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a b s t r a c t

The suitability of the Honeywell Durafet to the measurement of pH in productive, high-fouling, and
highly-turbid estuarine environments was investigated at the confluence of the Murderkill Estuary and
Delaware Bay (Delaware, USA). Three different flow configurations of the SeapHOx sensor equipped with
a Honeywell Durafet and its integrated internal (Ag/AgCl reference electrode containing a 4.5 M KCl gel
liquid junction) and external (solid-state chloride ion selective electrode, Cl-ISE) reference electrodes
were deployed for four periods between April 2015 and September 2016. In this environment, the
Honeywell Durafet proved capable of making high-resolution and high-frequency pH measurements on
the total scale between pH 6.8 and 8.4. Natural pH fluctuations of >1 pH unit were routinely captured
over a range of timescales. The sensor pH collected between May and August 2016 using the most refined
SeapHOx configuration exhibited good agreement with multiple sets of independently measured
reference pH values. When deployed in conjunction with rigorous discrete sampling and calibration
schemes, the sensor pH had a root-mean squared error ranging between 0.011 and 0.036 pH units across
a wide range of salinity relative to both pHT calculated from measured dissolved inorganic carbon and
total alkalinity and pHNBS measured with a glass electrode corrected to pHT at in situ conditions. The
present work demonstrates the viability of the Honeywell Durafet to the measurement of pH to within
the weather-level precision defined by the Global Ocean Acidification Observing Network (GOA-ON, �
0.02 pH units) as a part of future estuarine CO2 chemistry studies undertaken in dynamic environments.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid rise in atmospheric carbon dioxide (CO2) released by
human activities since the onset of the industrial revolution and its
potential effects on the oceans has been of great concern in recent
years (Doney et al., 2009a, 2009b; Kleypas et al., 2006). As atmo-
spheric CO2 concentrations increase, up to one-third of the released
CO2 diffuses into the oceans, thereby altering the chemistry of the
seawater through a process called ocean acidification (Caldeira and
Wickett, 2003). The effects of this acidification are manifested in
the subsequent decline in pH of not only surface seawater in the
open ocean, estimated to be about 0.1 pH units to date (Raven et al.,
rsity of Calgary, AB, Canada.
2005), but also in natural waters that link the terrestrial andmarine
biospheres such as estuaries and the coastal ocean where natural
pH variations are also great (Duarte et al., 2013). In these latter
systems, eutrophication often enhances this acidification due to
oxidation of excess organic matter supported by terrestrially
derived nutrients (Cai et al., 2011; Feely et al., 2010; Wallace et al.,
2014). pH exerts control over so many biogeochemical processes
that it is often referred to as the “master” variable in aquatic sys-
tems (Bates, 1982; Byrne et al., 1988; Clayton et al., 1995; Morel and
Hering, 1993; Orr et al., 2005; Stumm and Morgan, 1996). Accord-
ingly, pH, its measurement, and its effects onmarine, estuarine, and
freshwater systems is of great interest to scientists and

mailto:wcai@udel.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecss.2017.10.020&domain=pdf
www.sciencedirect.com/science/journal/02727714
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https://doi.org/10.1016/j.ecss.2017.10.020
https://doi.org/10.1016/j.ecss.2017.10.020
https://doi.org/10.1016/j.ecss.2017.10.020
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environmental managers.
The pH of natural waters can be defined as either an activity or a

concentration of hydrogen ions in solution (Zeebe and Wolf-
Gladrow, 2001). The merits and limitations of each convention as
well as their associated pH scales have been widely discussed over
the past 45 years (Bates, 1973, 1975; Dickson, 1984, 1993; Dickson
et al., 2016; Hansson, 1973a; 1973b; Marion et al., 2011; Waters
and Millero, 2013), but still lead to confusion among most of the
scientific community (Dickson et al., 2016; Millero, 1986). At pre-
sent, the concentration convention is mostly used in seawater
studies and the activity convention is used primarily in freshwater
studies (Zeebe andWolf-Gladrow, 2001). The various pH scales and
interconversions are discussed in detail by Marion et al. (2011).

There exist two principal benchtop methodologies for the
determination of the pH of natural waters: (1) electrochemical
methods using potentiometric cells and (2) spectrophotometric
methods using diprotic sulfonepthalein pH-sensitive colorimetric
indicator dyes (Dickson et al., 2007). These measurement meth-
odologies are reviewed in detail by R�erolle et al. (2012).

A continuing problem with these two methodologies is that
they are largely limited to salinity (S) > 20 in seawater where TRIS
buffer standards in artificial seawater (DelValls and Dickson, 1998)
are well-calibrated (Dickson et al., 2016). In addition, the indicator
dyes used in the spectrophotometric measurements require puri-
fication to avoid pH errors of up to 0.02 pH units (Yao et al., 2007).
When using unpurified meta-Cresol Purple, however, these pH er-
rors can be minimized by employing the corrective procedures
summarized in Douglas and Byrne (2017a). Further, the thermo-
dynamic constants of available purified indicator dyes are poorly
known below S ¼ 20 (Liu et al., 2011; Patsavas et al., 2013b). These
methodological shortcomings propagate through all aspects of the
measurement and use of pH in brackish waters of S < 20 (Dickson
et al., 2016; Millero, 1986).

Spurred on by the findings of Yao et al. (2007), the seawater pH
community is collectively seeking to develop a high-precision
spectrophotometric methodology using purified indicator dyes
for pHmeasurement over the full temperature and salinity range of
natural waters (DeGrandpre et al., 2014; Lai et al., 2016; Liu et al.,
2011; Patsavas et al., 2013a, 2013b; Soli et al., 2013). Parallel work
for pH measurements under near-zero temperatures (DeGrandpre
et al., 2014; Loucaides et al., 2017; Papadimitriou et al., 2016;
R�erolle et al., 2016), at high pressures (Hopkins et al., 2000;
Rodriguez et al., 2015; Soli et al., 2013; Takeshita et al., 2016a),
and below open-ocean salinities (French et al., 2002; Gabriel et al.,
2005; Gallego-Urrea and Turner, 2017; Hammer et al., 2014; Lai
et al., 2016; Mosley et al., 2004; Yao and Byrne, 2001) has also been
completed. The availability of a new series of variable mole-ratio
TRIS:TRIS-HCl buffers calibrated using a Harned Cell have pro-
duced buffers of similar composition to natural waters of S < 20
that possess the required buffering capacity needed for method
development (Pratt, 2014). However, please see a recent paper by
Douglas and Byrne (2017b) for further discussion of the new
spectrophotometric pH measurement methodology using purified
meta-Cresol Purple for estuarine waters.

This continual refinement of benchtop pH measurement
methodologies and the subsequent development of autonomous
sensor packages based on those methodologies has stimulated
research centered on pH and its controlling processes in natural
waters (Byrne, 2014). High-frequency measurements can help
resolve the temporal and spatial patterns and trends that tradi-
tional discrete water sampling is unable to capture (Johnson et al.,
2007) especially in estuaries that experience substantial simulta-
neous temperature, salinity, and biogeochemical variability. Pres-
ently, two classes of in situ chemical sensors are available for pH
measurement for high-frequency field studies: Reagent-based
Optical Chemical Sensors (ROCS) and Electrochemical Sensors
(Hulanicki et al., 1991).

Recently, pH sensor development has been steered in favor of
ROCS over Electrochemical Sensors (Martz et al., 2010). The
extensive literature of pH sensors based on ROCS designs devel-
oped in the last 10e15 years utilizing various optical properties like
absorbance (de Vargas Sansalvador et al., 2016; Martz et al., 2003;
R�erolle et al., 2013; Seidel et al., 2008) and fluorescence (Clarke
et al., 2015) or luminescence (Larsen et al., 2011) in conjunction
with immobilized indicator dyes supports this view. However,
attention has returned toward Electrochemical Sensors like the
Honeywell Durafet due to the limitations of pH sensors based on
ROCS designs associated with their complex operation, slow
response times, elevated power requirements, reagent consump-
tion and storage, optical interferences due to turbidity, and the
limitations of available indicator dyes (Bagshaw et al., 2016; Martz
et al., 2010; R�erolle et al., 2016). For a more thorough comparison of
the two classes of pH sensors, the reader is referred to Martz et al.
(2010) and R�erolle et al. (2016).

