 

change each day. Finally, because of the nature of our calibration approach, all 

subsequent analyses and discussions focus on electrode response and sensor 

performance within the six-hour sampling window following salinity changes each 

day rather than on each sensorôs extant tank test pH dataset.  

4.5.5 pH Uncertainty Propagation for Discrete Water Samples 

The accuracy and uncertainty of sensor-measured pH timeseries depends on 

reference and measuring electrode response, validation samples, and the skill and 

experience of the sensor operators (Miller et al., 2018). To provide context for the pH 

accuracy of the discrete bottle samples used as calibration and reference points for the 

sensor-measured Ð(  timeseries, we parameterized and assigned pH estimates to 

the different sources of uncertainty. Then, we adopted the approach from Khalsa et al. 

(2021) to calculate a propagated pH uncertainty for the discrete bottle samples where 

all sources of error are summed in quadrature via: 
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1 ʎ ʎ  ʎ ʎ  ȟ τȢρπ 

where Q is the propagated uncertainty and ʎ is the analytical standard deviation of 

the uncertainty from the purified mCP dye, Ð(  bottle replicates, total alkalinity 

(TA) titrator performance, and CO2SYS constants. Previous iterations of this 

approach are discussed in Miller and Kelley (2021) and Miller et al. (2021). 

Spectrophotometric pH measurement (using purified mCP) uncertainty was 

assessed through triplicate analytical replicates using TRIS buffer solutions in 

artificial seawater of salinity 35 (Batches #33 and #39, provided by A.G. Dickson of 

Scripps Institution of Oceanography). Spectrophotometric Ð(  analyses of the 

TRIS buffers made at 25oC with the purified mCP dye solution were within <±0.002 

pH; this was adopted as the purified mCP dye uncertainty for all samples. When 

conducting the spectrophotometric Ð(  analyses, each sample was scanned at least 

three times until three measurements with a calculated standard deviation of <0.001 

pH was yielded. This threshold of 0.001 pH was adopted as universal Ð(  bottle 

replicate uncertainty for all samples.  

Due to shortage of Certified Reference Materials (CRM) for TA analyses 

caused by the COVID-19 pandemic, secondary aged natural seawater standards 

preserved with mercuric chloride and calibrated against CRMs were used to verify the 

accuracy of the TA titrations. The hydrochloric acid used to perform all TA titrations, 

however, was still calibrated against CRMs. The TA titrator uncertainty compared the 

measured and known TA of the aged seawater standard TA (TA = 2278.56 ɛmol kg-1 

and Salinity = 33.7025). The maximum difference between the measured and known 

TA of the aged seawater standard was Ñ4.9 ɛmol kg-1.  
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The uncertainty term for the CO2SYS constants (discussed in section 4.5.4) 

came from the determination of in situ Ð(  using TA and spectrophotometric 

Ð(  at 25oC as input parameters in CO2SYS (v3.2.0; Sharp et al., 2020). It was 

determined using the error script in MATLAB v2022a that runs in tandem with 

CO2SYS and calculates the uncertainty associated with determining marine carbonate 

system parameters based on the specified input parameters (Orr et al., 2018). The 

uncertainty is outputted in terms of (  and recalculated as Ð(  uncertainty. 

4.5.6 pH Anomaly Calculations 

To help assess electrode response to new salinities using the calibration 

method described in section 4.5.4, two types of pH anomalies were used ï (1) bottle 

pH anomalies and (2) electrode pH anomalies. A bottle pH anomaly is the anomaly 

between the discrete sample pH corrected to in situ temperature (or Ð( ) and the 

pH measured by internal Ag/AgCl reference or the Cl-ISE as the #Ì-sensitive 

reference electrode with the ISFET as the ( -sensitive measuring electrode (or 

Ð( ) (hereafter referred to as ЎÐ(  anomalies) at the same timestamp. 

ЎÐ(  anomalies between Ð(  and Ð(  ЎÐ( , Ð( ȟ
 

ЎÐ( ȟ
, and Ð( ȟ

 ЎÐ( ȟ
 are calculated via: 

ЎÐ( Ð( Ð( ȟ τȢρρ 

ЎÐ( ȟ Ð( Ð( ȟ ȟ τȢρς 

ЎÐ( ȟ Ð( Ð( ȟ Ȣ τȢρσ 

The weather-level pH data quality threshold defined by the Global Ocean 

Acidification Observing Network (Newton et al., 2015) of < ±0.02 pH that Durafet-

based pH sensors routinely achieve in nearshore waters (Gonski et al., 2018; 2023; 
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McLaughlin et al., 2017; Miller et al., 2018, Velo and Padin, 2022) was used to frame 

ЎÐ(  anomalies in a standardized context.  

An electrode pH anomaly is the difference between two Ð(  measurements 

at the same timestamp (hereafter referred to as ЎÐ(  anomalies). ЎÐ(  

anomalies between Ð(  and Ð( ȟ
 ЎÐ( ȟ

, Ð(  and Ð( ȟ
 

ЎÐ( ȟ
, and Ð( ȟ

 and Ð( ȟ
 ЎÐ( ȟ ȟ

 are calculated via: 

ЎÐ( ȟ Ð( Ð( ȟ ȟ τȢρτ 

ЎÐ( ȟ Ð( Ð( ȟ ȟ τȢρυ 

ЎÐ( ȟ ȟ Ð( ȟ Ð( ȟ Ȣ τȢρφ 

4.5.7 Post-Calibration pH Corrections 

After sensor calibration and reconstruction of the electrodesô equilibration 

periods (that coincided with the six-hour period of discrete water sample collection 

and that followed salinity changes each day), smooth exponential relationships 

between post-calibration uncorrected ЎÐ(  ЎÐ( ȟ  anomalies and 

time were observed. Thus, it became clear that these exponential relationships could 

be used for secondary pH correction; these pH corrections were particularly important 

for the SeaFET V2 sensors. Plots of Ð( ȟ  anomalies and time manifested as 

one of three exponential functions ï (1) Single Two-Parameter Exponential Decay 

(ExpDS2P) function, (2) Single Three-Parameter Exponential Decay (ExpDS3P) 

function, or (3) Single Three-Parameter Exponential Rise To a Maximum 

(ExpRTMS3P) function. These three exponential functions can be defined via: 

%ØÐ$3ς0ȡ Ù ÁÅ ȟ τȢρχ 

%ØÐ$3σ0ȡ Ù Ù  ÁÅ ȟ τȢρψ 
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%ØÐ24-3σ0ȡ Ù Ù Áρ Å ȟ τȢρω 

where y is the ЎÐ( ȟ  anomaly at a time when a discrete water sample was 

collected,  Ù is the y-intercept (or the ЎÐ( ȟ  anomaly at Minute 0) based on 

the data, and x is time in minutes that elapsed after the salinity change occurred each 

day.  

In accordance with the discrete sampling approach described in section 4.5.2, 

Hour 0 is Minute 0 and Hour 6 is Minute 360. However, on Days 2, 3, and 6, a two-

stage salinity change occurred; thus, the first discrete water sample was not 

synchronized with and was collected 30 minutes after the first sensor measurement 

after the initial salinity change. Here on Days 2, 3, and 6, the time of the initial sensor 

measurement after the first salinity change was bootstrapped to the data within the six-

hour sampling window as Minute 0 to improve the utility of the correction; this means 

Hour 6 translates to Minute 390 under these circumstances. To use these exponential 

functions for pH correction, R2 > 0.70 and p < 0.01 thresholds had to be met; all 

regressions were performed using SigmaPlot 14. For a description of the pH data 

selected for correction and the corresponding exponential functions used for this 

purpose, please see Tables E.1-E.10 in Appendix E.  

Using the exponential functions described in equations 4.17-4.19, a new pH 

correction term (ЎÐ( ȟ ) was calculated for every sensor measurement within 

the six-hour equilibration periods that followed salinity changes each day. Then, the 

corrected value of Ð(  (hereafter referred to as Ð( ȟ  is calculated from the 

uncorrected value of Ð(  (hereafter referred to as Ð( ȟ ) using ЎÐ( ȟ  

at the time of each sensor measurement via: 

Ð( ȟ Ð( ȟ  ЎÐ( ȟ Ȣ τȢςπ 
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After correction, ЎÐ(  and ЎÐ(  anomalies (described in section 4.5.6) 

were calculated using the new Ð( ȟ  values using equations 4.11-4.13 and 4.14-

4.16, respectively. Uncorrected and corrected ЎÐ(  anomalies are hereafter 

referred to as ЎÐ( ȟ  and ЎÐ( ȟ  anomalies, respectively. Uncorrected 

and corrected ЎÐ(  anomalies are hereafter referred to as ЎÐ( ȟ  and 

ЎÐ( ȟ  anomalies, respectively. 

4.6 Results and Discussion 

4.6.1 Tank Conditions 

The propagated uncertainty (Q; Table 4.3) for the discrete water samples from 

of the tank tests was < 0.0072 pH over all salinities. A thorough discussion of the 

Ð(  variation during the tank tests is included in section 3.6.1 and summary 

statistics for Ð(  at 25oC of the discrete water samples are given in Table 4.4. For 

the tank test DIC data, please see Table C.1 and Figure C.1 in Appendix C. Tank test 

TA (Table 4.4 and Figure C.2 in Appendix C) varied between < 125 ɛmol kg-1 at 

salinity 1.38-1.41 on Day 3 in Tank 2 and 2178 ɛmol kg-1 at salinity 30.98 before 

decreasing salinity in Tank 1 on Day 1. Buffering capacity in the test tanks would be 

substantially lower than in natural nearshore waters of the same salinity on Days 1-3 

since DI water was used for salinity dilution. 

Since the tank tests were carried out in the late spring in a greenhouse where 

finite temperature control was beyond the scope of available resources, the tank tests 

were conducted over warmer water temperatures between 21 and 32oC (Tables 4.5 and 

4.6 and Figure 3.1a in section 3.6.1). Water temperature varied due to salinity cycling 

and diel temperature variation. As a result, rates of in situ temperature change between 
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sensor measurements (Ὠ4ÅÍÐὨÔϳ ; Tables 4.5 and 4.6 and Figure 4.2a) varied between 

-0.99 and +1.44oC (0.5 h)-1 over the narrower range of warmer temperatures. In 

contrast, salinity (Tables 4.5 and 4.6 and Figure 3.1b in section 3.6.1) varied between 

1.3-1.4 on Day 3 and 28.8-28.9 on Day 6 (and up to 30.9-31.0 during the pre-cycling 

period prior to decreasing salinity on Day 1). Rates of salinity change (Ὠ3ÁÌÔὨÔϳ ; 

Tables 4.5 and 4.6 and Figure 4.2b) were always maximized as conditions and 

available resources allowed and varied between -11.21 and +10.66 (0.5 h)-1. 

