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correctb (4 at the time of each sensor measurement made by
SeapHOx SP033. NA indicates no correction was performed.
ExpDS2P is a Single TwBarameter Exponential Decay function.
ExpRTMS3P is a Single Thré¢earameter Exponential Rise To a
Maximum function. No pH corrections were performed for

b ( hﬁ orb ( hﬁ measured by SeapHOx SP033.
Regressions had to meet thresholdsof R.70 and gvalue < 0.01 to

DB USEA. ... .o 288

Exponential functions used to calculate value¥®f used to

correctb (4 at the time of each sensor measurement made by
SeapHOx SP053. NA indicates no correction was performed.
ExpRTMS3P is a Single Thrdgarameter Exponential Rise To a
Maximum function. Regressions had to meet thresholdg of(R70

and pvalue < 0.01to be used............coovvviiiiiiceeere e, 289
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Table E.S

Table E.1Q

Table F.I:

Table F.2

Table F.3

Table F.4

Table F.5

Table F.G6

Exponential functions used to calculate value¥®f " used

to correctd ( 23 at the time of each sensor measurement made

by SeapHOx SP053. NA indicates no correction was performed.
EXpRTMS3P is a Single Thrdearameter Exponential Rise To a
Maximum function. Regressions had to meet thresholdg of@R70

and pvalue < 0.01to be USEd..........uuuiiiiiiiiiiecccecee e 290
Exponential functions used to calculate value¥of i " used
to correctd ( h8 at the time of each sensor measurement made

by SeapHOx SP053. NA indicates no correction was performed.
ExpRTMS3P is a Single Thrdearameter Exponential Rise To a
Maximum function. Regressions had to meet thresholdg of(R70

and pvalue < 0.01 to be USed...........cuuuiiiiiiiiiiieeeiiieieeeeeee e 291
Summary statistics fofD ( andYD (  anomaliedor
Days 16 for SF2289 and SF2293. NA indicates that no correction
was performed foB (| e 293
Summary statistics fofD ( andYD (  anomaliedor
Days 16 for SP033 and SP053. NA indicates that no correction was
performed fOB (| e 294

Summary statistics fof® (" and¥D( ; " anomalies
for Days 16 for SF2289 and SF2293. NA indicates that no correction
was performed fob ( hﬁ PR PP PPRPPPPPRPPPPPPPIN 295

Summary statistics f&/® ( ; " and¥D( " anomalies
for Days 16 for SP033 and SP053. NA indicates that no correction

R
was performed fob (' PR PP PPRPPPPPRPPPPPPPIN 296
Summary statistics f&#® ( ; " and¥D( ; " anomalies

for Days 16 for SF2289 and SF2293. NA indicates that no correction
was performed fob ( hﬁ e eeeeeeeeeeeeeereieenraaaeaaaaeererr————. 297
Summary statistics f&#® ( ; " and¥D( ; " anomalies

for Days 16 for SP033 and SP053. NA indicates that no correction
was performed fob ( hﬁ USRI 298
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Figure 2.1

Figure 2.2

Figure 2.3

LIST OF FIGURES

Map of the Murderkill Estuary. The SeapHOXx sensor deployment site
was celocated with US Geological Survey (USGS) Gauging Station
01484085 at the mouth of the Murderkill Estuary in Bowers, DE
(8157 A PP 39

Murderkill EstuaryDelaware Bay timeseries 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) showmssitutemperature®C). Panel (c) shows
salinity. The greyshaded period between 04 February 2016 at 0730
and 08 February 2016 at 1700 highlights periods when upward and
downward spikes in pH™ and pH\T, 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
€1 Al (2018)...uiiiieiiieieeee e 41

Murderkill EstuaryDelaware Bay timeseries between 04 February

2016 at 0730 and 08 February 2016 at 1700 (gheyed 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 situtemperature®C). 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 pHT and pH\T, respectively, align with flood

tide measurements after tide reversal from slack ebb tide salinities that
= o] o] o= [od o 0 F PO PPPPOPOPPPPPPPPPPRY 42
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Figure 2.4

Figure 2.5

Figure 2.6.