The Honeywell Durafet is a pH-sensitive Ion-Selective Field Ef-
fect Transistor (ISFET) that has been successfully used for pH
measurement in seawater CO2 chemistry and ocean acidification
studies (Bresnahan et al., 2014; Martz et al., 2010). Modified Hon-
eywell ISFETs have also been integrated into a novel solid-state
sensor capable of rapid, simultaneous measurements of pH and
total alkalinity in seawater (Briggs et al., 2017). The Honeywell
Durafet is suitable for pH measurement in marine environments
due to its quick response time (Martz et al., 2010), consistent linear
response with temperature (Takeshita et al., 2014), and good signal
stability (Martz et al., 2010; Sandifer and Voycheck, 1999). In
controlled laboratory settings, the Honeywell Durafet is capable of
precisions of better than ±0.005 pH units over weeks to months
(Martz et al., 2010) and ±0.01 pH units under in situ open ocean
conditions (Bresnahan et al., 2014). In coastal waters, experienced
and well-trained sensor operators can routinely achieve agreement
between sensor and discrete bottle sample measurements better
than ±0.02 pH units (McLaughlin et al., 2017).

Besides the use of the Honeywell Durafet under open-ocean
conditions, its use for pH measurement at high pressures
(Johnson et al., 2016), at near-zero temperatures (Bagshaw et al.,
2016; Matson et al., 2011; R�erolle et al., 2016), and at low ionic
strengths (Hawkings et al., 2016) has been demonstrated. The
Honeywell Durafet has also been used underway on hydrographic
cruises (R�erolle et al., 2016), for profiling down to 3000 m using the
Deep Sea Durafet (Johnson et al., 2016), and on mobile oceano-
graphic monitoring platforms such as the WavepHOx (Bresnahan
et al., 2016), Wave Gliders (Chavez et al., 2017), and Argo Floats
(Johnson et al., 2016). The versatility of the Honeywell Durafet
suggests it will become the sensor of choice in the future to com-
plement the application of a spectrophotometric pH measurement
technique for dilute estuarine waters.

There is, however, a clear need to characterize the performance
of the Honeywell Durafet over a broad range of time varying
salinity to determine its reliability in real estuarine settings. In this
work, we report our evaluation of the performance of the Honey-
well Durafet integrated into a SeapHOx sensor package (originally
designed and assembled by Todd R. Martz of Scripps Institution of
Oceanography and recently commercialized by Sea-Bird Scientific,
Bellevue, Washington, USA; described in section 2.3) in a tidally-
forced, productive, highly-turbid, and high-fouling estuarine envi-
ronment characterized by an extensive salinity range. We outline
modifications to sensor flow-path design specific to our estuarine
environment, considerations for the design of future long-term
deployments of the SeapHOx sensor package in similar environ-
ments, and results from two month-long deployments carried out
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between 09 May 2016 to 09 June 2016 (spring) and 20 July 2016 to
24 August 2016 (summer) at the confluence of the Murderkill Es-
tuary and Delaware Bay (Delaware, USA).

2. Materials & methods

2.1. Sensor operation

As designed, the Honeywell Durafet pH sensor in the SeapHOx
calculates and reports two pH values using its two integrated
reference electrodes e FETjINT (Ag/AgCl reference containing a
4.5 M KCl gel liquid junction) and FETjEXT (Cl-ISE) e designated by

the notations of pHINT and pHEXT, respectively. pHINT and pHEXT are
calculated via:

pHINT ¼
�
EINT � E�INT

�

S
(1)

pHEXT ¼
�
EEXT � E�EXT

�þ S� logðgHgClmClÞ
S

(2)

where EINT and EEXT are the measured sensor voltages, E�INT and
E�EXT are the calibration constants, gi is the ion activity coefficient of
either Hþ or Cl�, mCl is the molal concentration of Cl�, and S ís the
temperature-dependent Nernst slope. The temperature-dependent
Nernst slope is calculated via:

S ¼ RT
F

� lnð10Þ (3)

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) (Martz et al.,
2010). Temperature-dependent standard potentials for this elec-
trode configuration are instead referred to as calibration constants
(Bresnahan et al., 2014) designated by an asterisk (*) (e.g. E�sensor)
versus a nought symbol (�) (e.g. Eosensor) (Martz et al., 2010). Using

the measured voltages, in situ temperature, and salinity, pHINT and

pHEXT are calculated assuming a 100% Nernst slope (e.g. 59.16 mV/
pH at 25 �C) and a constant dE*sensor=dT (e.g.
dE*INT=dT ¼ �0:001101 V=�C and dE*EXT=dT ¼ �0:001048 V=�C)
(Bresnahan et al., 2014; Martz et al., 2010). For a more detailed
discussion of the operating principle of the Honeywell Durafet and
its two reference electrodes, see Martz et al. (2010) and Bresnahan
et al. (2014).

2.2. Study site

The SeapHOx was deployed at Bowers, Delaware (Lat. 39.05�N,
Long. 75.39�W) at the confluence of the larger Delaware Estuary
and its smaller, well-mixed, and turbid tributary, the Murderkill
Estuary, approximately 39 km upstream of the Atlantic Ocean
(Voynova et al., 2015). The Murderkill watershed covers 275 km2

and is largely agricultural (55%) with smaller amounts of forest
(11%), urban areas (14%), and wetland (17% of which 60% are
freshwater and 36% are tidal) (Ullman et al., 2013). The estuary is
nutrient-rich due to the agricultural land use of its watershed and
discharge from a largewastewater treatment facility approximately
10.5 km upstream of Delaware Bay that serves a more urban pop-
ulation of 130,000 people both north and south of the Murderkill
watershed (Voynova et al., 2015). The estuary has an average
channel width of 50 m and average depth of 4.5 m (Wong et al.,
2009). Delaware Bay is one of the largest estuaries in the USA,
215 km long, 18e44 km wide, and drains a 36,570 km2 watershed
that includes parts of Delaware, New Jersey, Pennsylvania, and the
state of New York (Sharp et al., 2009; Wong et al., 2009).

2.3. Sensor packages

The SeapHOx sensor package uses an actively flushed flow
driven by a Sea-Bird Electronics 5M submersible pump and in-
cludes sensors for temperature, salinity (Sea-Bird Electronics
Conductivity-Temperature Sensor e SBE37), pH (Honeywell Dura-
fet), and oxygen (Aanderaa Data Instruments 4835 Optode)
(Bresnahan et al., 2014). Two SeapHOx units were used in this
study: SP033 from April 2015 to August 2015 and SP053 from
September 2015 to August 2016. When deployed, the configuration
of SP033 (Fig. 1) was simply the SeapHOx as designed and assem-
bled for open-ocean deployments. This sensor configuration proved
to be less-suited for our estuarine application. Subsequently, SP053
(Fig. 1) was reconfigured with a modified flow path consisting of
tubing with a uniform cross-sectional area and rounded connec-
tions between all sensor components. The flow path of this
configuration was considerably longer than the original and the
pump time of the instrument was increased from 25 s (recom-
mended for open-ocean deployments by Martz (2012)) to 60e70 s
to accommodate this modification. The increased flushing time
substantially reduced the build-up of sediment in the flow housing.
Finally, a sampling interval of 30 min was chosen.

Prior to each sensor redeployment, steps were taken to ensure
proper operation of all sensor components. Briefly, the SBE 5M
submersible pump was removed, submerged, and tested. Optode
operation was also tested in air at ~100% oxygen saturation as
recommended by Aanderaa Data Instruments AS (Nesttun, Nor-
way). Using filtered seawater (salinity ~ 29e31), tests were con-
ducted on the response of both reference electrodes to ensure
measurements returned to within nominal voltage ranges for each
electrode as detailed in Bresnahan et al. (2014). To minimize
biofouling, the sensor body was wrapped with 2” wide white EZ
Tear Construction Tape (Micronova Mfg., Inc., Part No. EZT-2WH)
followed by overlapping layers of copper-foil tape. Using filtered
seawater taken from the lower Delaware Bay (salinity ~ 29e31), the
recommended pre-deployment electrode conditioning protocols
were followed before each sensor deployment. Detailed sensor
preparation procedures are given in Bresnahan et al. (2014) and
Rivest et al. (2016).