Comparisons of the different tank test temperature and salinity measurements are 

discussed in greater detail in sections D.1 and D.2, respectively, of Appendix D. 

Table 4.3: Summary statistics for the propagated uncertainty (Q) for the discrete 

water samples collected on Days 1-6 of the tank tests calculated using 

temperature and salinity measured by the co-located SBE37 temperature-

conductivity sensors integrated with SP033 and SP053. Propagated 

uncertainties for SP033 and SP053 approximate values of Q for SF2289 

and SF2293 since Ð(  timeseries from those sensors were calibrated 

using the average temperature and salinity for each timestamp measured 

between the SBE37 temperature-conductivity sensors integrated with 

SP033 and SP053. 

Sensor Parameter Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 

SP033 

Mean 0.0061 0.0061 0.0048 0.0041 0.0054 0.0056 

StDev 0.0005 0.0004 0.0012 0.0006 0.0009 0.0018 

Min 0.0058 0.0059 0.0038 0.0038 0.0039 0.0037 

Max 0.0069 0.0070 0.0063 0.0055 0.0060 0.0072 

SP053 

Mean 0.0061 0.0061 0.0048 0.0041 0.0054 0.0056 

StDev 0.0005 0.0004 0.0012 0.0006 0.0009 0.0018 

Min 0.0058 0.0059 0.0038 0.0038 0.0039 0.0037 

Max 0.0069 0.0070 0.0063 0.0055 0.0060 0.0072 



 

 

Table 4.4: Summary statistics for spectrophotometric Ð(  measured at 25oC and TA for the discrete water samples as 

well as corresponding bottle salinities measured on the spectrophotometric Ð(  and TA samples collected 

on Days 1-6 of the tank tests. 

Parameter Statistic Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 

Spec ἸἒἼἷἼἩἴ at 25oC 

Mean 8.0193 8.0012 7.1109 7.7991 7.8762 7.9157 

StDev 0.0037 0.0173 0.0294 0.0042 0.0044 0.0097 

Min 8.0127 7.9738 7.0649 7.7927 7.8711 7.9003 

Max 8.0254 8.0272 7.1681 7.8052 7.8848 7.9300 

Salinity for ἸἒἼἷἼἩἴ 

Mean 18.7866 9.6278 1.3885 12.0730 21.6618 28.7498 

StDev 0.2875 0.0053 0.0090 0.0101 0.0094 0.0280 

Min 18.6992 9.6169 1.3673 12.0602 21.6456 28.7185 

Max 19.7432 9.6352 1.3948 12.0917 21.6766 28.7980 

TA ( m˃ol kg-1) 

Mean 1325.12 681.99 109.78 856.53 1512.37 1993.86 

StDev 23.50 2.27 9.10 3.46 2.12 3.44 

Min 1315.97 678.57 88.55 851.38 1510.10 1989.41 

Max 1402.98 685.99 124.59 862.25 1516.87 2000.58 

Salinity for TA  

Mean 18.8098 9.6414 1.4017 12.0864 21.6769 28.7852 

StDev 0.2797 0.0134 0.0050 0.0070 0.0214 0.0076 

Min 18.7125 9.6284 1.3947 12.0755 21.6553 28.7636 

Max 19.7395 9.6662 1.4129 12.0986 21.7227 28.7962 

1
5
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Table 4.5: Summary statistics for temperature, the rate of change in in situ temperature change (dTemp/dt), salinity, and 

the rate of salinity change (dSalt/dt) measured by the SBE37 conductivity-temperature sensor integrated with 

SeapHOx SP033. 

Parameter Statistic 
Pre-

Cycling Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
Post-

Cycling 

Temp (oC) 

Mean 24.3821 24.2281 27.5682 23.6030 25.0795 24.2577 29.1493 24.5771 

StDev 0.5411 0.5236 0.9909 1.5701 1.4999 0.4249 1.6875 1.6680 

Min 23.8563 23.0600 24.8105 21.3218 22.7314 23.6004 26.5671 22.0836 

Max 25.5590 25.1972 28.7702 26.4915 27.4497 25.1522 31.3498 27.3459 

dTemp/dt 

(oC (0.5 h)-1) 

Mean -0.0526 0.0237 0.0213 -0.0772 0.0073 0.0515 0.0361 -0.0532 

StDev 0.0536 0.1704 0.2028 0.1370 0.2480 0.2342 0.3199 0.1463 

Min -0.1226 -0.9735 -0.3867 -0.2410 -0.2195 -0.1365 -0.2298 -0.2319 

Max 0.0371 0.2462 0.5752 0.3350 0.6409 1.3867 1.4149 0.3609 

Salinity 

Mean 30.8595 19.0067 9.6661 1.3896 12.0939 21.6666 28.7927 29.3249 

StDev 0.0269 0.2247 0.2098 0.0026 0.0253 0.0247 0.1703 0.2069 

Min 30.8093 18.6801 9.6103 1.3832 12.0519 21.6212 27.7597 28.9465 

Max 30.8997 19.7497 11.0385 1.3932 12.1312 21.6974 28.9408 29.5817 

dSalt/dt  

((0.5 h)-1) 

Mean 0.0031 -0.2291 -0.2225 -0.1687 0.2191 0.2035 0.1478 0.0070 

StDev 0.0008 1.6032 1.3005 1.1827 1.5224 1.3840 0.8723 0.0232 

Min 0.0016 -11.1500 -8.6376 -8.2786 0.0001 -0.0004 -0.0015 -0.0027 

Max 0.0051 0.5831 0.0023 0.0015 10.6587 9.4900 6.0623 0.2249 

1
5
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Table 4.6: Summary statistics for temperature, the rate of change in in situ temperature change (dTemp/dt), salinity, and 

the rate of salinity change (dSalt/dt) measured by the SBE37 conductivity-temperature sensor integrated with 

SeapHOx SP053. 

Parameter Statistic 
Pre-

Cycling Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
Post-

Cycling 

Temp (oC) 

Mean 24.3819 24.2283 27.5689 23.5994 25.0792 24.2574 29.1467 24.5736 

StDev 0.5411 0.5245 0.9901 1.5688 1.4988 0.4255 1.6860 1.6671 

Min 23.8558 23.0370 24.8167 21.3199 22.7297 23.5995 26.6043 22.0827 

Max 25.5590 25.2025 28.7700 26.4924 27.4472 25.1612 31.3444 27.3440 

dTemp/dt 

(oC (0.5 h)-1) 

Mean -0.0525 0.0238 0.0212 -0.0770 0.0071 0.0517 0.0359 -0.0532 

StDev 0.0537 0.1735 0.2025 0.1376 0.2474 0.2343 0.3210 0.1462 

Min -0.1201 -0.9984 -0.3858 -0.2511 -0.2199 -0.1386 -0.2314 -0.2279 

Max 0.0379 0.2437 0.5719 0.3386 0.6372 1.3860 1.4431 0.3599 

Salinity 

Mean 30.7879 18.9698 9.6537 1.3896 12.0794 21.6305 28.7394 29.2683 

StDev 0.0273 0.2175 0.2089 0.0025 0.0251 0.0246 0.1509 0.2064 

Min 30.7368 18.6461 9.5970 1.3842 12.0379 21.5839 27.8642 28.8905 

Max 30.8275 19.6381 11.0202 1.3930 12.1166 21.6618 28.8855 29.5237 

dSalt/dt  

((0.5 h)-1) 

Mean 0.0031 -0.2284 -0.2220 -0.1685 0.2188 0.2031 0.1474 0.0070 

StDev 0.0009 1.6112 1.2975 1.1809 1.5206 1.3807 0.8896 0.0232 

Min 0.0016 -11.2141 -8.6179 -8.2658 -0.0006 -0.0009 -0.0028 -0.0002 

Max 0.0056 0.5802 0.0017 0.0011 10.6461 9.4673 6.2032 0.2252 

 

 

1
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Figure 4.2: Tank test time-series between 11 June 2022 and 21 June 2022. Panel (a) 

shows the rate of change in in situ temperature (dTemp/dt, oC (0.5 h)-1) 

measured by the SBE37 conductivity-temperature sensors integrated with 

SP033 (solid black line) and SP053 (dotted blue line) relative to zero 

change (dashed black line). Panel (b) shows the rate of change in salinity 

(dSalt/dt, (0.5 h)-1) measured by the same SBE37 sensors integrated with 

SP033 (solid black line) and SP053 (dotted blue line) relative to zero 

change (dashed black line). Solid vertical red lines denote the first sensor 

measurements proceeding salinity changes each day.  Please see Tables 

4-5 and 4-6 for descriptions of the comparisons. 



 

 158 

4.6.2 Determination of ▀ἏἏἦἢȟἰἫ
ᶻ ▀ἢἭἵἸϳ  for SeaFET V2s SF2289 and SF2293 

To determine experimental values of Ὠ% ȟ
ᶻ Ὠ4ÅÍÐϳ  for SF2289 and 

SF2293, values of % ȟ
ᶻ  at in situ temperature % ȟ

ᶻ Ô  were regressed against in 

situ temperature (Figure 4.3). Day 6 exhibits the only linear relationship between 

% ȟ
ᶻ Ô and in situ temperature when increasing salinity from 21.68 to 28.65. 

Therefore, the slopes of the Day 6 relationships were adopted as the experimental 

Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ to correct % ȟ

ᶻ  and Ð(  between in situ temperature and the 

reference temperature of 0oC in subsequent analyses. Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ for SF2289 

and SF2293 were -0.8874 mV oC-1 and -0.7332 mV oC-1, respectively. Regression 

parameters for the Day 6 relationships between % ȟ
ᶻ Ô and in situ temperature are 

given in Table 4.7.  

Table 4.7: Regression parameters for linear relationships between % ȟ
ᶻ Ô and in 

situ temperature for SeaFET V2 2289 and 2293 sensors. The slopes of 

these regressions are experimental values of Ὠ% ȟ
ᶻ ȾὨ4ÅÍÐ for the 

half-cell reaction approach. % ȟ
ᶻ Ô is calculated on the total scale in 

molinity (mol (kg-soln)-1 units. 