Murderkill EstuaryDelaware Bay pH anomaly tirreeries between 27
January 2016 and 10 February 2016. Panel (a) shoypHiT 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 salinitydSaltait, (0.5 h)Y) relative to a zero change (solid
black line). Panel (e) shows the rate of change situtemperature
(dT/dt, °C (0.5 h)") 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 largeshpHNT5XT anomalies, upward spikes im and

downward spikes in kr (same direction as the pH spikes), and the
most extreme positivéSaltdt and most extreme negatid&/dt on

flood tides after tideeversal.............cccoooi e 44

Murderkill EstuaryDelaware Bay pH anomaly tirreeries between 04
February 2016 at 0730 and 08 February 2016 at 1700 $tyajed

region in Figure 2.4). Panel (a) shows fip¢iNT-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 @Saltdt, (0.5 h)!) relative to a zero change (solid black

line). Panel (e) shows the rate of changm isitutemperaturedT/dt,

°C (0.5 h)Y) 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 largegtpHNT-5XT anomalies, upward spikes im& and
downward spikes in kr (same direction as the pH spikes), and the
most extreme positivéSalt/dt and most extreme negatid@/dt align

with flood tide measurements after tide reversal from slack ebb tide
salinities that approach L...............cieiiiiiiicceecee e 46

Murderkill EstuaryDelaware Bay pH anomaly tirrseries between 20
July 2016 and 24 August 201Banel (a) shows thgHNT-EXT

anomalies shown relative to a zero anomaly. Panel (b) shows salinity.
Panel (c) shows the rate of change in salimi§a(ttt, (0.5 h)Y)

relative to a zero change. Panel (d) showstutemperature®C).

Panel (e) shows the rate of chang@isitutemperaturedT/dt, °C

(0.5 h)Y) relative to a zero change. Gaps in the data represent sensor
maintenance and proceeding-biour intradeployment conditioning
0170 Lo £ RPN 47
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Figure 2.7

Figure 2.8

Figure 2.9

Figure 3.1

Effect of the rate of change in temperatud®/¢t, °C (0.5 h)}),

starting temperature, and ending temperatureptiNT-EXT anomalies
during (ac) winter between 27 January 2016 and 10 February 2016
(circles) and (ef) 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 minuté§/dt is the difference
DEtWEEN theML. ... e 49

Effect of the rate of change in salinigSaltdt, (0.5 h)Y), starting

salinity, and ending salinity gmpHNTEXT anomalies during (a)

winter 2016 between 27 January 2016 and 10 February 2016 (circles)
and (df) summer between 20 July 2016 and 24 August 2016 (squares)
as a function of end temperature (cetoded). 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
conductivitytemperature sensor on the previous and current sampling
cycles, respectively, performed every 30 minud&saltdt is the

difference between them.............iiiiiiiiiicccc e 50

Murderkill EstuaryDelaware BaynpHNTEXT anomaly timeseries

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 GISE applied relative to a zero anomaly. Gaps in

the data in panel (b) represent sensor maintenance and proceeding six
hour intradeploymentonditioning periods.............ooooeiiiiiiinennnnd 52

Tank test timeseries between 11 June 2022 and 17 June 2022. Panels
(a) and (b) shown situtemperature and salinity measured by the
integrated SBE37 temperaturenductivity 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 blueYertical red lines denote the first sensor
measurements after salinity CyCling..........ccccooeviiiiiiccc s 86
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Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

%  calculated ain situtemperaturés O versusin situ
temperature measured by the integrated SBE37 conductivity
temperature sensors for (a) SP033 and (b) SP053 as a function of
salinity (colorcoded)%  Ois calculated on the total scale. For
SP033, distinct relationships were found for Daya (tircles), Day 4
(triangles), and Days-6 (squares). Day 3 (diamonds) is superimposed
onto Day 4, but Day 3 dataanenot used in the Day 4 regression. For
SPO053, a single continuous relationship was found for Dd&ys 1
(T o1 [ PSSR 89

% calculated ain situtemperature% O for the calibration
samples only versus situtemperature measured by the integrated
SBE37 conductivity temperature sensors for (a) SP033 and (b) SP053
as a function of salinity (colezoded)%  Ois calculated on the

free scale. For SP033, distinct relationships or clusters were found for
Days 12 (circles), Day 3 (diamonds), Day 4 (triangles), and Da§s 5
(squares). For SP053, distinct relationships or clusters were found for
Days *2 (circles), Day 3 (diamonds), and Day$ 4squares)............ 91