2.4. Field deployment

The SeapHOx units were deployed alongside the suite of co-
located sensors comprising the Kent County Land-Ocean Biogeo-
chemical Observatory (LOBO) (Sea-Bird Scientific, http://kentcou
nty.loboviz.com/) except during December 2015eMarch 2016
when the LOBO sensors were undergoing annual maintenance and
calibration. The LOBO deployment platform consists of an
aluminum cage with removable struts mounted on a trolley made
of 1” thick galvanized steel that can be winched up and down along
an I-Beam track attached to a pier to a fixed vertical position,
approximately 0.8 m above the estuary floor. Prior to deployment,
all the aluminum components of the deployment platform were
coated with antifouling paint. (Interlux Paint, LLC., Union, NJ, USA).

SeapHOx SP053 was deployed upside down so sediment would
accumulate away from the electrodes inside the flow housing. The
copper pipe inserts integrated as a secondary antifouling measure
into the flow path of SeapHOx SP033 were replaced by a U-shaped
copper pipe inlet (Mueller Industries, MCTP-W Type ACR Refrig-
eration/AC Copper Pipe, 1/2” O.D.) bent to a 180� angle. The U-
shaped inlet was placed at the sensor inflow point to prevent the
passive settling of sediment and/or active invasion by fouling or-
ganisms into the sensor flow path. Comprehensive sensor

http://kentcounty.loboviz.com/
http://kentcounty.loboviz.com/


Fig. 1. Schematic plots of sensor configurations used in the Murderkill Estuary-Delaware Bay SeapHOx deployments. Left schematic plot shows SeapHOx SP033 in its original
configuration (Configuration v1.0) deployed between 08 April 2015 and 26 August 2015. Right panel shows SeapHOx SP053 in Configuration v3.0 deployed between 09 May 2016
and 24 August 2016. Blue arrows represent the sensor flow path and indicate the direction of water flow through the sensor. Water flow in Configuration v1.0 is bottom-up through:
(A) the conductivity channel of the (B) Sea-Bird Electronics Conductivity-Temperature Sensor (SBE37), (C) the Sea-Bird Electronics 5M Submersible Pump, and (D) the sensor flow
housing where the electrodes are located. Water flow in Configuration v3.0 is top-down entering through its U-shaped copper pipe inlet and follows the same flow sequence as
Configuration v1.0. In both configurations, the sensor flow housing fills bottom-to-top. For further context, see the Supplemental Materials for examples of the fully-assembled
SeapHOx packages and a list of the materials used in the modified flow path of Configuration v3.0. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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maintenance was performed on the SeapHOx and the LOBO every
7e10 days between May 2016 and August 2016.
2.5. Sampling approach

The Murderkill Estuary-Delaware Bay System is essentially a
river mouth and flood-dominant system (Dzwonkowski et al.,
2013; Wong et al., 2009) characterized by significant discharge
asymmetry resulting in much slower ebb tides and more rapid
flood tides (Dzwonkowski et al., 2013). High-frequency tidal fluc-
tuations and low-frequency subtidal controls associated with
spring-neap tides, winds, and large storm events drive local
biogeochemistry (Dzwonkowski et al., 2013; Voynova et al., 2015;
Wong et al., 2009). A tidal cycle sampling scheme was adopted
for discrete sampling: samples were collected over the course of
10e12 h periods bracketing at least one low tide and one high tide.
Using this sampling scheme, the full range of salinity and pH
observed at this site were captured. This reduced the chances of
introducing bias due to salinity, pH, or system endmember into
reference pH datasets used for sensor calibration. To this end,
sampling trips were synchronized to periods with large expected
salinity and pH variation, such as periods with high freshwater
flows following large storms. Large storm events represent signif-
icant freshwater inputs to the watershed and result in lower sa-
linities at the sampling site during the end of the ebb tide (Voynova
et al., 2015).
2.6. Sensor calibration

Conventional calibration protocols for electrochemical pH
measurement methods consist of employing a series of traceable
reference materials (e.g. TRIS Buffers in artificial seawater) repre-
sentative of the composition of natural waters at those salinities to
calibrate and periodically recalibrate the electrodes or sensors.
When performing an electrochemical pH calibration in low and
intermediate salinities, for example, it has been recommended that
a single standard reference buffer at an intermediate salinity be-
tween freshwater and seawater (e.g. 15 � S � 20) or a series of
standard buffers spanning the full salinity range encountered be
used (Whitfield et al., 1985). The former method leads to mea-
surement uncertainties associated with the deviation from the
salinity of the single calibration standard (Whitfield et al., 1985),
while the latter method requires the preparation and preservation
of many standard buffers (Easley and Byrne, 2012). Easley and
Byrne (2012) demonstrated that a 10-unit difference in the
salinity between the standard buffer solution and a natural
seawater sample can yield uncertainties of up to 0.028 pH units and
even a difference of only 2 salinity units can result in errors of 0.005
pH units. This highlights the need for finer salinity incrementation
between successive buffers and the deficiency of the use of the
single calibration standard (Easley and Byrne, 2012;Whitfield et al.,
1985).

The difficulties of standard buffer calibration methods for
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electrochemical pH determinations below S ¼ 20 were circum-
vented by employing the calibration method for Durafet-based
biogeochemical sensors recommended by Bresnahan et al. (2014).
This type of sensor calibration is dependent on the natural vari-
ability inherent to the deployment environment (Hofmann et al.,
2011; Kline et al., 2012) rather than a comparison against stan-
dard reference buffers. Such an in situ or field calibration is per-
formed through the collection of discrete bottle samples coinciding
with the time of sensor measurements, and the determination of
pH of those samples using established benchtop methods. Using
the measured sensor voltages, in situ temperature, salinity, and the
discrete sample pH corrected to in situ temperature, calibration
constants specific to each reference electrode (E�INT and E�EXT) are
calculated based on an average of all discrete samples. A single
calibration constant specific to each reference electrode is then
applied retroactively to the raw sensor pH. This redefines the
contribution of the calibration constant to the voltage converted to
pH via the temperature-dependent Nernst slope in equations (1)
and (2) thereby displacing and aligning the sensor pH with the
discrete sample pH data (Bresnahan et al., 2014). A comparison of
the sensor pH and the reference pH is evaluated based on its Model
II least squares fit (Peltzer, 2007) which generate fit parameters
comprised of a sensor offset or intercept ðc0Þ and a sensor gain or
slope ðc1Þ. Under optimal conditions, these quantities would equal
0 and 1, respectively (Bresnahan et al., 2014). The root-mean
squared error (RMSE) calculated from this fit becomes the degree
to which the constraint of the difference between the sensor pH
and reference pH can be characterized, or the accuracy of the sensor
pH relative to the chosen reference pH. For a more thorough dis-
cussion of the calibration procedure, the reader is referred to
Bresnahan et al. (2014).

Using this approach, the primary control on the quality of the
sensor calibration and subsequent sensor time series is directly
related to the number and quality of the discrete samples collected
over the course of a sensor deployment. An optimal discrete sam-
pling scheme is characterized by > 10 usable discrete bottle sam-
ples for sensor deployments of several months or more (Rivest
et al., 2016). In contrast, calibrating a sensor time series of a
similar length to only one discrete bottle sample can produce
sensor inaccuracies of ~0.1 pH units and is not recommended
(Bresnahan et al., 2014, 2016) due to the limitations it places on the
evaluation of sensor failure or effects of biofouling (Rivest et al.,
2016). A second control is related to the benchtop pH measure-
ment method chosen to measure the pH of the discrete bottle
samples (McLaughlin et al., 2017). Past experiences dictate that the
pH measurements of discrete bottle samples from open-ocean
deployments be performed using spectrophotometric pH mea-
surement methods using pH-sensitive colorimetric indicator dyes
(Rivest et al., 2016) known for their high precision, simple analytical
procedures, and minimal operator interaction (Carter et al., 2013;
DeGrandpre et al., 2014). On the other hand, the application of
spectrophotometric pH measurement methodologies is not
straightforward in S < 20 waters as previously discussed. Alterna-
tively, pH can be measured via glass electrode potentiometry or
calculated from two marine CO2 system parameters e dissolved
inorganic carbon (DIC), partial pressure of CO2 (pCO2), and total
alkalinity (TA) e so a sensor calibration in an estuarine environ-
ment is still achievable.