Half -Cell Reaction Approach 

Sensor Day 
▀ἏἏἦἢȟἰἫ
ᶻ Ⱦ▀ἢἭἵἸ 

(mV oC-1) 
Intercept (V) R2 

SF2289* 6 -0.8874 ± 0.0386 -1.3230 ± 0.0011 0.9796 

SF2293* 6 -0.7332 ± 0.0264 -1.3383 ± 0.0008 0.9859 

*Day 6 exhibited the only coherent linear relationship for each sensor. 

 

 

 



 

 159 

 

 

Figure 4.3: % ȟ
ᶻ  calculated at in situ temperature % ȟ

ᶻ Ô  versus in situ 

temperature for (a) SF2289 and (b) SF2293 as a function of salinity 

(color-coded) for Day 1 (circles), Day 2 (squares), Day 3 (triangles), Day 

4 (diamonds), Day 5 (asterisks), and Day 6 (stars). % ȟ
ᶻ Ô is 

calculated on the total scale in terms of molinity (mol (kg-soln)-1) units. 
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4.6.3 Post-Calibration pH Corrections 

Exponential functions built from plots of ЎÐ( ȟ  anomalies versus time 

were used to calculate values of ЎÐ( ȟ  that were used to correct values of 

Ð( ȟ  according to equation 4.20 (in section 4.5.7) at the time of each sensor 

measurement within the six-hour electrode equilibration periods each day. Regression 

parameters for the exponential functions used to calculate values of ЎÐ( ȟ  used 

for pH correction for SF2289 (Tables E.1 to E.3), SF2293 (Tables E.4 to E.6), SP033 

(Table E.7), and SP053 (Tables E.8 to E.10) are described further in Appendix E. All 

exponential functions had R2 > 0.70 and p-values < 0.01. An example series of 

exponential functions that were used to calculate the ЎÐ( ȟ , ЎÐ( ȟ
ȟ

, 

and ЎÐ( ȟ
ȟ

 terms used to correct values of Ð( ȟ , Ð( ȟ
ȟ

, and 

Ð( ȟ
ȟ

 at time of each sensor measurement made by SF2289 on Day 4 when 

salinity from ~1.39 to ~12.05 are shown in Figures 4.4, 4.5, and 4.6, respectively. 

SeaFET V2 pH data underwent substantially greater pH correction while pH 

correction for SeapHOx pH data was minimal. For brevity and to simplify 

comparisons between uncorrected Ð( ȟ   and corrected Ð( ȟ  pH 

data, ñcorrectedò implies a combination of: (a) pH data for a which a correction was 

applied (substantial for the SeaFET V2 sensor and minimal for the SeapHOx sensors), 

(b) pH data that did not require a correction (like a majority of the SeapHOx pH data), 

and (c) pH data for which a correction was not applied because a robust exponential 

function that could be used to calculate the necessary ЎÐ( ȟ  term was not 

present (e.g., Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 data for all four sensors on Day 3 at 

salinity ~1.38-1.39). 
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Figure 4.4: Exponential function used to calculate values of ЎÐ( ȟ  that were 

then used to correct values of Ð( ȟ  (solid blue line) at the time of 

each sensor measurement made by SeaFET V2 2289 on Day 4 when 

increasing salinity from ~1.39 to ~12.05. The exponential fit is shown 

relative to the ЎÐ( ȟ  anomalies (open black circles) and a zero 

anomaly (dashed black line). This is a Single Two-Parameter Exponential 

Decay (or ExpDS2P) function. 
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Figure 4.5: Exponential function used to calculate values of ЎÐ( ȟ
ȟ

 that 

were then used to correct values of Ð( ȟ
ȟ

 (solid blue line) at the 

time of each sensor measurement made by SeaFET V2 2289 on Day 4 

when increasing salinity from ~1.39 to ~12.05. The exponential fit is 

shown relative to the ЎÐ( ȟ
ȟ

 anomalies (open black squares) and 

a zero anomaly (dashed black line). This is a Single Three-Parameter 

Exponential Rise To a Maximum (or ExpRTMS3P) function. 
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Figure 4.6: Exponential function used to calculate values of ЎÐ( ȟ
ȟ

 that 

were then used to correct values of Ð( ȟ
ȟ

 (solid blue line) at the 

time of each sensor measurement made by SeaFET V2 2289 on Day 4 

when increasing salinity from ~1.39 to ~12.05. The exponential fit is 

shown relative to the ЎÐ( ȟ
ȟ

 anomalies (open black triangles) 

and a zero anomaly (dashed black line). This is a Single Three-Parameter 

Exponential Rise To a Maximum (or ExpRTMS3P) function. 
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4.6.4 Comparisons of Uncorrected and Corrected ἸἒἼἷἼἩἴ
ἭἴἭἫ 

4.6.4.1 SeaFET V2 Sensors 

Uncorrected Ð(  Ð( ȟ  poorly track Ð(  for SF2289 (Figure 

4.7) and SF2293 (Figure 4.9) during the tank tests despite the different magnitudes of 

pH change across the six days of testing. Ð( ȟ  and Ð(  approach parity by 

Hour 6 each day after sensor calibration using the discrete water samples (described in 

section 4.5.4). On Days 1-2, Ð( ȟ  more closely tracked Ð(  than 

Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

. On Day 3, Ð( Ȣ
ȟ

 and Ð( ȟ
ȟ

 better 

track Ð(  at salinity ~1.38-1.39 while all three Ð( ȟ  timeseries poorly 

track Ð(  on Days 4-5; note the broader Ð(  scaling on Day 4 when increasing 

salinity from 1.39 to 12.05 and pH from 7.17 to 7.83. Finally, on Day 6, all 

Ð( ȟ  timeseries behave differently at the onset of the six-hour monitoring 

period when salinity is increased from 21.68 to 28.65. Here, Ð( ȟ
ȟ

 goes above, 

Ð( ȟ  falls below, and Ð( ȟ
ȟ

 aligns with Ð( . However, after 

correction, the alignment between corrected Ð(  Ð( ȟ  and Ð(  for 

SF2289 (Figure 4.8) and SF2293 (Figure 4.10) substantially improves; this is 

exceptionally demonstrated on Days 1 and 5 for all three Ð( ȟ  timeseries.  



 

 

 

Figure 4.7: Uncorrected tank test pH sensor time-series for SF2289. Panels (a)-(f) show Ð( ȟ  (dark green), 

Ð( ȟ
ȟ

 (sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against 

Ð(  (circles) as a function of salinity (color-coded) from the six-hour monitoring period following each 

salinity change. When applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) 

on Days 1-6 are also shown only to provide context for the magnitude of salinity change each day. 

1
6

5 



 

 

 

Figure 4.8: Corrected tank test pH sensor time-series for SF2289. Panels (a)-(f) show Ð( ȟ  (dark green), Ð( ȟ
ȟ

 

(sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against Ð(  (circles) as a 

function of salinity (color-coded) from the six-hour monitoring period following each salinity change. When 

applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) on Days 1-6 are also 

shown only to provide context for the magnitude of the salinity change each day. Please see Tables E.1-E.3 in 

Appendix E for descriptions of the exponential functions used for pH correction. 
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Figure 4.9: Uncorrected tank test pH sensor time-series for SF2293. Panels (a)-(f) show Ð( ȟ  (dark green), 

Ð( ȟ
ȟ

 (sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against 

Ð(  (circles) as a function of salinity (color-coded) from the six-hour monitoring period following each 

salinity change. When applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) 

on Days 1-6 are also shown only to provide context for the magnitude of salinity change each day. 
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Figure 4.10: Corrected tank test pH sensor time-series for SF2293. Panels (a)-(f) show Ð( ȟ  (dark green), Ð( ȟ
ȟ

 

(sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against Ð(  (circles) as a 

function of salinity (color-coded) from the six-hour monitoring period following each salinity change. When 

applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) on Days 1-6 are also 

shown only to provide context for the magnitude of salinity change each day. Please see Tables E.4-E.6 in 

Appendix E for descriptions of the exponential functions used for pH correction. 

1
6

8 



 

 169 

4.6.4.2 SeapHOx Sensors 

Unlike the SeaFET V2 sensors, the SeapHOx sensors achieved a fast and 

accurate response to new salinities as demonstrated by the improved agreement 

between Ð( ȟ  and Ð(  for SP033 (Figure 4.11) and SP053 (Figure 4.13) 

starting at Hour 0 across all six days of testing. Still, on Days 1-2, Ð( ȟ
ȟ

 and 

Ð( ȟ
ȟ

 more closely track Ð(  than Ð( ȟ  while all three 

Ð( ȟ  timeseries reasonably track Ð(  on Days 3-6 despite the different 

magnitudes of pH change across these four days of testing. Because of this, pH 

corrections for the SeapHOx sensors were few relative to the SeaFET V2 sensors. 

After applying the pH corrections, the alignment between Ð( ȟ  and Ð(  

improves for SP033 (Figure 4.12) and SP053 (Figure 4.14) for certain Ð( ȟ  

timeseries on certain days. For SP033, alignment between Ð( ȟ  and Ð( ȟ  

improves on Days 1, 3-4, and 6. For SP053, alignment between Ð( ȟ , 

Ð( ȟ
ȟ

, and Ð( ȟ
ȟ

 with Ð(  improves on Days 1-2, Day 5, and Days 5-6, 

respectively.  