Timeseries 0%  corrected to a reference temperature 8C25

%  ; usingexperimentd® T4 Al fér (a) SP033 and

(b) SP0O53 as a function of salinity (colomded) relative to their
average values (solid black lines) and +1 (dashed black lines) and £2
(dotted black lines) standard deviatio%s. ; ; is calculated on the
total scale. Raw data measured with SP033 were split between Days
1-2, Days 34, and Days # for calibration (indicated by blue boxes

IN PANEL (A))eeieieiiiee e 93

Timeseries o#6  corrected to a reference temperature 625

%  using® T Al fom Martzet al.(2010) for (a) SP033
and (b) SP053 as a function of salinity (cetoded) relative to their
average values (solid black lines) and +1 (dashed black lines) and +2
(dotted black lines) standard deviatio%s.  is calculated on the
free scale. Raw data measured with SP033 were split between-Days 1
2, Day 3, Day 4, and Days&for calibration (indicated by blue boxes
in panel (a)). Raw data measured with SP053 were split between Days
1-2, Day 3, and Days-8 for calibration (indicated by blue boxes in
PANEL (D)) vttt 94
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Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 4.1

Test sensob (  time-series between 11 June 2022 and 21 June
2022 for (a) SP033 and (b) SP053 shown relatii (o of
calibration samples (open circles) and reference samples (open
diamonds) as a function of salinity (colowded). Timeseries of

Bp( "% (darkgreen)p( ", (darkpink)P( 7  (dark
blue), and® ( h8 (sienna) are shown. In panel (a) for SP033,

b ( hﬁ (dark pink) and ( hﬁ (sienna) largely overlap........ 96

Tank test pH anomalyb ( O [tifiéiskries between 11 June 2022

and 21 June 2022 for (a) SP033 and (b) SP053 as a function of salinity
(color-coded). Values o¥b ( O | afe AHown relative a zero anomaly
(solid black line) and GOAN weatherlevel (+0.02 pH; dashed

black lines) andlimatelevel (+0.003 pH; dotted black lines) pH data
quality thresholds. Values D ( betweerb (  and

b ( h8 (open diamondsp ( h8 (asterisks)b ( h8

(open circles), an® ( h8 (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 June2®22.

Property property plotso® ( OA O 6 O O for SP033 of
calibration as a function of salinity (colooded). Dashed black lines

represent a 1:1 relationship( =D ( ). RMSEs were not
calculatedfo® ( = orB( " . Please see Table 3.2 for
descriptions of theoMPAariSONS.........ccovvviiiiiiiiiiiicc s 102

Propertyproperty plots o® ( versusb ( of calibration
samples for SP053 as a function of salinity (caloded). Dashed
black lines represent a 1:1 relationsiip(( =D ( ). ARMSE
was not calculated fd (  ; . Please see Table 3.2 for

descriptions of the COMPAariSONS............coovvvviiiiiiicccs 103

=N

Setup of Tank 1 where salinity dilution and concentration using
deionized water and seawater, respectively, took place. SeapHOx
sensors SP033 and SP053, SeaFEBensors SF2289 and SF2293,
pumps used to mix tank waters, water sampling line, and the
underway partial pressure of carbon dioxide fCQO.) 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............oovvvvviiiiiire e 139
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Figure 4.2 Tank test timeseries between 11 June 2022 and 21 June 2022. Panel
(a) shows the rate of changeinrnsitutemperaturedTemphit, °C (0.5
h)Y) measured by the SBE37 conductiviggnperature sensors
integrated with SP03&olid black line) and SP053 (dotted blue line)
relative to zero change (dashed black line). Panel (b) shows the rate of
change in salinitydSaltait, (0.5 h)!) 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 daylease see TablesXand 46 for descriptions of
the COMPANISONS......ciiiiiiiii e errr e e e e e e e e e 157

Figure 4.3 %  calculated ain situtemperaturés O versusin 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 (stis);, Ois
calculated on the total scale in terms of molinity (mokgkin)?)