2.6.1. Field measurements
Dissolved inorganic carbon (DIC), total alkalinity (TA), and pHNBS

were measured at the sensor deployment site on 01 June 2016 and
02 August 2016. Discrete water column samples were collected
every 30 min coinciding with sensor measurements on the hour
and half-hour. Samples were collected using a peristaltic pump by
way of a 3.75 m length of tubing lowered into the water to the
approximate depth of the SeapHOx and sufficiently weighted to
maintain a fixed position. Measurements of in situ temperature,
salinity, and pressure were taken from the SeapHOx.

2.6.2. Analytical methods
Samples for DIC and TA were typically collected in duplicate

following filtration through Whatman 0.45 mm Polyethersulfone
(PES) filters (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) by
bottom-filling and overflowing into triple-rinsed 250-mL borosili-
cate glass bottles. The samples were then fixed with 100 mL of
saturated mercuric chloride (HgCl2) solution, and stored for later
analysis. Approximately every 30 min, filters were regenerated by
rinsing the filter backwards then forwards three times using a
reservoir of deionized (DI) water and a second peristaltic pump
between sampling cycles. Upon returning from the field, the sam-
ples were stored at 4 �C (Cai andWang, 1998; Jiang et al., 2008). DIC
was determined through acid extraction by quantifying the
released CO2 using an infrared gas analyzer (AS-C3 Apollo Scitech).
TAwas measured by Gran Titration (Gran, 1950, 1952) using a semi-
automated open-cell titration system (AS-ALK2 Apollo SciTech) (Cai
et al., 2010; Huang et al., 2012). All measurements were calibrated
against certified reference materials (CRM, provided by A.G. Dick-
son from Scripps Institute of Oceanography) with a precision of
±2.2 mmol kg�1.

Unfiltered samples for pHNBS were collected in duplicate via
bottom-filling and overflowing into triple-rinsed narrow-neck 125-
mL clear soda glass bottles. pHNBS was measured using an Orion
Dual Star pH/ISE Benchtop Meter equipped with an Orion
8302BNUMD Ross Ultra Glass Triode pH/ATC Combination Elec-
trode (Thermo Fisher Scientific Inc., Beverly, MA, USA) within
3e5 min of sample collection at a temperature within ±0.3 �C of in
situ temperature recorded by the SeapHOx. The glass electrode was
calibrated every 2e3 h using three National Bureau of Standards
(NBS) traceable low ionic strength pH buffers of 4.01, 7.00, and
10.01 stored in 20 mL scintillation vials thermostatted in water
taken from the Murderkill Estuary for at least 30 min prior to the
calibration. During all pHNBS measurements, parafilm was used to
seal the bottle neck and minimize CO2-exchange between the
sample and the surrounding atmosphere.

A system of rigorous in situ deployment calibrations was pur-
sued using two sets of independent reference pH. The first inde-
pendent reference pH was pHT calculated from measured DIC and
TA at in situ temperature, salinity, and pressure (pHdisc

DIC�TA) using the
inorganic carbon dissociation constants from Millero et al. (2006),
the bisulfate ion acidity constant of Dickson (1990), and the boron-
to-chlorinity ratio of Lee et al. (2010) in the Excel macro CO2SYS
(Pierrot et al., 2006). These constants were used for all other
CO2SYS calculations performed. The inorganic carbon dissociation
constants from Millero et al. (2006) were found most suited to
calculations of pHT in estuarine waters (S < 30).

The second independent reference pH was pHT calculated from
the field measurements of pHNBS made on the discrete bottle
samples with a glass electrode. In order to compare these bottle
samples to the DIC-TA bottles samples and the in situ sensor data,
we used the Excel macro CO2SYS (Pierrot et al., 2006) to correct the
discrete pHNBS measurements to the total scale ðpHTÞ at in situ
temperature, salinity, and pressure using the following steps:

1) Correct the discrete pHNBS measurements from the measure-
ment temperature ðpHmeas

NBS Þ to in situ temperature recorded by
the SeapHOx by applying the difference in pHNBS calculated
from DIC and TA at the measurement and in situ temperatures
ðDpHtemp

NBS Þ to generate the temperature-corrected discrete
pHNBS data ðpHfield

NBS Þ.
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2) Apply a correction to pHfield
NBS based on the difference between

pHNBS and pHT calculated from DIC and TA at in situ conditions
solely attributed to the difference in the pH scales (DpHscalesÞ to
generate the second independent reference pH ðpHdisc

elecÞ on the
total scale.

Over the course of our work, the values of DpHscales varied roughly
between 0.145 and 0.155 pH units. The equations used to calculate
pHdisc

elec together with the accompanying study-specific terms are
discussed in greater detail in the Glossary included with the Sup-
plementary Materials.

2.7. Assumptions & limitations

The remoteness of many open-ocean sensor deployment sites
often limits the opportunities to maintain, calibrate, and verify the
performance of the sensors (Rivest et al., 2016). Thus, each
deployment is traditionally treated as one continuous time series
with benchmark calibration samples typically collected directly
following sensor deployments along with pre-deployment cali-
brations and/or post-deployment calibrations sometimes attached
to further gauge sensor drift and validate sensor performance
(Bresnahan et al., 2014). This approach, however, is not preferable
when the sensors are serviced, maintained, and redeployed on a
weekly basis. With an estuarine sensor deployment in an accessible
location, more frequent maintenance, calibration, and verification
is possible and, due to higher fouling potential, probably necessary.
However, frequent and targeted discrete sampling results in sub-
sets of data with different suites of independent calibrations using
calibration constants set to average values based on independent
sets of discrete bottle samples that must be aggregated over the
total deployment period. In our opinion, this alternative approach
is more practical for sensor calibrations in dynamic estuarine en-
vironments when frequent sensor maintenance is necessary.

The principal analytical assumption of this study is that the
Honeywell Durafet exhibits the full Nernstian response over the full
range of salinity encountered (S ¼ 3e30). Previous work has
demonstrated that the dual-reference electrode configuration of
the SeapHOx repeatedly exhibited this response over a salinity
range of 20e35 in seawater and that the Br� sensitivity of the Cl-ISE
was only <0.003 pH units (Takeshita et al., 2014). The Cl-ISE was
assumed to operate properly if the Cl� : Br� ratio remained con-
stant, as is the case for seawater and all but the most severe di-
lutions of seawater (R�erolle et al., 2016). Finally, it was assumed the
empirical function used to calculate the mean activity coefficient of
HCl ðg±HClÞ reported by Khoo et al. (1977) was valid outside of its
published salinity range (S ¼ 20e45).

The “internal” (Ag/AgCl) reference electrode contains a liquid
junction, which could impart measurable pH errors of varying
magnitude (Bates, 1973; Dickson, 1993) to the pHINT time-series
due to liquid junction potential effects (Bresnahan et al., 2014;
Martz et al., 2010). Hysteresis due to the effects of liquid potential
can be especially problematic in a river mouth environment that
routinely experiences large salinity fluctuations due to freshwater
inputs (Bresnahan et al., 2014).

3. Results & discussion

3.1. Discrete sample pH comparisons

The four measures of pH (pHINT
raw; pHEXT

raw; pHdisc
DIC�TA; pHdisc

elec)
coinciding with the sampling trips on 01 June 2016 (Fig. 2a) and 02
August 2016 (Fig. 2b) were compared as a preliminary check of the
quality of the discrete sampling scheme. All four measures of pH
similarly showed a period of slow decline on the ebb tide and a
more rapid rise on the flood tide. The pH minima and maxima
coincided with the observed salinity minima and maxima. There is
a noticeable disparity between the independent reference pH and
raw sensor pH during periods of rapid salinity changes most likely
due to small spatiotemporal mismatches between the waters
captured in the discrete bottle samples and measured by the
electrodes in a highly dynamic physical and biogeochemical envi-
ronment. It is also possible that this may reflect a relatively slow
sensor response to a rapid salinity change.

Across all measurements, pHdisc
DIC�TA was higher than pHdisc

elec by
0.0356 ± 0.0190 and 0.0438 ± 0.0086 pH units on 01 June 2016 and
02 August 2016, respectively. This difference may be attributed to a
number of factors, either singly or in combination: small errors in
the analysis of discrete bottle samples (Bresnahan et al., 2014;
McLaughlin et al., 2017; Patsavas et al., 2015); uncertainty in the
thermodynamic constants used to calculate pHdisc

DIC�TA and pHdisc
elec

(Patsavas et al., 2015; R�erolle et al., 2016); environmental pH gra-
dients of varying magnitudes (Bresnahan et al., 2014); and other
sources of sampling/handling error (McLaughlin et al., 2017; R�erolle
et al., 2016). Finally, these differences may reflect contributions of
excess alkalinity in coastal waters that would lead to higher
calculated pHT values (Cai et al., 1998; Hammer et al., 2017;
Patsavas et al., 2015; Ribas-Ribas et al., 2014).