 

 

 



 

 

 

Figure 4.11: Uncorrected tank test pH sensor time-series for SP033. Panels (a)-(f) show Ð( ȟ  (dark green), 

Ð( ȟ
ȟ

 (sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against 

Ð(  (circles) as a function of salinity (color-coded) from the six-hour monitoring period following each 

salinity change. When applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) 

on Days 1-6 are also shown only to provide context for the magnitude of salinity change each day. 
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Figure 4.12: Corrected tank test pH sensor time-series for SP033. Panels (a)-(f) show Ð( ȟ  (dark green), Ð( ȟ
ȟ

 

(sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against Ð(  (circles) as a 

function of salinity (color-coded) from the six-hour monitoring period following each salinity change. When 

applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) on Days 1-6 are also 

shown only to provide context for the magnitude of salinity change each day. Please see Table E.7 for in 

Appendix E for descriptions of the exponential functions used for Ð( ȟ  correction. No corrections 

were performed for Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

. 
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Figure 4.13: Uncorrected tank test pH sensor time-series for SP053. Panels (a)-(f) show Ð( ȟ  (dark green), 

Ð( ȟ
ȟ

 (sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against 

Ð(  (circles) as a function of salinity (color-coded) from the six-hour monitoring period following each 

salinity change. When applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) 

on Days 1-6 are also shown only to provide context for the magnitude of salinity change each day. 
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Figure 4.14: Corrected tank test pH sensor time-series for SP053. Panels (a)-(f) show Ð( ȟ  (dark green), Ð( ȟ
ȟ

 

(sienna), and Ð( ȟ
ȟ

 (dark blue) during Days 1-6 of the tank tests compared against Ð(  (circles) as a 

function of salinity (color-coded) from the six-hour monitoring period following each salinity change. When 

applicable, Ð(  from the discrete samples preceding each salinity change (diamonds) on Days 1-6 are also 

shown only to provide context for the magnitude of salinity change each day. Please see Tables E.8-E.10 in 

Appendix E for descriptions of the exponential functions used for pH correction. 
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4.6.5 Comparisons of Uncorrected and Corrected ЎἸἒἼἷἼἩἴ
ἬἱἻἫἭἴἭἫ Anomalies 

To facilitate direct comparisons of ЎÐ(  anomalies between the two 

SeaFET V2 and two SeapHOx sensors, we instead group data according to the 

ЎÐ(  anomaly (defined in equations 4.11-4.13 in section 4.5.6) timeseries 

rather than by sensor. These sensors are routinely capable of achieving ЎÐ(  

anomalies of < ±0.02 pH (or the GOA-ON weather-level pH data quality threshold 

(Newton et al., 2015)) in dynamic nearshore waters (Gonski et al., 2018; 2023; 

McLaughlin et al., 2017; Miller et al., 2018, Velo and Padin, 2022). Summary 

statistics for all ЎÐ(  anomalies are included in Tables F.1-F.6 in Appendix F. 

4.6.5.1 ЎἸἒἼἷἼἩἴ
ἬἱἻἫἓἚἢ Anomalies 

Uncorrected ЎÐ(  ЎÐ( ȟ  anomalies for SF2289 and SF2293 

(Figure 4.15 and Table F.1) and SP033 and SP053 (Figure 4.15 and Table F.2) all 

increase with time on Days 1-3 and decrease with time on Days 4-6. Then, all 

ЎÐ( ȟ  anomalies for all four sensors approach a zero anomaly by Hour 6 on 

all days after sensor calibration using the discrete water samples (described in section 

4.5.4). The increasing and decreasing trends in and the exponential nature of the 

relationships between ЎÐ( ȟ  anomalies and time indicate dynamic errors in 

electrode response to new salinities and the subsequent electrode equilibration period 

needed to respond to them (discussed in further detail in section 4.6.7.1). 

ЎÐ( ȟ  anomalies (and dynamic errors in electrode response) were generally 

greater for the SeaFET V2 sensors compared to the SeapHOx sensors like on Days 4-

5.  



 

 

 

Figure 4.15: Uncorrected tank test bottle pH anomaly time-series between Ð(  and Ð( ȟ  (ЎÐ( ȟ  

anomalies). Panels (a)-(f) show ЎÐ( ȟ  anomalies for SF2289 (diamonds), SF2293 (circles), SP033 

(squares), and SP053 (triangles) as a function of salinity (color-coded) relative to a zero anomaly (solid black 

line) and the GOA-ON weather-level pH data quality threshold (±0.02 pH; dashed black lines). In panel (a), 

the ЎÐ( ȟ  anomalies from the discrete samples preceding the salinity change on Day 1 are also shown 

only to provide context for the magnitude of initial salinity change on Day 1. Please see Tables F.1 and F.2 in 

Appendix F for descriptions of the comparisons.
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Dynamic errors in electrode response are greatest at Hour 0 when 

ЎÐ( ȟ  anomalies are greatest and range between -0.1289 and +0.1825 pH for 

SF2289 and SF2293 and between -0.0600 and +0.0400 pH for SP033 and SP053; all 

of which are larger than the GOA-ON weather-level pH data quality threshold of 

±0.02 pH. Moreover, when Hour 0 ЎÐ( ȟ  anomalies fall outside of ±0.02 pH, 

it can take greater than two hours for SF2289 and SF2293 (as demonstrated on Day 4) 

to attain this threshold while SP033 and SP053 attain this threshold much quicker 

owing to the smaller Hour 0 anomaly. This poses a substantial problem for the 

SeaFET V2 sensors and leads to large pH measurement inaccuracies directly 

following large rapid salinity changes.  

After correction, corrected ЎÐ(  ЎÐ( ȟ  anomalies for SF2289 

and SF2293 (Figure 4.16 and Table F.1) and SP033 and SP053 (Figure 4.16 and Table 

F.2) substantially improve. The pH corrections also remove the exponential nature of 

the relationships between ЎÐ( ȟ  anomalies and time. After correction, 100% 

of Ð( ȟ  anomalies for all four sensors between Hours 0 and 6 on Days 1 and 4-6 

are < ±0.02 pH and meet the GOA-ON weather-level pH data quality threshold. On 

Day 2, there is a modest improvement and most of the Ð( ȟ  anomalies are also 

< ±0.02 pH for all sensors. On Day 3, pH corrections reduce the range of Ð( ȟ  

anomalies by >50%. Still, Ð( ȟ  anomalies exhibit substantial scatter on Day 3 

and likely indicate equilibration issues between the electrode surfaces and overlying 

waters with low buffering capacity at salinity ~1.38-1.39. 



 

 

 

Figure 4.16: Corrected tank test bottle pH anomaly time-series between Ð(  and Ð( ȟ  (ЎÐ( ȟ  anomalies). 

Panels (a)-(f) show ЎÐ( ȟ  anomalies for SF2289 (diamonds), SF2293 (circles), SP033 (squares), and 

SP053 (triangles) as a function of salinity (color-coded) relative to a zero anomaly (solid black line) and the 

GOA-ON weather-level pH data quality threshold (±0.02 pH; dashed black lines). In panel (a), the 

ЎÐ( ȟ  anomalies from the discrete samples preceding the salinity change on Day 1 are also shown only 

to provide context for the magnitude of initial salinity change on Day 1. Please see Tables F.1 and F.2 in 

Appendix F for descriptions of the comparisons. 
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4.6.5.2 ЎἸἒἼἷἼἩἴ
ἬἱἻἫἏἦἢȟἒἍ

 Anomalies 

Uncorrected ЎÐ( ȟ
 ЎÐ( ȟ

ȟ
 anomalies for SF2289 and 

SF2293 (Figure 4.17 and Table F.3) and SP033 and SP053 (Figure 4.17 and Table 

F.4) exhibit varying trends with time. All ЎÐ( ȟ
ȟ

 anomalies for all four 

sensors approach a zero anomaly by Hour 6 on all days after sensor calibration using 

the discrete water samples (described in section 4.5.4). The increasing and decreasing 

trends in and the exponential nature of the relationships between ЎÐ( ȟ
ȟ

 

anomalies and time indicate dynamic errors in electrode response to new salinities and 

the subsequent electrode equilibration period needed to respond to them (discussed in 

further detail in section 4.6.7.2). ЎÐ( ȟ
ȟ

 anomaly ranges were wider for 

SF2289 and SF2293 and narrower for SP033 and SP053. Dynamic errors in electrode 

response were greater for the SeaFET V2 sensors while the SeapHOx sensors 

achieved a fast and accurate response to new salinities across all six days of testing. 

Dynamic errors in electrode response are greatest at Hour 0 when 

ЎÐ( ȟ
ȟ

 anomalies are greatest and range between -0.0755 and +0.137 pH for 

SF2289 and SF2293. On the other hand, Hour 0 ЎÐ( ȟ
ȟ

 anomalies for SP033 

and SP053 range between -0.0280 and +0.0158 pH and -0.0189 and +0.0426 pH, 

respectively. When removing Day 3 data, ЎÐ( ȟ
ȟ

 anomaly ranges decrease to 

between -0.0152 and +0.0158 pH and -0.0189 and +0.0070 pH for SP033 and SP053, 

respectively; ЎÐ( ȟ
ȟ

 anomaly ranges SF2289 and SF2293 are unaffected if 

this was done. For SF2289 and SF2293, the Hour 0 ЎÐ( ȟ
ȟ

 anomalies are 

larger than ±0.02 pH and take >60 minutes before they attain this threshold (as 

demonstrated on Days 1-2). Therefore, large ЎÐ( ȟ
ȟ

 anomalies for the 

SeaFET V2 sensors indicate substantial pH measurement inaccuracies directly 

following large rapid salinity changes. 



 

 

 

Figure 4.17: Uncorrected tank test bottle pH anomaly time-series between Ð(  and Ð( ȟ
ȟ

 (ЎÐ( ȟ
ȟ

 

anomalies). Panels (a)-(f) show ЎÐ( ȟ
ȟ

 anomalies for SF2289 (diamonds), SF2293 (circles), SP033 

(squares), and SP053 (triangles) as a function of salinity (color-coded) relative to a zero anomaly (solid black 

line) and the GOA-ON weather-level pH data quality threshold (±0.02 pH; dashed black lines). In panel (a), 

the ЎÐ( ȟ
ȟ

 anomalies from the discrete samples preceding the salinity change on Day 1 are also 

shown only to provide context for the magnitude of initial salinity change on Day 1. Please see Tables F.3 and 

F.4 in Appendix F for descriptions of the comparisons. 
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Figure 4.18: Corrected tank test bottle pH anomaly time-series between Ð(  and Ð( Ȣ
ȟ

 (ЎÐ( ȟ
ȟ

 

anomalies). Panels (a)-(f) show ЎÐ( ȟ
ȟ

 anomalies for SF2289 (diamonds), SF2293 (circles), SP033 

(squares), and SP053 (triangles) as a function of salinity (color-coded) relative to a zero anomaly (solid black 

line) and the GOA-ON weather-level pH data quality threshold (±0.02 pH; dashed black lines). In panel (a), 

the ЎÐ( ȟ
ȟ

 anomalies from the discrete samples preceding the salinity change on Day 1 are also 

shown only to provide context for the magnitude of initial salinity change on Day 1. Please see Tables F.3 and 

F.4 in Appendix F for descriptions of the comparisons. 
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After correction, corrected ЎÐ( ȟ   ЎÐ( ȟ
ȟ

 anomalies for 

SF2289 and SF2293 (Figure 4.18 (see previous page) and Table F.3) and SP033 and 

SP053 (Figure 4.18 and Table F.4) substantially improve. This also removed the 

exponential nature of their relationships with time. After correction, 100% of 

Ð( ȟ
ȟ  anomalies for all four sensors between Hours 0 and 6 on Days 1-2 and 

4-6 are < ±0.02 pH and meet the GOA-ON weather-level pH data quality threshold. 