Figure 4.4 Exponential function used to calculate value¥Bf( g that

were therused to correct values Bf (|, (solid blue line) at the
time of each sensor measurement mad8dafFETV2 2289 on Day 4
when increasing salinity from ~1.39 to ~12.05. The exponential fit is

shown relative to th¥D ( 8 anomalies (open black circles)
and a zero anomaly (dashed black line). This is a Single Two
Parameter Exponential Decay (or ExpDS2P) functian................ 161

Figure 4.5 Exponential function used to calculate value¥®f( " that

were then used to correct valuesof hﬁ (solid blue line) at

the time of each sensor measurement made by Se4EEZ89 on

Day 4 when increasing salinity from ~1.39 to ~12.05. The exponential

fit is shown relative to th¥b ( 8 " anomalies (open black

squares) and a zero anomaly (dashed black line). This is a Single
ThreeParameter Exponential Rise To a Maximum (or ExpRTMS3P)
18] o £ ) o P 162
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Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Exponential function used to calculate value¥®f( " that

were then used to correct valuesof hﬁ (solid blue line) at

the time of each sensor measurement made by Se4EEZ89 on

Day 4 when increasing salinity from ~1.39 to ~12.05. The exponential

fit is shown relative to th¥D ( 8 " anomalies (open black

triangles) and a zero anomaly (dashed black line). This is a Single
ThreeParameter Exponential Rise To a Maximum (or ExpRTMS3P)
FUNCHION....cc e e e e e e e 163

Uncorrected tank test pH sensor tiseies for SF2289. Panels-(8)

showi?( o (dark green)b ( hﬁ (sienna), and

b ( hﬁ (dark blue) during Days-& of the tank tests compared

againstb ( (circles) as a function of salinity (colooded) from

the sixhour monitoring period following each salinity change. When
applicablep ( from the discrete samples preceding each salinity
change (diamonds) on Days6lare also shown only to provide
context for the magnitude of salinity change each day................ 165

Corrected tank test pH sensor tisries for SF2289. Panels-(§)

showb (  (dark green)P ( hﬁ (sienna), and® ( hﬁ

(dark blue) during Days-& of the tank tests compared agaidgt

(circles) as a function of salinity (colooded) from the skhour
monitoring period following each salinity change. When applicable,

b (  from the discrete samples preceding each salinity change
(diamonds) on Days-& 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 COIECHION........ccco oo 166

Uncorrected tank test pH sensor tisexies for SF2293. Panels-(§)

showE? ( 5 (dark green)b ( hﬁ (sienna), and

b ( hﬁ (dark blue) during Days-@& of the tank tests compared
againstb ( (circles) as a function of salinity (colooded) from

the sixhour monitoring period following each salinity change. When
applicablep ( from the discrete samples preceding each salinity

change (diamonds) on Days6lare also shown only to provide
context for the magnitude of salinity change each day................ 167
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Figure 4.1Q Corrected tank test pH sensor thseries for SF2293. Panels-(8)

showb (  (darkgreen)p ( - (sienna),an®d ( '}

(dark blue) during Days-& of the tank tests compared agaidt
(circles) as a function of salinity (coleoded) from the sikhour
monitoring period following each salinity change. When applicable,
b (  from the discrete samples preceding each salinity change
(diamonds) on Days-& are also shown only to provide context for
the magnitude of salinity change each day. Please see TablEsGE.4
in Appendix E for descriptions of the exponential functions used for
PH COIMTECHION......cci i 168

Figure 4.11 Uncorrected tank test pH sensor tiseties for SP033. Panels-(8)

showb ( (dark green)b ( hﬁ (sienna), and

b ( hﬁ (dark blue) during Days-@ of the tank tests compared
againstb ( (circles) as a function of salinity (colooded) from

the sixhour monitoring period following each salinity change. When
applicablep ( from the discrete samples preceding each salinity

change (diamonds) on Days5lare also shown only to provide
context for the magnitude of salinity change each day................ 170

Figure 4.12 Corrected tank test pH sensor thseries for SP033. Panels-(§)
showb (  (darkgreen)p ( " (sienna),an® ( '}
(dark blue) during Days-& of the tank tests compared agaidgt
(circles) as a function of salinity (coleoded) from the sikhour
monitoring period following each salinity change. When applicable,
b (  from the discrete samples preceding each salinity change
(diamonds) on Days-& 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
b ( correction. No corrections were performed for

b ( andb (

7S¢
=3¢

Figure 4.13 Uncorrected tank test pH sensor tisezies for SP053. Panels-(8)

showE? ( 5 (dark green)b ( hﬁ (sienna), and

b ( hﬁ (dark blue) during Days-& of the tank tests compared

agains ( (circles) as a function of salinity (coleoded) from

the sixhour monitoring period following each salinity change. When
applicablep ( from the discrete samples preceding each salinity
change (diamonds) on Days6lare also shown only to provide
context for the magnitude of salinity change each day................ 172
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Figure 4.14 Corrected tank test pH sensor thseries for SP053. Panels-(&)