On 01 June 2016 (Figure 2a), 21 calibration points for pHdisc
DIC�TA

and 20 calibration points for pHdisc
elec coinciding with the times of

sensor measurements were collected over a wide range of salinity.
The pHT varied from about pH ~7.1e8.3. The high pHT values in the
large range of pH captured on this sampling trip is attributable to
phytoplankton blooms that characterize the mouth of the Mur-
derkill Estuary during the early summer under strong southerly
winds and warm, sunny weather (Voynova et al., 2015; Wong et al.,
2009). On the other hand, a flux of fresher waters from the
watershed of naturally low pH (commonly as low as pH 6.5)
(Ullman et al., 2013, unpublished data) is responsible for the low
pHT values seen at the deployment site.

On 02 August 2016 (Figure 2b), 24 individual calibration points
coinciding with the times of sensor measurements were collected
for both pHdisc

DIC�TA and pHdisc
elec over a narrower range of higher sa-

linities. The pHT varied from about pH ~7.0e7.9. The dampened
range of pH captured on this sampling trip may reflect the decrease
in primary production previously observed during the mid-late
summer relative to the late spring and early summer at the
mouth of the Murderkill Estuary (Voynova et al., 2015). Alterna-
tively or in addition, the lower pHT maximum may also be attrib-
uted to a series of short storms on the day before sampling that
churned up sediment from the estuary bottom thereby increasing
water column turbidity, limiting light penetration, and reducing the
impact of photosynthesis on pH. Moreover, the storms may have
also contributed to periods of cloudiness on the day of sampling. It
should be noted that sediment particles could exchange protons
with the water thus leading to both a narrower and lower pH range
(Stumm and Morgan, 1996).

3.2. Electrode performance in an estuarine environment

The raw spring and summer sensor time series of each reference
electrode were recalibrated using both sets of independent refer-
ence pH: ð1Þ pHdisc

DIC�TA and ð2Þ pHdisc
elec determined from discrete

bottle samples collected on 01 June 2016 and 02 August 2016,
respectively. pHEXT

raw from 01 June 2016 was recalibrated using two
calibration constants: (A) derived from all good calibration points
over the range of salinity where pHdisc and pHEXT are linear (only
S� 14.84) and (B) using a subset of this data collected above S¼ 20.
Table 1 summarizes all of the possible procedures that can be used
to calibrate the raw senor pH at this site. The calibrated and



Fig. 2. Values of pHT calculated from measured DIC and TA (squares) and corrected from measurements of pHfield
NBS at in situ conditions (diamonds) as a function of salinity from

sampling trips on (a) 01 June 2016 and (b) 02 August 2016 shown relative to raw sensor pH calculated from measured voltages using the internal (blue) and external (black)
reference electrodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Independent reference pH, salinity constraints, and alphanumeric designations corresponding to each sensor calibrationmethod for each reference electrode on each sampling
day.

Sampling Day Reference Electrode Independent Reference pH Salinity Constraints Alphanumeric Designation

01 June 2016 Internal pHdisc
DIC�TA

None 1

01 June 2016 External pHdisc
DIC�TA

None 1A

01 June 2016 External pHdisc
DIC�TA

Only S > 20 1B

01 June 2016 Internal pHdisc
elec

None 2

01 June 2016 External pHdisc
elec

None 2A

01 June 2016 External pHdisc
elec

Only S > 20 2B

02 August 2016 Internal pHdisc
DIC�TA

None 1

02 August 2016 External pHdisc
DIC�TA

None 1

02 August 2016 Internal pHdisc
elec

None 2

02 August 2016 External pHdisc
elec

None 2
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adjusted sensor time series are denoted by the subscript ‘final’ and
represent the best estimate of pH at the deployment site.

Since all the various choices for the single point calibration of
sensor pH result in nearly identical time series, we display and use
‘final’ data from only one combination of calibration constants for
each deployment (2/2A for spring and 2 for summer). For the
duration of the spring (Fig. 3a) and summer (Fig. 3d) deployments,
the pH values calculated from the measured voltages exhibit good
agreement across the wide natural temperature (Fig. 3b and e) and
salinity (Fig. 3c and f) ranges that characterize the tidally-forced
Murderkill Estuary-Delaware Bay System. During these two
sensor deployments, pH fluctuations ranging from <0.5 pH units to
>1 pH unit were routinely captured over the course of single tidal
cycles. Similar to that shown in Fig. 2, larger diel pH cycles are
observedwith a few hours of nearly stable pH readings at high tides
reflecting the more saline Delaware Bay, and sharp changes around
the pH minima at the low salinities, reflecting contributions from
the Murderkill Estuary outflow. Notable departures in the agree-
ment between the pH values were observed during periods of
simultaneous pH and salinity changes on the ebb and flood tides
near extreme values.

All the calibrated sensor pH generally exhibited good agreement
with their respective independent reference pH with sensor offsets
ðc0Þ close to 0 and sensor gains ðc1Þ close to 1 across the respective
salinity ranges on 01 June 2016 (Table 2/Fig. 4aed) and 02 August
2016 (Table 2/Fig. 4eef).

There was a good agreement between pHEXT
final;1A and pHEXT

final;2A
with their respective independent reference pH down to S~15 in
our estuarine environment consistent with previous work
(Bresnahan et al., 2014; Martz et al., 2010; Takeshita et al., 2014).
Below this salinity threshold, notable departures from linearity
were evident (see panels (c) and (d) in Fig. 4). Under the current
flow design, pHEXT is sensitive to rapidly changing low salinity in
our estuarine environment, as discussed below.
3.3. Evolution of DpHINT�EXT anomalies

The dual-reference electrode configuration incorporated into
Durafet-based biogeochemical sensors is not an absolute necessity
for their use (Bresnahan et al., 2014). This configuration, however,
provides a simple and powerful method for detecting the effects of
fouling or sensor failure through direct comparisons of pHINT and
pHEXT with time (Bresnahan et al., 2014; Rivest et al., 2016). Average
anomalies (expressed as DpHINT�EXT) were near zero during the
spring (0.006 ± 0.063 pH units) and summer (�0.008 ± 0.020 pH
units) deployments with conditioning periods excluded. However,
salinity-driven spikes in the anomaly of �0.15 pH units were
consistently observed with large salinity changes (Fig. 5). During
both sensor deployments, a positive DpHINT�EXT anomaly (pHINT
final >

pHEXT
final) was consistently observed under prolonged periods of

salinity decrease on the ebb tide, which bottomed out at the lowest
salinities coinciding with the fresher Murderkill Estuary outflow. A
rapid decrease to a negative DpHINT�EXT anomaly (pHINT

final < pHEXT
final)

coincided with the tide change and was followed by a near-zero
anomaly.

Bresnahan et al. (2014) also observed similar, though much
smaller anomalies (<±0.005 pH units) at 30 � S � 36 directly
following rapid (albeit smaller than observed in this study) changes
in salinity in a test tank. These anomalies suggest that a salinity lag
may arise due to inadequate flushing of the instrument flow path
and flow housing perhaps resulting in differences in the water
sampled by the rapidly flushed conductivity-temperature sensor
(SBE37) and the water seen by the electrodes inside the more
slowly flushed flow housing (Bresnahan et al., 2014). Secondarily,
the anomaly may also occur due to electrode reconditioning to new
salinities when salinity changes rapidly, but this effect has yet to be
definitively characterized. It is also possible themCl calculated from
salinity used to calculate pHEXT is not accurate at the lowest sa-
linities observed in this work which would produce systematic
errors in those values (Takeshita et al., 2014). The salinity-driven
DpHINT�EXT anomalies in estuaries will be discussed in greater
detail in a future publication (Gonski et al., In Prep.). Further studies
to characterize the performance of the dual-reference configura-
tion at the extremes of and during rapid changes in environmental
conditions are needed to better interpret electrode response to
dynamic environments.
3.4. Quality control considerations

Operators of Durafet-based biogeochemical sensors routinely
report their Quality Control (QC) procedures used to flag, and if
necessary, exclude data from final datasets incorporated into pub-
lications (Bresnahan et al., 2014; Matson et al., 2011; Rivest et al.,
2016) and major data repositories (Rivest et al., 2016). These pro-
cedures use the measured pH ranges (Rivest et al., 2016) and
variability of pH with time (Bresnahan et al., 2014; McLaughlin
et al., 2017; Rivest et al., 2016) as the principal data quality
assessment tools. Typically, measurements found to fall outside of
accepted pH ranges of the deployment environmentmay be flagged
and excluded. If the sensor pH is changing significantly faster than
in situ pH determined from other methods, sensor measurements
may also be flagged and excluded as well (McLaughlin et al., 2017;
Rivest et al., 2016).