On Day 6, however, ЎÐ( ȟ
ȟ

 anomalies (that were not corrected and are the 

same as ЎÐ( ȟ
ȟ

) were already < ±0.02 pH for all four sensors. 

ЎÐ( ȟ
ȟ

 and ЎÐ( ȟ
ȟ  anomalies are the same on Day 3 because no 

correction was possible due equilibration issues between the electrode surfaces and 

overlying waters with low buffering capacity at salinity ~1.38-1.39. 

4.6.5.3 ЎἸἒἼἷἼἩἴ
ἬἱἻἫἏἦἢȟἍἍ

 Anomalies 

Uncorrected ЎÐ( ȟ
 ЎÐ( ȟ

ȟ
 anomalies for SF2289 and 

SF2293 (Figure 4.19 and Table F.5) and SP033 and SP053 (Figure 4.19 and Table 

F.6) exhibit varying trends with time. ЎÐ( ȟ
ȟ

 anomalies for all four sensors 

approach a zero anomaly by Hour 6 on all days after sensor calibration using the 

discrete water samples (described in section 4.5.4). The increasing and decreasing 

trends in and the exponential nature of the relationships between ЎÐ( ȟ
ȟ

 

anomalies and time indicate dynamic errors in electrode response to new salinities and 

the subsequent electrode equilibration period needed to respond to them (discussed in 

further detail in section 4.6.7.2). ЎÐ( ȟ
ȟ

 anomalies were larger for SF2289 

and SF2293 and smaller for SP033 and SP053. Dynamic errors in electrode response 

were greater for the SeaFET V2 sensors while the SeapHOx sensors consistently 

achieved a fast and accurate response to new salinities across all six days of testing.



 

 

 

Figure 4.19: Uncorrected tank test bottle pH anomaly time-series between Ð(  and Ð( Ȣ
ȟ

 (ЎÐ( ȟ
ȟ

 

anomalies). Panels (a)-(f) show ЎÐ( ȟ
ȟ

 anomalies for SF2289 (diamonds), SF2293 (circles), SP033 

(squares), and SP053 (triangles) as a function of salinity (color-coded) relative to a zero anomaly (solid black 

line) and the GOA-ON weather-level pH data quality threshold (±0.02 pH; dashed black lines. In panel (a), the 

ЎÐ( ȟ
ȟ

 anomalies from the discrete samples preceding the salinity change on Day 1 are also shown 

only to provide context for the magnitude of initial salinity change on Day 1. Please see Tables F.5 and F.6 in 

Appendix F for descriptions of the comparisons. 
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Dynamic errors in electrode response are greatest at Hour 0 when 

ЎÐ( ȟ
ȟ

 anomalies are greatest and range between -0.0841 and +0.1349 pH for 

SF2289 and SF2293. In contrast, ЎÐ( ȟ
ȟ

 anomalies at Hour 0 only range 

between -0.0309 and +0.0156 pH and -0.0224 and +0.0414 pH for SP033 and SP053, 

respectively. After removing the Day 3 data, the Hour 0 ЎÐ( ȟ
ȟ

 anomaly 

ranges decrease to between -0.0176 and +0.0156 pH and 0.0048 and -0.0224 pH for 

SP033 and SP053, respectively. The Hour 0 ЎÐ( ȟ
ȟ

 anomaly ranges for 

SF2289 and SF2293 remain unaffected if Day 3 data were removed. Because of this, 

the Hour 0 ЎÐ( ȟ
ȟ

 anomalies for SF2289 and SF2293 are still > ±0.02 pH. 

Therefore, whether the responses of the Cl-ISE and ISFET are split out and isolated 

using the half-cell reaction approach or are combined using the complete cell reaction 

approach, dynamic errors in electrode response still drive substantial pH measurement 

inaccuracies for the SeaFET V2 sensors directly following large rapid salinity 

changes. 

After correction, corrected ЎÐ( ȟ
 ЎÐ( ȟ

ȟ
 anomalies for 

SF2289 and SF2293 (Figure 4.20 and Table F.5) and SP033 and SP053 (Figure 4.20 

and Table F.6) substantially improve and remove their exponential relationships with 

time. After correction, 100% of ЎÐ( ȟ
ȟ  anomalies for all four sensors between 

Hours 0 and 6 on Days 1-2 and 4-6 are < ±0.02 pH and meet the GOA-ON weather-

level pH data quality threshold. Fortunately, whether Ð(  is calculated using the 

half-cell or complete cell reaction approaches, it can still be corrected. 

ЎÐ( ȟ
ȟ  and ЎÐ( ȟ

ȟ   anomalies are the same on Day 3 and were not 

corrected for any sensor because there was no clear exponential relationship that could 



 

 

 

Figure 4.20: Corrected tank test bottle pH anomaly time-series between Ð(  and Ð( ȟ
ȟ

 (ЎÐ( ȟ
ȟ

 

anomalies). Panels (a)-(f) show ЎÐ( ȟ
ȟ

 anomalies for SF2289 (diamonds), SF2293 (circles), SP033 

(squares), and SP053 (triangles) as a function of salinity (color-coded) relative to a zero anomaly (solid black 

line) and the GOA-ON weather-level pH data quality threshold (±0.02 pH; dashed black lines). In panel (a), 

the ЎÐ( ȟ
ȟ

 anomalies from the discrete samples preceding the salinity change on Day 1 are also shown 

only to provide context for the magnitude of initial salinity change on Day 1. Please see Tables F.5 and F.6 in 

Appendix F for descriptions of the comparisons. 
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be used due to the equilibration issues between the electrode surfaces and overlying 

waters with low buffering capacity at salinity ~1.38-1.39. 

4.6.6 Connecting ЎἸἒἼἷἼἩἴ
ἬἱἻἫἭἴἭἫ and ЎἸἒἼἷἼἩἴ

ἭἴἭἫἭἴἭἫ Anomalies 

An unanticipated benefit of the pH corrections that minimized the anomalies 

between Ð(  and Ð(  (or ЎÐ(  anomalies) is that they also, in turn, 

reduce ЎÐ(  anomalies. For example, consider Ð( ȟ  and Ð( ȟ
ȟ

 

and a large uncorrected electrode pH anomaly (defined in equations 4.14-4.16 in 

section 4.5.6) between them ЎÐ( ȟ
ȟ

. If pH corrections using Ð(  are 

employed for both Ð( ȟ  and Ð( ȟ
ȟ

, then this minimizes both the 

ЎÐ( ȟ  and ЎÐ( ȟ
ȟ

 anomalies. This, in turn, minimizes the 

ЎÐ( ȟ
ȟ

 anomaly since now both Ð( ȟ  and Ð( ȟ
ȟ

 are now accurate 

relative to Ð( . Therefore, ЎÐ(  and ЎÐ(  anomalies are related 

to the ЎÐ(  anomaly via: 

ЎÐ( ЎÐ( ЎÐ( ȟ τȢςρ 

which holds true for all tank test Ð( ȟ  and Ð( ȟ  timeseries.  

Example series for these calculations for the Ð( ȟ  and Ð( ȟ  

timeseries measured by SF2289 on Day 4 when increasing salinity from 1.39 to 12.05 

are given in Figures 4.21, 4.22, and 4.23.  In retrospect, it is not surprising that 

equation 4.21 holds true for the tank test data. This is because the respective 

calibration constants for each reference electrode that were applied were determined 

from Ð(  of the same discrete water samples. However, a more systematic 

compilation and review of field data collected to date are needed to confirm that 

equation 4.21 remains broadly applicable in other settings and applications. It is 

important to note, however, that the low ЎÐ(  anomalies calculated from field 



 

 

 

Figure 4.21: pH correction time-series for Ð(  and Ð( ȟ
 measured by SeaFET V2 2289 on Day 4 when increasing 

salinity from ~1.39 to ~12.05. Panels (a) and (b) show the uncorrected and corrected Ð(  (solid dark green) 

and Ð( ȟ
 (solid sienna), respectively, relative to Ð(  (open black circles). Panels (c) and (d) show the 

uncorrected and corrected bottle pH anomalies between Ð(  and Ð(  (ЎÐ( ; solid dark green) 

and Ð(  and Ð( ȟ
 (ЎÐ( ȟ

; solid sienna), respectively, relative to a zero anomaly (dashed 

black line). Panels (e) and (f) show the uncorrected and corrected electrode pH anomalies between Ð(  and 

Ð( ȟ
 (ЎÐ( ȟ

; solid salmon) and anomalies between ЎÐ(  and ЎÐ( ȟ
 

(ЎÐ(
ȟ

; solid blue), respectively, relative to a zero anomaly (dashed black line).
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Figure 4.22: pH correction time-series for Ð(  and Ð( ȟ
 measured by SeaFET V2 2289 on Day 4 when increasing 

salinity from ~1.39 to ~12.05. Panels (a) and (b) show the uncorrected and corrected Ð(  (solid dark green) 

and Ð( ȟ
 (solid dark blue), respectively, relative to Ð(  (open black circles). Panels (c) and (d) show 

the uncorrected and corrected bottle pH anomalies between Ð(  and Ð(  (ЎÐ( ; solid dark 

green) and Ð(  and Ð( ȟ
 (ЎÐ( ȟ

; solid dark blue), respectively, relative to a zero anomaly 

(dashed black line). Panels (e) and (f) show the uncorrected and corrected electrode pH anomalies between 

Ð(  and Ð( ȟ
 (ЎÐ( ȟ

; solid salmon) and anomalies between ЎÐ(  and ЎÐ( ȟ
 

(ЎÐ(
ȟ

; solid blue), respectively, relative to a zero anomaly (dashed black line). 
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Figure 4.23: pH correction time-series for Ð( ȟ
 and Ð( ȟ

 measured by SeaFET V2 2289 on Day 4 when increasing 

salinity from ~1.39 to ~12.05. Panels (a) and (b) show the uncorrected and corrected Ð( ȟ
 (solid sienna) 

and Ð( ȟ
 (solid dark blue), respectively, relative to Ð(  (open black circles). Panels (c) and (d) show 

the uncorrected and corrected bottle pH anomalies between Ð(  and Ð( ȟ
 (ЎÐ( ȟ

; solid 

sienna) and Ð(  and Ð( ȟ
 (ЎÐ( ȟ

; solid dark blue), respectively, relative to a zero anomaly 

(dashed black line). Panels (e) and (f) show the uncorrected and corrected electrode pH anomalies between 

Ð( ȟ
 and Ð( ȟ

 (ЎÐ( ȟ ȟ
; solid salmon) and anomalies between ЎÐ( ȟ

 and 

ЎÐ( ȟ
 (ЎÐ(

ȟ ȟ
; solid blue), respectively, relative to a zero anomaly (dashed 

black line). 
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data may not equate to low ЎÐ(  anomalies used to calculate them since the 

former does not provide information about the sign or magnitude of the latter. This 

reinforces the need for further discussion around the role of ЎÐ(  anomalies in 

data quality control and reporting for field data as more work is undertaken in the 

future. 