showb (  (darkgreenyp ( - (sienna),an® ( '}

(dark blue) during Days-& of the tank tests compared agaidt
(circles) as a function of salinity (coleoded) from the sikhour
monitoring period following each salinity change. When applicable,
b (  from the discrete samples preceding each salinity change
(diamonds) on Days-& are also shown only to provide context for
the magnitude of salinity change each day. Please see TableslB.8
in Appendix E for descriptions of the exponential functions used for
PH COIMTECHION......cci i 173

Figure 4.15 Uncorrected tank test bottle pH anomaly tisegies betweeb (
andb ( YD ( & anomalies)Panels (a)f) show
YO ( 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 @DA
weatherlevel pH data quality threshold (x0.02 pH; dashed black
lines). In panel (a), th&/D ( anomalies from the discrete
samples preceding the salinity change on Daye 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
COMPAIISONS.....uuiiititieeeeeee e e et eeeesee e e et et e e e e e e e e e e e e e s ammme e e e e e e e e e e s e s aaaanns 175

Figure 4.16 Corrected tank test bottle pH anomaly tisexies betweeb (
andD( 5 YYB(  anomalies)Panels (a)f) show
YD (  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 - @DA
weatherlevel pH data quality threshold (x0.02 pH; dashed black
lines). In panel (a), th&D (  ; anomalies from the discrete
samples preceding the salinity change on Daye 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
COMPAIISONS....eeiiiieieeet e e e e e et ee et e e e e e e e e mnne e 177
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Figure 4.17 Uncorrected tank test bottle pH anomaly tisggies betweeb (

andb ( hﬁ (YD ( i h anomalies)Panels (a)f) show

YD ( i " 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 @A
weatherlevel pH data quality threshold (+0.02 pH; dashed black

lines). In panel (a)the YD ( i " anomalies from the discrete
samples preceding the salinity change on Daye 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
COMPAIISONS. ...ttt eee e e e e et eme et e e e e e e e e e mnne e e e e 179

Figure 4.18 Corrected tank test bottle pH anomaly tiseies betweeb (

andb ( hﬁ (YD ( i h anomalies)Panels (a)f) show

YD ( i " 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 @A
weatherlevel pH data quality threshold (+0.02 pH; dashed black

lines). In panel (a)the YD ( i " 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
COMPAIISONS . ...eeeiiieieeeee e e e e e e e e ettt e e e e e e e e e e e mnne e e e e 180

Figure 4.19 Uncorrected tank test bottle pH anomaly tisggies betweeb (

andb (" ®( ; " anomalies)Panels (a)f) show
YD ( i " 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 @DA
weatherlevel pH data quality threshold (+0.02 pH; dashed black lines.

In panel (a), th&® ( " 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

(od0] 1] 0= 1 [<T0 ] 1SRRI 182
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Figure 4.20 Corrected tank test bottle pH anomaly tiseies betweeb (
andb ( hﬁ (YD ( i h anomalies)Panels (a)f) show

YD ( i " 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 @A
weatherlevel pH data quality threshold (+0.02 pH; dashed black

lines). In panel (a)the YD ( i " anomalies from the discrete

samples preceding the salinity change on Daye 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
COMPAIISONS. ...ttt eee e e e e et eme et e e e e e e e e e mnne e e e e 184

Figure 4.21 pH correction timeseries fo® ( andb ( " measured by
SeaFETV2 2289 on Day 4 when increasing salinity from ~1.39 to
~12.05. Panels (a) and (b) show the uncorrected and corg¢ted
(solid dark green) anB ( h (solid sienna), respectively, relative to
D (  (open black circles). Panels (c) and (d) show the uncorrected
and corrected bottle pH anomalies betwBep  andb (

%X ; solid dark green) anfl ( andD ("

(YD ( h - solid sienna), respectively, relative to a zero
anomaly (dashed black line). Panels (e) and (f) show the uncorrected
and corrected electrode pH anomalies betwBen ATs( "