These simple techniques serve primarily to identify a failed
sensor rather than evaluate a working one, and in a dynamic
environment may also exclude valid data. Due to the physical and



Fig. 3. Murderkill Estuary-Delaware Bay time-series from (a, b, c) spring and (d, e, f) summer deployments. Panels (a) and (d) show the final pH calculated using the internal (black)
and external (blue) reference electrodes. Panels (b) and (e) show in situ temperature. Panels (c) and (f) show salinity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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biogeochemical variability in our estuarine environment, we have
chosen to report all sensor measurements except for those associ-
ated with intra-deployment conditioning periods to inform future
work done in similar environments. However, there is a need to
develop a set of recommended QC procedures, specific for highly
variable estuarine conditions for the future.

3.5. Electrode conditioning in an estuarine environment

3.5.1. Electrode conditioning at beginning of sensor deployment
Conditioning periods at the beginning of sensor deployments

can endure for a few hours to several days depending on pre-
deployment electrode conditioning procedures. In the absence of
pre-conditioning, the external reference electrode takes signifi-
cantly longer to condition than the internal reference electrode due
to the time needed for Br� ions to replace Cl� ions in the AgCl solid
solution found in the Cl-ISE (Bresnahan et al., 2014). To minimize
these artifacts, electrodes should always be stored in seawater, be
continuously powered for 5e10 days prior to deployment, and
transported in seawater to the deployment site (Bresnahan et al.,
2014).

These recommended procedures were used leading up to the
redeployment of the sensor on 09 May 2016. Filtered seawater
taken from the lower Delaware Bay (S ¼ 29e31) was used as the
pre-conditioning medium. The seawater was stored inside the flow
housing of the SeapHOx from 13 April 2016 to 09May 2016 andwas
replaced every 5 days. The DpHINT�EXT anomaly was used to gauge
the success of the electrode conditioning procedure. A final con-
ditioning period of 74 h in the field followed (Fig. 6), during which,
the calculated DpHINT�EXT anomaly repeatedly returned to a
consistently stable value of < ±0.01 pH units during proceeding
high tide periods when the more saline Delaware Bay water
inundated the deployment site.

The prolonged conditioning period may be linked to the time
needed to achieve a stable flow of ions across the liquid junction of
the internal reference electrode and the previous discussed ex-
change of Cl� with Br� in the solid AgCl solution of the external
reference electrode (Bresnahan et al., 2014). With salinities ranging
between 5.9 and 23.1, large changes in ½Br�� and ½Cl�� associated
with natural salinity fluctuations could result in an especially long
conditioning period in a dynamic estuarine environment. If the
steady-state ion replacement process of the Cl-ISE was slower than
the rate of tidal salinity change, it is also possible that full condi-
tioning cannot be achieved in a dynamic estuarine environment
with a wide salinity range. Further development and testing of pre-
deployment electrode conditioning protocols for this sensor in
estuaries are certainly needed.

3.5.2. Intra-deployment electrode conditioning
When the electrodes are allowed to dry out, a conditioning

period is always required to recover their performance before
dependable sensor pH measurements are again made (Bresnahan
et al., 2014). The implications of these shorter, more numerous
conditioning periods on data loss can be severe when regularly
scheduled sensor maintenance requires the sensor to be out of the
water for 1e3 h. Throughout the course of this work, the sensor was
redeployed with e (1) only air in the flow housing or (2) filtered
seawater stored in the flow housing e to determine the time
required for the electrodes to recondition after sensor maintenance
trips. The time needed for reconditioning was determined by
comparing sensor pH and pHT calculated from measured DIC and
TA from discrete bottle samples collected after sensor maintenance.

Between May and August 2016, both reference electrodes
adequately reconditioned within 6 h of the first sampling cycle
after sensor redeployment under both conditions. A nominal 6-h
intra-deployment conditioning period was assumed for all May
2016 to August 2016 data used in subsequent analyses. The rela-
tively quick servicing time translates into these shorter condition-
ing periods where the sensors simply needed to be reimmersed and
made “wet”. Intra-deployment conditioning periods may be
heavily dependent on local temperature and salinity conditions at
the deployment site, and their length may change at throughout
the year. This would make them site-dependent and deployment-
specific. Following sensor maintenance, it is recommended to fill
the SeapHOx flow housing with filtered natural waters from the
deployment site prior to redeployment which conforms with
existing electrode conditioning protocol (Bresnahan et al., 2014).

3.6. Recommendations

3.6.1. Choice of independent reference pH
3.6.1.1. Murderkill Estuary-Delaware Bay results. Consistent with
Bresnahan et al. (2016), comparisons were made against the results
of evaluations of seven widely-used pH sensors by the Alliance for
Coastal Technologies (ACT, 2012: http://www.act-us.info/evaluatio
ns.php) completed using pH perturbation property-property
plots. Property-property plots between the perturbations in

pHdisc and pHsensor
final from theminimumvalue of pHdisc characterized

by perturbation variables of pHdisc0 ¼ pHdisc �minðpHdiscÞ and

pHsensor0
final ¼ pHsensor

final �minðpHdiscÞ scale Model II fit parameters to
the pH range of a dataset making them more representative
(Bresnahan et al., 2016). Such comparisons (Fig. 7aeb) produce
Model II fit sensor offsets much closer to 0 (Table 3).

The ACT results for at-sea conditions produced standard de-
viations in pHsensor � pHdisc anomalies ranging between 0.01 and
0.1 pH units. In the present study, similar sensor validation protocol
(selected comparisons shown above in Fig. 7aeb) yielded standard
deviations or root-mean squared errors ranging between 0.011 and
0.036 pH units over extensive pH ranges. This demonstrates the
viability of the Honeywell Durafet to the collection of high-
frequency, high-resolution, and high-precision pH data over
weeks to months in dynamic, productive, high-fouling, and highly-
turbid estuarine environments with extensive salinity ranges
regardless of the independent reference pH used. These results
alignwell with the long-term precisions of ±0.02 pH units achieved
by well-trained sensor operators of Durafet-based biogeochemical
sensors in coastal waters (McLaughlin et al., 2017). Taken together,
the Honeywell Durafet is capable of achieving theweather-level pH
precision for ocean acidification research recommended by GOA-
ON in dynamic estuarine environments with extensive salinity
and pH ranges (precision � 0.02 pH units; GOA-ON report; Newton
et al., 2015).

3.6.1.2. Practical considerations. For sensor deployments in dy-
namic estuarine environments, sensor calibrations should be based
on a discrete “dynamic point” sampling scheme with samples
collected and analyzed to capture the full range of expected pH and
salinity fluctuations in the deployment environment. If this is not
done, sensor operators risk introducing unintended bias into their
measurements and interpretations. This approach also has the
advantage of identifying other potential controls on electrode
performance, most notable, turbidity. Based on the agreement of
pHsensor

final with pHdisc
DIC�TA (filtered) and pHdisc

elec (unfiltered), elevated
particle loads in the Murderkill Estuary-Delaware Bay System
(Ullman et al., 2013) do not appear to interfere with the instanta-
neous sensor measurements during short-term periods at this site.
Long-term effects of turbidity on electrode response, however,
were not investigated and may need to be studied further.

Using pHT calculated from two measured marine CO2 system

http://www.act-us.info/evaluations.php
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Table 2
Root-mean squared error (RMSE), sensor offset (c0), and sensor gain (c1) calculated from Model II least squares fits of pHsensor

final vs. pHdisc from the 01 June 2016 and 02 August
2016 sampling days.