4.6.7 Why are Electrodes Responses between Sensor Models so Different? 

Here, the notable contrast between the responses of the electrodes integrated 

with the SeaFET V2 and SeapHOx sensors over large rapid salinity changes is both 

surprising and unexpected. Based on the large ЎÐ( ȟ  anomalies (routinely > 

±0.1 pH), dynamic errors in electrode response were a substantial issue for the 

electrodes integrated with the SeaFET V2 sensors. On the other hand, dynamic errors 

in electrode response for the electrodes integrated with the SeapHOx sensors were 

substantially reduced or not present at all indicating their rapid and accurate response.  

4.6.7.1 Dynamic Errors in the Response of the Internal Ag/AgCl Reference 

Under large rapid salinity changes, dynamic errors in electrode response for 

the internal Ag/AgCl reference electrode are driven by liquid junction potentials 

(Gonski et al., 2023). The internal Ag/AgCl reference is a Ag wire that is surrounded 

by a 4.5 M KCl reference gel that exchanges ions with overlying waters through a 

liquid junction. With a ~30 fold change in salinity and #Ì during the tank tests, the 

saturated KCl reference gel must establish and maintain equilibrium exchange of #Ì 

(and + ) ions with the overlying waters across the liquid junction as salinity changes 

each day to preserve its Nernstian response to #Ì. Ion exchange is driven by and 

responds to the chemical potential gradient across the liquid junction between the 
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saturated KCl reference gel and the overlying waters that scales directly to the 

difference in #Ì of the two reservoirs. Therefore, as salinity and #Ì decrease on 

Days 1-3, an increasing chemical potential gradient between the overlying waters in 

the tanks (lower #Ì) from the reference gel (higher #Ì) forms and vice versa on 

Days 4-6 when increasing salinity and #Ì. 

Under these conditions, the saturated KCl reference gel releases #Ìions into 

the overlying waters across the liquid junction on Days 1-3 when decreasing salinity 

and #Ì, and then #Ì ions transit from the overlying waters across the liquid 

junction to the KCl reference gel when increasing salinity and #Ì on Days 4-6. 

Throughout this process, if equilibrium #Ì exchange is not established and excess 

ions build up at either end of the liquid junction before first sensor measurement 

following the salinity change each day, then a liquid junction potential forms and is 

captured in the voltages measured between the internal Ag/AgCl reference and ISFET. 

The effects of liquid junction potentials are responsible for the equilibration periods 

described and can be reconstructed using sensor calibration constants calculated using 

Ð( . 

4.6.7.1.1 SeaFET V2 Sensors 

The presence and impacts of liquid junction potentials are easily demonstrated 

in the calibration constants for the internal Ag/AgCl reference for a SeaFET V2 sensor 

(Ë ; defined in equation 4.4 in section 4.3.2.1) at its common reference 

temperature of 0oC (SeaFET V2 2293 used as an example; Figure 4.24) over the six-

hour equilibration periods that followed salinity changes each day. If liquid junction 

potentials were not present in the response of internal Ag/AgCl reference of a SeaFET 

V2 sensor, then values of Ë  would be expected to be relatively time-invariable, 



 

 191 

and the six-hour voltage ranges following salinity changes each day would be 

expected to approximate between 0.69 and 1.47 mV (or the voltage equivalent of 0.02 

± 0.0072 pH at 0oC); these values are the GOA-ON weather-level pH data quality 

threshold of 0.02 pH and the maximum propagated uncertainty (Q) of the discrete 

samples of ±0.0072 pH calculated from equation 4.10 in section 4.5.5 (and 

summarized in Table 4.4 in section 4.6.1), respectively. However, this is clearly not 

the case for all six days of testing. 

 

 

Figure 4.24: Timeseries of Ë  at the common reference temperature of 0oC for 

SF2293 as a function of salinity (color-coded) for Days 1-6 of the tank 

tests. Ë  is calculated on the total scale in terms of molinity (mol (kg-

soln)-1) units. 
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The same exponential trends exhibited by the ЎÐ( ȟ  anomalies with 

time (described in section 4.6.5.1) also manifest in relationships between Ë  and 

time as exceptionally demonstrated on Days 3-4. Increasing or decreasing trends like 

on Days 3-5 indicate dynamic errors in the response of the internal Ag/AgCl 

reference. Here, calibrating the SeaFET V2 pH data to the Hour 6 values of Ë  is 

justified since the values of Ë  stabilize and level out by Hour 6 each day (e.g., the 

electrodes have finally equilibrated to new environmental conditions). The six-hour 

voltage ranges for Ë  for SF2293 on Days 1-2 and 6 were < 2.07 mV, and 

reasonably approximate what is expected based the GOA-ON weather-level pH data 

quality threshold. On the other hand, six-hour voltage ranges of Ë  ranged between 

4.22 and 10.75 mV on Days 3-5 for SF2293; though an equilibration issue between the 

electrode surfaces and overlying waters of low buffering capacity likely contributes to 

this on Day 3. Moreover, larger six-hour voltage ranges for Ë  also correspond to 

larger ЎÐ( ȟ  anomalies for the SeaFET V2 sensors (shown in Figure 4.15 in 

section 4.6.5.1). Therefore, liquid junction potentials led to greater pH inaccuracies 

directly following salinity changes on Days 3-5 relative to Days 1-2 and 6. This is also 

supported by temporal trends in the ЎÐ( ȟ  anomalies (Figure 4.15 in section 

4.6.5.1). 

Liquid junction potentials have not yet been documented in deployments of 

Durafet-based pH sensors over narrow ranges of high salinity (> 30) in seawater in the 

open ocean. It interesting to note that liquid junction potentials manifest without the 

noticeable spikiness in 6   (defined in equation 4.4 in section 4.6.5.1; data not 

shown) seen in field data (please see Figures 2.4-2.5 in section 2.4.2.1 and Table 2.1 in 

section 2.4.2.3) and last for several hours like on Days 3-5. Further scrutiny of  
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6    also revealed that electrode response aligned with what is expected based on 

the pH changes each day and the direct relationship between changes in 6   and 

changes in pH (e.g., both increase or both decrease). Whereas it is desirable to produce 

an identical liquid junction potential across all sensor measurements regardless of 

changes in environmental conditions (Martz et al., 2010), this did not occur here.  

It is also possible that dynamic errors in the temperature response of the 

internal reference electrode due to a thermal lag in its saturated KCl reference gel 

(discussed in section 2.3.1.1) may also contribute here. However, past work 

demonstrated that this thermal lag did not have a consistent substantial effect on 

dynamic electrode response (discussed in Gonski et al., 2023 and section 2.4.2.2 in 

Chapter 2). Moreover, the same voltage measurement sequence used to measure 

6   and 6   for the SeaFET V2 sensors is also used to measure the 

thermistor voltages of the internal thermistors of the Honeywell Durafet pH electrodes 

integrated into SF2289 and SF2293 that get converted to temperature. This likely 

truncated the response period for these thermistors (which are only accurate to 

between 0.2 and 0.5oC (Bresnahan et al., 2014; Fox et al., 2019) and resulted in the 

collection of unrepresentative temperatures throughout our six days of testing for 

SF2289 and SF2293 (please see section D.1 for more details). Therefore, we cannot 

assess dynamic errors in the temperature response of the internal reference electrodes 

for the SeaFET V2 sensors, so this will not be discussed further. 

4.6.7.1.2 SeapHOx Sensors 

On the other hand, liquid junction potentials for the internal Ag/AgCl reference 

in the SeapHOx sensors are either substantially reduced or not present at all based on 

the values of their calibration constants at the common reference temperature of 25oC 
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(% ȟ
ᶻ ; described in equation 2.1 in section 2.3.1.1). Here, the voltage equivalent of 

0.02 ± 0.0072 pH is between 0.76 and 1.61 mV at 25oC. When using % ȟ
ᶻ  for 

SP053 (Figure 4.25), the six-hour voltage ranges of the equilibration periods following 

the salinity changes each day only ranged between 0.20 and 2.50 mV over all six days. 

This demonstrates the rapid and accurate response of the internal Ag/AgCl reference 

for the SP053 directly following the salinity changes at all salinities over all days. To 

make the SeapHOx pH data directly comparable to the SeaFET V2 pH data, the same 

calibration method (e.g., calibrating sensor-measured pH to the Hour 6 values of 

% ȟ
ᶻ ) was also used for SP033 and SP053.  

 

 

Figure 4.25: Timeseries of %ᶻ  corrected to the common reference temperature of 

25oC % ȟ
ᶻ  for SP053 as a function of salinity (color-coded) for Days 

1-6 of the tank tests. % ȟ
ᶻ  is calculated on the total scale in terms of 

molinity (mol (kg-soln)-1) units. 
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4.6.7.2 Dynamic Errors in Cl-ISE Response 

The Cl-ISE is AgCl with small amounts of !Ç3 that is compressed into a solid 

pellet whose solid surface is exposed directly to the overlying waters during 

measurement (Martz et al., 2010). With a ~30-fold change in salinity and #Ì during 

the tank tests, the solid AgCl surface of the Cl-ISE must establish and maintain 

equilibrium exchange of #Ìions with the overlying waters as salinity changes each 

day to preserve its Nernstian response to #Ì. Under large rapid salinity changes, 

dynamic errors in electrode response for the Cl-ISE are driven by ï (1) the initial 

electrode reaction that occurs on the solid AgCl surface of the Cl-ISE directly 

following the change in salinity and #Ì expressed via: 

!Ç#Ì Ó Å ᵮ!ÇÓ #Ìȟ τȢςς 

and subsequent equilibration with AgCl between the Cl-ISE and the overlying waters 

via: 

!Ç#Ìᵮ!Ç #ÌȢ τȢςσ 

On Days 1-3, as salinity and #Ì decreases in the tank waters, the initial 

electrode reaction (equation 4.22) proceeds in the forward direction and #Ì ions must 

dissolve off the solid AgCl surface of the Cl-ISE into the overlying waters to restore 

equilibrium ion exchange. Then, on Days 4-6 as salinity and #Ì increases in the 

tank waters, the initial electrode reaction (equation 4.22) proceeds in the reverse 

direction and #Ì ions must come out of the tank waters and re-concentrate on the 

solid AgCl surface of the Cl-ISE to restore equilibrium ion exchange. It is important to 

note that some amount of !Ç ions will  also dissolve off and re-concentrate onto the 

AgCl surface of the Cl-ISE on Days 1-3 and Days 4-6, respectively, as salinity 

changes. However, this !Ç ion exchange is insignificant relative to #Ì since the 

#Ì in seawater (>0.5 mol kg-1) is several orders of magnitude greater than the !Ç 
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in seawater (~18 pmol kg-1). If the initial electrode reaction (equation 4.22) and the 

subsequent equilibration with AgCl between the Cl-ISE surface and overlying waters 

(equation 4.23) does not occur before the sensor measurement following the salinity 

change each day, it is reflected in the voltages measured between the Cl-ISE and 

ISFET. This leads to the equilibration periods that can be reconstructed using the 

sensor calibration constants calculated using Ð(  for the half-cell and complete cell 

reaction approaches for pH calculation using the Cl-ISE as the reference electrode.  