(YD ( " solid salmon) and anomalies betwe (

and¥D ( oD ( " solid blue),
respectively, relative to a zero anomaly (dashed black ling)........186
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Figure 4.22 pH correction timeseries fo® (  andb ( " measured by
SeaFETV2 2289 on Day 4 when increasing salinity from ~1.39 to
~12.05. Panels (a) and (b) show the uncorrected and corg¢ted
(solid dark green) anB ( h (solid dark blue), respectively,
relative tob ( (open black circles). Panels (c) and (d) show the
uncorrected and corrected bottle pH anomalies bet®een and
B( (¥B( - solid dark green) anBl ( and® ("

(YD ( h - solid dark blue), respectively, relative to a zero
anomaly (dashed black line). Panels (e) and (f) show the uncorrected
and corrected electrode pH anomalies betvi2¢n andb ( h

(YD ( " solid salmon) and anomalies betwéé (

and¥D ( (9B ( " solid blue),
respectively, relative to a zero anomaly (dashed black ling)........187

Figure 4.23 pH correction timeseries fo® (" and® ( " measured by
SeaFETV2 2289 on Day 4 when increasing salinity from ~1.39 to
~12.05. Panels (a) and (b) show the uncorrected and corrected

P( " (solidsienna)an® ( " (solid dark blue), respectively,
relative tob ( (open black circles). Panels (c) and (d) show the
uncorrected and corrected bottle pH anomalies bet®een and

B( " (¥B( " solid sienna) an® (  and® ("

(YD ( " solid dark blue), respectively, relative to a zero
anomaly (dashed black line). Panels (e) and (f) show the uncorrected
and corrected electrode pH anomalies betvi2¢n " and

b ( h (YD ( h " solid salmon) and anomalies between
YD ( " and¥D ( 9B ( § ho
solid blue), respectively, relative to a zero anomaly (dashed black
[INIE) e 188

Figure 4.24 Timeseries of at the common reference temperature®@f for
SF2293 as a function of salinity (colonded) for Days-b of the tank
tests.E is calculated on the total scale in terms of molinity (mol
(KG-SOINYL) UNItS.c..vieiiicccee e 191

Figure 4.25 Timeseries o#6 corrected to the common reference temperature of
25°C %  for SP053 as a function of salinity (colonded) for
Days 16 of the tank test86  is calculated on the total scale in
terms of molinity (mol (kgsoln)®) UnitS.........c.cceevevveeeeeeeceeeieene. 194

XXXI



Figure 4.26 Timeseries of (a%  corrected to the common reference

temperature of it % using experimentd® U Al P
and (b)E at a reference temperature 8€C0for SF2293 as a
function of salinity (coloicoded) of Days -b of the tank tests.

% G  is calculated on the total scale in terms of molinity (mot (kg
soln)?) units.E is calculated on the free scale in terms of molality
(mol (kg-H20)?) units.Please note the different scaling on thaxgs
between panels (a) and () .......ccoooeeiiiiiiiiiiieeeee 198

Figure 4.27 Timeseries of (a%  corrected to the common reference

Figure A.1:

temperature of Z& %  ; using experimental®o % g A
T4 Al d@dd (b)%  at a reference temperature oPQ5%

for SP053 as a function of salinity (coloonded) of Days -b of the
tank tests% is calculated on the total scale in terms of

molinity (mol (kg-soln)!) units.%  is calculated on the free scale

in of molality (mol (kgH20)?) units Please note the different scaling
on the yaxes between panels (a) and (b).............ceeeeeiiiiiieeennn . 200

Sensor flow configurations used in the Murderkill Estei2gtaware

Bay SeapHOXx deployments. Left panel shows SeapHOx SP053 in
Configuration v2.0 deployed between 11 December 2015 and 04 April
2016 (or winter 2016). Right panel shows SeapHOx SP053 in
Configuration v3.0 deployed between 09 May 2016 to 24 August
2016 (or summer 2016). Blue arrows indicate the direction of water
flow through the sensor. Components of the sensor flow path are
labelled green. In both configurations, water flow is-tmpvn with

water entering through the-§haped copper pipe inlet that is then
pumped down through the SBE37 CTD into the SBE 5M submersible
pump and then into the sensor flow housing where the electrodes are
located. The only difference employed between these configurations is
the replacement of the elbow connector (v2.0) with rounded tubing
connections (v3.0) between the CTD and pump.............ceeeeenne. 228

Figure A.2: Property property plot of the calibrated temperature measured by the

A

Dur af et 6s i ntumvesulstempgermtarennessuredrby ( T
the SBE37 conductivityemperature sensor {ge) for the 27 January