Sampling Day Reference Electrode Calibration Method RMSE c0 (intercept) c1 (slope)

01 June 2016 Internal 1 0.0275 �0.1795 ± 0.1683 1.0225 ± 0.0210
01 June 2016 External 1A 0.0174 �0.5848 ± 0.1741 1.0724 ± 0.0215
01 June 2016 External 1B 0.0158 0.0882 ± 0.3860 0.9891 ± 0.0473
01 June 2016 Internal 2 0.0358 �0.0784 ± 0.1592 1.0101 ± 0.0202
01 June 2016 External 2A 0.0114 �0.0308 ± 0.1063 1.0039 ± 0.0132
01 June 2016 External 2B 0.0123 �0.1557 ± 0.3258 1.0191 ± 0.0399
02 August 2016 Internal 1 0.0159 0.2281 ± 0.1072 0.9698 ± 0.0142
02 August 2016 External 1 0.0121 �0.0892 ± 0.0814 1.0119 ± 0.0108
02 August 2016 Internal 2 0.0149 0.3655 ± 0.0982 0.9514 ± 0.0131
02 August 2016 External 2 0.0105 0.0560 ± 0.0689 0.9927 ± 0.0092
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parameters (e.g. DIC and TA) to calibrate a working Honeywell
Durafet has been done previously (Bresnahan et al., 2016;
McLaughlin et al., 2017; R�erolle et al., 2016; Takeshita et al.,
2015). This offers the advantage of providing the sensor operators
with a better understanding of the underlying controls on the
marine CO2 system in a specific environment (Bresnahan et al.,
2016; MacLeod et al., 2015). Yet, this approach is very labor inten-
sive (Bresnahan et al., 2016). In the present study, a total of 486
discrete bottle samples for DIC and TAwere collected and analyzed,
involving more than 125 person-hours on more than 20 sampling
days to produce 255 potential calibration points over the ten-
month sensor deployment from September 2015 to August 2016.
This intensity of sensor calibration is desirable, but not always
possible.

A less labor-intensive calibration approach using field mea-
surements of pHNBS made with a glass electrode calibrated with
low ionic strength pH buffers may be appropriate for some estua-
rine environments. Culberson (1981) advocates the continued
employment of the NBS pH scale for pH measurement in estuaries.
Even more, high quality pH measurements using a glass electrode
are still achievable (Easley and Byrne, 2012), and Martz et al. (2015)
agrees that similar methods of pH measurement may still be
appropriate for marine CO2 chemistry and acidification studies
depending on the needs and limitations of individual researchers.

While there will be some uncertainty in any pH calibration
based on standards with a fixed salt concentration as a reference for
all pH measurements, under the pretext that the pHNBS measure-
ments are free of electrode drift and biofouling, their correction to a
concentration scale at in situ conditions using simultaneously
collected DIC and TA data substantially reduces this uncertainty
(note if only for the purpose of determining DpHscales, the data
density need not be high). A simultaneous secondary calibration of
a glass electrode in TRIS Buffer in artificial seawater on a concen-
tration scale, however, would provide an additional check of the
accuracy of the pH scale conversion and help approximate any
liquid junction potential errors present in the original pHNBS
measurements (Martz et al., 2015; Whitfield et al., 1985). In the
future, we encourage other researchers using a sensor calibration
traceable to pHNBS measurements to report their values of DpHscales
as we have for either method consistent with the recommenda-
tions of Butler et al. (1985). The use of low ionic strength pH buffers
in estuarine pH applications for sensor calibration has been over-
looked, but might provide a cost-effective alternative.

In productive coastal environments characterized by high
fouling potential and high sediment loads, sensor maintenance has
proven to be essential to the continuous collection of high quality
pH data over periods of weeks to months between servicing trips
(McLaughlin et al., 2017; Takeshita et al., 2015). As the use of
Durafet-based biogeochemical sensors in estuaries expands,
routine sensor maintenance that restores proper sensor operation
should be integrated into future deployment designs. Independent
co-located sensors tomeasure a redundant pH and/or an additional
marine CO2 system parameter (e.g. pCO2) coupled with the utili-
zation of regional empirical marine CO2 system relationships (e.g.
Alin et al. (2012)) should also form the basis of an ideal sensor
deployment and calibration (Bresnahan et al., 2014) in dynamic
estuarine environments.

Subsequent high-frequency measurements of an independent
reference pH may be used to examine the short-term trends in
electrode response between routine sensor maintenance. Together
with a sampling approach characterized by the frequent collection
of discrete samples over a much longer duration than the present
work (e.g. weekly samples for at least 6 months), long-term sensor
drift in estuaries may also be definitively identified and a suitable
drift-correction developed. Yet, the present study primarily served
to evaluate Durafet performance in an estuarine environment over
an extensive salinity range and a wide range of time varying
salinity. Accordingly, the identification of long-term sensor drift in
dynamic estuarine environments was beyond the scope of the
present experimental design. Other studies, however, have inti-
mately examined electrode response in similar highly dynamic
coastal environments and demonstrated that working sensors do
not drift to a detectable amount or to within the error of the
discrete bottle samples over periods of more than several months
(Bresnahan et al., 2014; Kapsenberg and Hofmann, 2016).

Training and experience with Durafet-based biogeochemical
sensors will also improve the quality of sensor deployments and
their calibrations, compared with those of novice sensor operators
(McLaughlin et al., 2017). Thus, in addition to established sensor
best practices, instructional field and deployment materials,
referred to as “sensor good practices” by Martz et al. (2015),
encompassing the more practical aspects of Durafet operation need
to be produced and compiled by, and ultimately disseminated to
the user community to keep pace with the rapidly growing use of
the Honeywell Durafet worldwide. While sensor best practices will
be similar, sensor good practices will differ with deployment
environment.
3.6.2. Treatment of excess alkalinity
Excess alkalinity is a potential source of the elevated pHdisc

DIC�TA

relative to pHdisc
elec discussed in section 3.1. Excess alkalinity (DTA),

can be calculated as the difference between measured alkalinity

(TAmeasÞ and alkalinity calculated from pHfield
NBS and DIC (TApH�DIC

calc ):

DTA ¼ TAmeas � TApH�DIC
calc (4)

In this study, the average values of DTA were 12.6 ± 1.8 mmol kg�1

out of a measured alkalinity range of 1535e1840 mmol kg�1 on 01
June 2016 and 14.7 ± 2.8 mmol kg�1 out of a measured alkalinity



Fig. 4. Property-property plots of sensor pH vs. independent reference pH as a function of salinity. Data taken from 01 June 2016 shown in (a)e(d) and 02 August 2016 shown in (e)
and (f). See Table 1 for descriptions of the comparisons. Dashed black lines represent a 1:1 relationship ðpHsensor ¼ pHdiscÞ.
Note that the bottom two panels use a different salinity color scale.
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Fig. 5. Calculated DpHINT�EXT anomalies from (a) spring and (b) summer deployments. Anomaly (solid red line) shown relative to a zero DpHINT�EXT anomaly (dashed black line)
and salinity (dotted green line). Gaps in the DpHINT�EXT anomalies represent intra-deployment conditioning periods which were filtered out. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Conditioning period at the start of the spring 2016 SeapHOx deployment between 09 May 2016 at 1200 (Hour 0) and 16 May 2016 at 1030 (Hour 166.5). The calculated
DpHINT�EXT anomaly (solid red line) is shown relative to a zero DpHINT�EXT anomaly (dashed black line) and salinity (dotted green line). The conditioning period lasted until 12 May
2016 at 1400 (Hour 74). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Property-property plots of pHsensor 0

final vs. pHdisc
0
as a function of salinity. Data taken from 01 June 2016 showing (a) pHINT

0

final;2 vs. pHdisc
0

elec and 02 August 2016 showing (b) pHEXT
0

final;2

vs. pHdisc
0

elec . Dashed black lines represent a 1:1 relationship ðpHsensor ¼ pHdiscÞ. Note the different salinity color scales used in the two panels. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Root-mean squared error (RMSE), sensor offset (c0), and sensor gain (c1) calculated fromModel II least squares fits of pHsensor0

final vs. pHdisc0 from the 01 June 2016 and 02 August
2016 sampling days.