4.6.7.2.1 SeaFET V2 Sensors 

Equilibration issues with AgCl are easily demonstrated by the calibration 

constants for the Cl-ISE in a SeaFET V2 sensor for the half-cell (% ȟ ȟ
ᶻ ; defined in 

equations 4.7-4.9 in section 4.3.2.3) and complete cell (Ë ; defined in equation 4.6 

in section 4.3.2.2) reaction approaches. If equilibration issues with AgCl were not 

present for the Cl-ISE, then values of % Ȣ ȟ
ᶻ  and Ë  should be relatively time-

invariable with six-hour voltage ranges that approximate a range between 0.69 and 

1.47 mV (or the voltage equivalent of 0.02 ± 0.0072 pH at the common reference 

temperature of 0oC) over the six-hour equilibration periods following salinity changes 

each day. This, however, is not the case.  

Consider % Ȣ ȟ
ᶻ  and Ë  for SF2293 (Figure 4.26); clear increasing 

exponential relationships are present on Days 1-2 and 4 over six-hour voltage ranges 

between 3.92 and 7.89 mV for % Ȣ ȟ
ᶻ  and 3.97 and 7.93 mV for Ë . This clearly 

indicates equilibration issues with AgCl for the Cl-ISE on Days 1-2 and 4 where the 

initial electrode reaction (equation 4.22) occurs at the Hour 0 point and then the 

subsequent equilibration with AgCl between the solid AgCl surface of the Cl-ISE and 

the overlying waters (equation 4.23) occurs between Hour 0.5 and Hour 6. Here, 
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calibrating the SeaFET V2 pH data to the Hour 6 values of % Ȣ ȟ
ᶻ  and Ë  is 

justified since values of % Ȣ ȟ
ᶻ  and Ë  stabilize and level out by Hour 6 each day 

(e.g., electrodes have finally equilibrated to new environmental conditions). Further 

scrutiny of 6   (defined in equation 4.6 in section 4.6.5.2; data not shown) also 

revealed that Cl-ISE response aligned with what is expected based on the salinity 

changes each and the inverse relationship between changes in 6   and changes in 

Á  (and salinity) (e.g., 6   increases when Á  (and salinity) decreases and vice 

versa). Equilibration issues with AgCl for the Cl-ISEs integrated with the SeaFET V2 

sensors also manifested without the noticeable spikiness in 6   (defined in 

equation 4.6 in section 4.6.5.2; data not shown) seen in field data (please see Figures 

2.4-2.5 in section 2.4.2.1 and Table 2.1 in section 2.4.2.3). 

On Day 3, % Ȣ ȟ
ᶻ  and Ë  both exhibit substantial scatter with six-hour 

voltage ranges of 2.80 mV and 2.75 mV, respectively. Here, % Ȣ ȟ
ᶻ  and Ë  are 

devoid of any logical temporal trend likely due to equilibration issues between the 

electrode surfaces and overlying waters with low buffering capacity at salinity ~1.38-

1.39. As discussed in section 3.6.5 in Chapter 3, calculating Ë  on the free scale in 

molality (mol (kg-H2O)-1) causes Ë  on Day 3 at salinity ~1.38-1.39 to be 

positively shifted relative to the Ë  data on Days 1-2 and 4-6 at salinity > 9.6-9.7. 

% Ȣ ȟ
ᶻ  that is calculated on the total scale in molinity (mol (kg-soln)-1) does not 

exhibit this shift. Meanwhile, on Days 5-6 at salinity > 20, values of % Ȣ ȟ
ᶻ  and 

Ë  are relatively time-variable with six-hour voltage ranges between 0.49 and 1.05 

mV and 0.71 and 1.05 mV, respectively. On Days 5-6, the Cl-ISE behaves as expected 

and equilibration issues with AgCl are substantially minimized or not present at all. 

Therefore, equilibration with AgCl between the solid AgCl surface of the Cl-ISE and 
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Figure 4.26: Timeseries of (a) % ȟ
ᶻ  corrected to the common reference temperature 

of 0oC % ȟ ȟ
ᶻ  using experimental Ὠ% ȟ

ᶻ ȾὨ4ÅÍÐ and (b) Ë  at 

a reference temperature of 0oC for SF2293 as a function of salinity 

(color-coded) of Days 1-6 of the tank tests. % ȟ ȟ
ᶻ  is calculated on the 

total scale in terms of molinity (mol (kg-soln)-1) units. Ë  is 

calculated on the free scale in terms of molality (mol (kg-H2O)-1) units. 

Please note the different scaling on the y-axes between panels (a) and (b). 
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overlying waters took longer and drove greater pH inaccuracies on Days 1-2 and 4 

while the opposite is true is Days 5-6; this is also supported by the temporal trends in 

ЎÐ( ȟ
ȟ

 and ЎÐ( ȟ
ȟ

 anomalies shown in Figure 4.17 in section 4.6.5.2 

and Figure 4.19 in section 4.6.5.3, respectively. 

4.6.7.2.2 SeapHOx Sensors 

Dynamic errors in Cl-ISE response for the Cl-ISEs in the SeapHOx sensors are 

either substantially reduced or not present at all based on the values of their calibration 

constants for the half-cell (% ȟ ȟ
ᶻ ; described in equation 3.27 in section 3.3.2.2 and 

equations 3.33-3.34 in section 3.3.2.4) and complete cell (% ȟ
ᶻ ; described in 

equation 3.2 in section 3.3.1) reaction approaches at the reference temperature of 

25oC. When considering % ȟ ȟ
ᶻ  and % ȟ

ᶻ  for SP053 (Figure 4.27), the voltage 

equivalent of 0.02 ± 0.0072 pH is between 0.76 and 1.61 mV at the common reference 

temperature of 25oC. Here % ȟ ȟ
ᶻ  and % ȟ

ᶻ  are relatively time-invariable with 

six-hour voltage ranges between 0.36 and 2.41 mV and 0.50 and 2.30 mV, 

respectively, for the equilibration periods following the salinity changes each day over 

all six days of testing.  

Upon removing the Day 3 data that had higher scatter due to equilibration 

issues between electrode surfaces and overlying water of low buffering capacity at 

salinity ~1.38-1.39, six-hour voltage ranges for % ȟ ȟ
ᶻ  and % ȟ

ᶻ  further decrease 

to between 0.36 and 1.17 mV and 0.50 and 1.40 mV, respectively, for SP053. This 

indicates equilibration with AgCl between the solid AgCl surface of the Cl-ISE 

integrated into SP053 and overlying waters proceeded rapidly on Days 1-2 and 4-6. 

Still, on Day 3, % ȟ
ᶻ  that is calculated on the free scale in molality (mol (kg-H2O)-1) 

is positively shifted at salinity ~1.38-1.39 relative to the % ȟ
ᶻ  data on Days 1-2 and 
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Figure 4.27: Timeseries of (a) % ȟ
ᶻ  corrected to the common reference temperature 

of 25oC % ȟ ȟ
ᶻ  using experimental Ὠ% ȟ

ᶻ ȾὨ4ÅÍÐ and (b) %ᶻ  

at a reference temperature of 25oC % ȟ
ᶻ  for SP053 as a function of 

salinity (color-coded) of Days 1-6 of the tank tests. % ȟ ȟ
ᶻ  is 

calculated on the total scale in terms of molinity (mol (kg-soln)-1) units. 

% ȟ
ᶻ  is calculated on the free scale in of molality (mol (kg-H2O)-1) 

units. Please note the different scaling on the y-axes between panels (a) 

and (b). 
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4-6 at salinity > 9.6-9.7. % Ȣ ȟ
ᶻ  that is calculated on the total scale in molinity (mol 

(kg-soln)-1) does not exhibit this shift. To make the SeapHOx pH data directly 

comparable to the SeaFET V2 pH data, the same calibration method (e.g., calibrating 

sensor-measured pH to the Hour 6 values of % ȟ ȟ
ᶻ  and % ȟ

ᶻ ) was also used for 

SP033 and SP053. 

4.6.7.3 Differences Between SeaFET V2 and SeapHOx Sensor Configurations 

 The reproducible exponential nature of the observed relationships between 

ЎÐ( ȟ  anomalies and time (and sensor calibration constants and time) for the 

electrodes in the SeaFET V2 sensors suggests a systematic cause of their dynamic 

errors in electrode response. This leads to differences in how the different sensor 

models are configured and programmed to operate. The SeapHOx sensor is an actively 

flushed sensor that uses an SBE5M submersible pump to flush the sensor flow path 

and renew the water inside the flow housing around the electrodes during each 

sampling cycle. In contrast, here, the SeaFET V2 sensor is a passively flushed sensor 

where tank waters passively drift through the biofouling guards where the electrodes 

are located, and voltages used to calculate pH are then measured while this occurs.  