Sampling Day Reference Electrode Calibration Method RMSE c0 (intercept) c1 (slope)

01 June 2016 Internal 1 0.0275 ¡0.0160 ± 0.0171 1.0225 ± 0.0210
01 June 2016 External 1A 0.0174 ¡0.0405 ± 0.0129 1.0724 ± 0.0215
01 June 2016 External 1B 0.0158 0.0006 ± 0.0076 0.9891 ± 0.0473
01 June 2016 Internal 2 0.0358 ¡0.0068 ± 0.0175 1.0101 ± 0.0202
01 June 2016 External 2A 0.0114 ¡0.0018 ± 0.0085 1.0039 ± 0.0132
01 June 2016 External 2B 0.0123 ¡0.0025 ± 0.0071 1.0191 ± 0.0399
02 August 2016 Internal 1 0.0159 0.0148 ± 0.0076 0.9698 ± 0.0142
02 August 2016 External 1 0.0121 ¡0.0051 ± 0.0058 1.0019 ± 0.0108
02 August 2016 Internal 2 0.0149 0.0244 ± 0.0072 0.9514 ± 0.0131
02 August 2016 External 2 0.0105 0.0045 ± 0.0050 0.9927 ± 0.0092

S.F. Gonski et al. / Estuarine, Coastal and Shelf Science 200 (2018) 152e168 165
range of 2020e2070 mmol kg�1 on 02 August 2016. DTA was not
consistently strongly correlated with dissolved organic carbon
(DOC) calculated from fluorescence using the summer 2013 rela-
tionship from Voynova et al. (2015) (r2 ¼ 0.86) for the same
deployment site on 01 June 2016 (r2 ¼ 0.0787; p ¼ 0.43) or 02
August 2016 (r2 ¼ 0.0832; p ¼ 0.36). These results align well with
those of other marine CO2 chemistry studies performed in other
parts of the Murderkill Estuary watershed near its confluence with
the Delaware Bay (Ullman et al., 2013, unpublished data). Excess
alkalinity also never exceeded more than 1e2% of total measured
alkalinity. Accordingly, the effects of excess alkalinity on the rela-
tive trends in pH observed in this environment are insignificant
when pH fluctuations as large as >0.5 pH units are experienced
over tidal excursions alone.

When setting the calibration constant to an average value to
minimize the anomaly between the sensor pH and pHT calculated
fromDIC and TA, the effects of excess alkalinity captured in discrete
bottle samples can be easily incorporated into a sensor calibration
(McLaughlin et al., 2017). In other words, this introduces a sys-
tematic pH offset into the adjusted sensor pH dataset. Therefore,
existing calibration protocols for Durafet-based biogeochemical
sensors cannot be used to detect, quantify, and correct for contri-
butions of excess alkalinity to sensor pHmeasurements in dynamic
estuarine environments on their own. Sampling for DOC and/or
DOM, measuring additional marine CO2 system parameters (e.g.
DIC or pCO2), and/or dedicated sampling for direct measurements
of excess alkalinity using methods like those described in Cai et al.
(1998) and Yang et al. (2015) are needed to gauge the magnitude of
the impacts excess alkalinity has on pH measurements in these
settings. If pH calculated from measured alkalinity and a second
marine CO2 system parameter serves as the primary reference pH,
it is recommended that all values be corrected for the effects of
excess alkalinity prior to performing the sensor calibration. If a
strong correlation exists between excess alkalinity and another
measured parameter such as DOC, DOM, or salinity measured with
comparable frequency, such a correction should be feasible.
3.6.3. Modifications to SeapHOx design
The open-ocean design of the SeapHOx was not optimal for our

estuarine application. We encountered a number of problems at
our field site and made modifications to better avoid these prob-
lems. Based on our experiences, we propose a set of recommen-
dations for subsequent sensor design specific to a dynamic
estuarine deployment environment. These include:

1) Flow Path: Our instrument experienced erratic and degraded
pump performance over time due to choke points in the in-
strument flow path especially in areas where the cross-sectional
area or the direction of the flow path changed. This may lead to
the flagging and exclusion of a large number of sensor mea-
surements after undergoing routine QC procedures. By stan-
dardizing the cross-sectional area of the flow path tubing and
employing rounded tubing connections between sensor com-
ponents, this data loss can be substantially minimized.

2) Submersible Pump: Degraded pump performance was observed
between sensor maintenance trips due to high particle loads. An



S.F. Gonski et al. / Estuarine, Coastal and Shelf Science 200 (2018) 152e168166
incomplete flushing of the SeapHOx flow housing leads to the
collection of unrepresentative instantaneous pH data. A stron-
ger pump designed for high particle loads should be integrated
as long as the stronger, faster flow does not compromise the
integrity of the sensing surfaces similar to Takeshita et al.
(2016b). Similarly, an upside down or horizontal sensor orien-
tation is recommended for future deployments in similar estu-
arine environments. This orientation minimizes sedimentation
effects and the strain placed upon the pump due to pumping
turbid waters against gravity.

3) Wireless Communications & Monitoring: Currently, the
communication with any SeapHOx unit is mediated by a direct
RS-232 connectionwith a computer through a suitable terminal
program (Martz, 2012). It would be useful to have a more so-
phisticated interface that would permit wireless communica-
tions between the sensor and sensor operator and the wireless
transmission of data from the sensor to a central location byway
of cellular and WiFi connections. As most estuarine and coastal
ocean sites should be within range of land-based networks, this
could permit sensor operators to monitor sensor operations
remotely and to respond to sensor failures in a timely fashion.
Wireless communications and real-time data capabilities would
also make data available to the user community more rapidly
and allow sensor operators to collect calibration samples over a
wider range of observations more efficiently.

Improvements in instrument design and communication capabil-
ities would expand the areas suitable for SeapHOx deployment and
the community of potential users with interests in ocean acidifi-
cation and marine CO2 chemistry in a wider array of estuarine and
coastal ocean settings.

3.7. Sensor redundancy

Related work with the Honeywell Durafet over comparable
timescales carried out under rigorously-controlled laboratory
conditions established small degrees of characteristic inter-sensor
variability in key parameters associated with sensor operation
(e.g. dE*INT=dT and dE*EXT=dT) (Martz et al., 2010). Because of this
variability, sensor redundancy was a key feature in subsequent
work (Bresnahan et al., 2014; McLaughlin et al., 2017; Takeshita
et al., 2014). In this evaluation of the Honeywell Durafet, one Sea-
pHOx unit with one Honeywell Durafet was used successfully in a
highly variable estuarine environment and the success of this
sensor was verified using a pair of validation procedures. It may be
possible to reduce the need for the sensor redundancy in the future
by adhering to established sensor best practices and compiling sets
of accepted sensor good practices for different deployment
environments.

4. Conclusions

Deployments of the SeapHOx sensor equipped with the Hon-
eywell Durafet were carried out between April 2015 and August
2016 at the confluence of the Murderkill Estuary and Delaware Bay
(Delaware, USA). This work yielded useful high quality and high
frequency data concerning the role of environmental forcing on pH
in a dynamic, productive, high-fouling, and highly-turbid estuarine
environment characterized by a wide salinity range (S ¼ 3.25 to
29.33). The sensor pH collected during May 2016 to August 2016
using the most refined SeapHOx configuration exhibited good
agreement with the independent determinations of pHT. When
rigorously calibrated using both pHT calculated frommeasured DIC
and TA and pHNBS measured with a glass electrode corrected to pHT
at in situ conditions in natural waters mixed along the salinity
gradient, the sensor pH had a root-mean squared error ranging
between 0.011 and 0.036 pH units across natural pH fluctuations of
up to >1 pH unit and range of 26 salinity.

The performance of the Honeywell Durafet reinforced the
versatility of this sensor and demonstrated its viability to the
collection of dependable high-frequency and high-resolution pH
datawith GOA-ONweather-level precision over periods of weeks to
months with regularly-scheduled sensor maintenance in dynamic
estuarine environments. The Honeywell Durafet can now be used
to elucidate small-scale pH variations and trends to help discern
the impact of localized acidification on dynamic estuarine envi-
ronments and characterize any subsequent ecosystem responses
with certainty (Newton et al., 2015). We identified and resolved a
number of deficiencies in existing deployment guidelines and
calibration protocol caused by variable environmental conditions in
estuaries. We also highlighted aspects of electrode response
requiring further investigation and provided a set of recommen-
dations for the future utilization of these sensors in similar envi-
ronments. In the future, it is likely that the accuracy of the
Honeywell Durafet (±0.01 pH units) seen in the open-ocean should
be attainable in dynamic estuarine environments with extensive
salinity ranges and broad ranges of time varying salinity.
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