Electrode response for the SeapHOx sensors may have been rapid since 

voltages are not measured under active flow conditions and equilibrium ion exchange 

for each reference electrode only occurs in a closed environment with a finite water 

volume inside the sensor flow housing. On the other hand, dynamic errors in electrode 

response for the SeaFET V2 sensors may arise because equilibrium ion exchange 

occurs in a semi-enclosed environment that is still open to the tankôs full water volume 

and voltages may be measured under flow as waters drift in and out of the SeaFET V2 

biofouling guards. Turbulent or stochastic (rather than laminar) flow adjacent to or 
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above the electrode surfaces could impede or slow equilibrium ion exchange between 

either or both reference electrodes and overlying tank waters and contribute to the 

dynamic errors in electrode response observed for the SeaFET V2 sensors. Under 

these conditions, slow equilibrium ion exchange between the electrode surfaces and 

tank waters could be explained by variations in the ionic charge density on the 

electrode surfaces (Bates, 1973) that is caused by changes in the water flow rates 

around the electrodes inside the biofouling guards during measurement; otherwise 

known as ñstreaming effectsò (Bagshaw et al., 2021). However, it would be difficult to 

ï (a) estimate a water flow rate through the SeaFET biofouling guards and (b) prove 

the water flow rates were changing as tank waters were drained and then added and 

mixed before and during sensor measurements. 

The Cl-ISEs integrated into the SeaFET V2 and SeapHOx sensors originate 

from different manufacturers, but they are still chemically similar since both are 

prepared by compressing and sealing solid pellets composed of AgCl with some !Ç3 

into a waterproof assembly. After direct exposure to the seawater, the Cl-ISE uses the 

#Ì ions in seawater to establish its reference potential (Johnson et al., 2016). The Cl-

ISEôs reference potential continues to change as salinity and #Ì also change in situ 

(Martz et al., 2010). Over the ~30-fold changes in salinity and #Ì during the tank 

tests, variation in the evolution and nature of the surface character of the different Cl-

ISE types and across redundant Cl-ISEs of the same type integrated into each sensor 

model is likely possible as ion exchange occurred as salinity changed during the tank 

tests. Therefore, this may also contribute to the differences in the magnitudes of 

dynamic errors in electrode response between the different sensor models we observe. 
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The most notable difference between the sensor models is the voltage 

measurement sequence each sensor uses to collect the raw voltages that are used in pH 

calculation at each time point. The SeapHOx sensor uses an average of 20 voltages 

collected over a 16-second measurement period at each time point after pumped flow 

ceases for pH measurement. On the other hand, the SeaFET V2 sensors use the final of 

only four voltage measurements collected over a 0.5-second measurement period for 

pH calculation at each time point; the same approach is also employed for the 

thermistor voltages used to calculate temperatures measured with the Durafetôs 

internal thermistors for the SeaFET V2 sensors (Charles Branham of Sea-Bird 

Scientific, Personal Communication, Oct 2023). 

Accordingly, the SeaFET V2 sensors measure five times fewer voltages over a 

measurement period that is 32 times shorter than what is done with the SeapHOx 

sensors. If the 0.5-second measurement period is shorter than the period needed for 

one or both reference electrodes to achieve equilibrium ion exchange with the 

overlying tank waters and respond to new environmental conditions as salinity 

changes, then the SeaFET V2 sensors are truncating this process at each time point. As 

a result, unrepresentative voltages would be collected and cause the dynamic errors in 

electrode response and the inaccurate sensor-measured pH we observe for the SeaFET 

V2 sensors. The rapid response of the SeapHOx sensors (that also use the Durafet and 

a chemically similar Cl-ISE) where dynamic errors in electrode response are 

substantially minimized or not present at all further supports this assertion.  

Therefore, the differences in the voltage measurement sequences between the 

SeaFET V2 and SeapHOx sensors cause the major differences in electrode response 

between the sensor models and the magnitude and duration of dynamic errors in 
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electrode response for the SeaFET V2 sensors that we observe. Even though the 

voltage measurement sequence of the SeaFET V2 sensors was incompatible with and 

not optimized for the large rapid salinity changes here, this can easily be addressed 

and fixed by the sensor manufacturer. In the end, dynamic errors in electrode response 

exhibited by the SeaFET V2 sensors were largely corrected for (as well as for the 

SeapHOx sensors; albeit, to a lesser extent) using secondary pH corrections described 

in sections 4.5.7 and 4.6.3 that were applied after sensor calibration. 

4.6.8 Procedural Recommendations for Tank Tests 

Based on the results of this work, more work investigating dynamic electrode 

response of Durafet-based pH sensors is needed. In this work, finite temperature 

control lay beyond the scope of available resources, so future work should integrate 

this into the experimental design and cover a wider range of temperatures that are < 

20oC. Here, high pH and low pH generally coincided with high salinity and low 

salinity, respectively. Therefore, future work should offset salinity and pH (e.g., high 

salinity with low pH and vice versa) and the changes in them to a greater extent and 

include finer incrementation in salinity changes between salinity 1 and 10 to improve 

assessments of reference electrode response to #Ì and ISFET response to ( . Since 

DI water with lower TA, pH, DIC, and pCO2 relative to natural freshwaters was used 

to decrease salinity on Days 1-3, tank waters on those days likely had lower TA and 

buffering capacities relative to natural waters of the same salinity (e.g., on Day 3 tank 

waters had TA < 125 ˃mol kg-1 at salinity < 1.5 where natural waters in the Murderkill 

Estuary watershed have TA between 200 and 700 ˃mol kg-1 at salinity < 0.1 

(unpublished data; not shown)). As a result, electrode response on Day 3 at salinity < 

1.5 was difficult to assess due to equilibration issues between the electrode surfaces 
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and overlying waters. If DI water (rather than natural freshwater) is used to decrease 

salinity in future work, alkalinity should be added (e.g., using carbonate or 

bicarbonate-containing compounds) to low salinity waters.  

Using natural freshwater to decrease salinity will also allow sensor users to 

leverage additional reference pH calculated from two marine carbonate system 

parameters for more robust assessments of electrode response. The use of DI water for 

salinity dilution in such large volumes as done here may confound measurements 

using benchtop analyzers and analytical methods optimized for seawater salinities and 

DIC and TA ranges at lower salinities (e.g., DIC < 102 µmol kg-1 and TA < 125 µmol 

kg-1 at salinity < 1.5 on Day 3) that are benchmarked against seawater TA and DIC 

standards (e.g., Certified Reference Materials (CRMs) from A. G. Dickson of Scripps 

Institution of Oceanography). Here, using DI water for salinity dilution also posed 

analytical challenges for the spectrophotometric Ð(  analyses using purified mCP 

indicator dye on Day 3 since the pH of the TRIS buffers used to develop mCP dye 

characterization equations of Müller and Rehder (2018) at salinity < 5 is not 

accurately known (Müller et al., 2018) and mCP is not commonly used for pH 

measurement at pH < 7.2 (Liu et al., 2011). 

This work utilized a 30-minute measurement frequency across all four sensors, 

so dynamic electrode response can be assessed over a wider range of measurement 

frequencies in future work. Further work to optimize the voltage measurement 

sequence of the SeaFET V2 sensors (to make it longer than 0.5 seconds) for large 

rapid salinity changes (like those seen here) is needed. Once this is done, tank tests 

like those described herein can then be repeated. Future work can also assess and 

compare dynamic electrode response between different SeaFET V2 sensors deployed 
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in both their passively flushed (as done here) and actively flushed configurations if an 

external pump is available to renew the waters around the electrodes in the sensor flow 

housing during each sampling cycle. Finally, as logistics, available resources, and 

water budgets permit, filtering water samples during collection and analyzing discrete 

water samples immediately after collection will also improve experimental designs for 

future tank tests. 

4.7 Conclusions 

Here, the dynamic responses of the Honeywell Durafet and its internal 

(Ag/AgCl reference) and post-factory added external (Cl-ISE) reference electrodes 

integrated into two SeapHOx sensors (designed and assembled by Todd R. Martz of 

Scripps Institution of Oceanography (La Jolla, CA, USA)) and two SeaFET V2 

sensors (designed and assembled by Sea-Bird Scientific (Bellevue, WA, USA) were 

assessed over ranges of salinity and pH between 1 and 31 and 6.9 and 8.1, 

respectively, over a six-day period in a test tank. During this work, a single large rapid 

change in salinity (and pH) was simulated using DI water and SW to decrease and 

increase salinity, respectively. The sensors were then allowed to equilibrate and 

respond for ~24 hours while discrete water samples were collected coincident with the 

first six hours of sensor measurements following the salinity change each day. Rates 

of salinity change incurred from the salinity cycling ranged between -11.21 and 

+10.66 (0.5 h)-1. Coincident rates of temperature change varied between -0.99 and 

+1.44oC (0.5 h)-1 over a narrow range of high temperatures between 21o and 32oC. 

Rather than employing the standard sensor calibration approach of minimizing 

the anomaly between Ð(  and Ð( , we instead, partition all sensor-measured pH 

timeseries according to salinity between Days 1 and 6 and calibrate them using the 
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Hour 6 discrete water samples collected each day. By doing this, anomalies between 

Ð(  and Ð(  are forced to approach zero (and the two pH to approach parity) by 

Hour 6 each day. This allowed us to reconstruct the electrodesô equilibration period to 

new salinities following the salinity changes each day; the presence of this 

equilibration period indicates dynamic errors in electrode response. After calibration, 

there are clear differences between the dynamic responses of the electrodes integrated 

into each sensor model.  

Dynamic errors in electrode response were substantially greater and persisted 

for longer for the SeaFET V2 sensors relative to the SeapHOx sensors. Dynamic error 

in electrode response drove substantial pH measurement inaccuracies for the SeaFET 

V2 sensors directly following large rapid salinity changes that manifested as large 

Hour 0 (>±0.1 pH) ɝÐ( ȟ  anomalies for all three Ð( ȟ  timeseries 

investigated. Moreover, large ɝÐ( ȟ  anomalies remained >±0.02 pH (or the 

GOA-ON weather-level pH data quality threshold) for multiple hours after the salinity 

change across several days of testing. It is interesting to note that dynamic errors in 

electrode response persist for Ð( ȟ
ȟ

 and Ð( ȟ
ȟ

 where the response of 

the Cl-ISE and ISFET are separated out and combined, respectively. On the other 

hand, dynamic errors in electrode response were substantially minimized or were not 

present for the SeapHOx sensors thereby indicating that its electrodes responded 

rapidly and accurately to new salinities. 

Here, dynamic errors in electrode response were caused by issues with 

equilibrium ion exchange between the electrode surfaces and the overlying tank waters 

as salinity and #Ì change. Equilibrium ion exchange issues for the internal Ag/AgCl 

reference were driven by liquid junction potentials while they were driven by 


























































































































































