2016 to 10 February 2016 sensor deployment. The dashed black line
represents the model Il least squares fit of the data (Peltzer, 2007)

with thermistor gain (or slope;) and thermistor offset (or intercept,
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Figure A.3:

Figure A.4:

Figure A.5:

Propertyproperty plots of winter sensoneasured pl™ or pHEXT
versus discrete sample pH @19 as a function of salinity (coler
coded). Dashed black lines represent a 1:1 relationshifd’(pH

PHEXT = pHs9, All data are reported on the total pH scalet(pH
Similar data for summer are included in Table 2 and Figufeofie
Gonskiet al. (2018)......ccoeeeiiiiiiiiiiie e 232

Limited Murderkill EstuaryDelaware Bay pH timaeries in summer
between 20 July 2016 at 1300 and 22 July 2016 at 0700. Panels (a)
and (b) show pH calculated using the internal (solid black) and
external (dotted blue) reference electrodes before and after application
of the dynamic sensor response correction for tRESE)

respectively. Grey shaded regions denote ebb and flood tide periods
where temporal alignment between postrection pH is improved in
panel (b) relative to preorrection pH in panel (a). Blue arrows
indicate where agreement between fmstection pH exhibits better
agreement than pr@rrection pH as minimum pH is reached at slack
EDD HIAES e 234

Effectof the rate of change in salinitgKaltdt, (0.5 h)Y) onnppHNT-

EXT anomalies after applying the dynamic sensor response correction
for the CHSE during (a) winter between 27 January 2016 and 10
February 2016 (circles) and (b) summer between 20 July 2016 and 24
August 2016 (squares) as a function of end temperature -@mded).
Solid black lines correspond to a zero anomaly. Please note the
different color bar scales of each panisalttt is the difference in the
initial and final salinities for each time step measured by the SBE37
conductivitytemperature sensor on the previous and current sampling
cycles, respectively, performed every 30 minutes....................... 235
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Figure B.1: Test data results for calculated using the Davies expression for
salinities (on the Practical Salinity Scale) between 0.105 and 35 at
di fferent temperatures. Density (})
determined from temperature and salinity. Solid grey circkesrar
from discrete samples collected to validate sensor performance during
the tank tests and are calculated using coincident temperature
measured by SP05306s i ntenpgatuset ed SEB37
sensor and salinity measured on the discrete samples collected for
b (  using the Guildline Autosal 8400B Laboratory Salinometer.
For these data, temperature and salinity range betweerf 2hdb6
31.26C and 1.20 and 33.20, respectively. The solid grey line is the
exponential fit of this data. The solid light blue squares and open
circles arer calculated between salinity between 0.105 and 35 at
constant temperatures of°@and 28C, respectively. The solid black
triangles are experimental data at 2%C from WilczekVeraet al.
(2006) and Wilczek/era and Vera (2016). The experiménta
data for sodium chloride (NaCl) solutions were given in molality (mol
(kg-H20)1) units in these works and converted to molinity (mok (kg
soln)Y) units using the expressions in Dickral.(2007)............... 242

Figure B.2: lon activity coefficient of chloride# | using the Davies (0.2)
expressiorthat is (a) calculated with densityw  and the dielectric
constantr O as a function of temperature  only so it is in
molality (mol (kgH20?)) concentration units and (b) calculated with
density m and the dielectric constare @ A las a function of
temperature and salinity ( ) so it is in molinity (mol (kgsolr?))
concentration units over a ranges of temperature and salinity (on the
Practical Salinity Scale) between 5 and@@nd 0 and 40,

TESPECTIVEIY.c ..ttt 243

Figure B.3: Setup of Tank 1 where salinity dilution and concentration using
deionized (Dlwater and seawater took place. SeapHOXx sensors
SP033 and SP053, pumps used to mix tank waters, water sampling
line, and the underway (UW) 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 water in the tank mixed....... 254

Figure B.4: Propertyproperty plot of SP053 temperature vs. SP033 temperature
measured by the sensor s-tempemattre gr at ed
sensors. Dashed black lines represent a 1:1 relationship (SP053 Temp
= SPO33 TOMP) ittt eeeetib et e e e e e e e e e e s emme e e e e e e e e e e 255
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Figure B.5:

Figure B.6:

Figure C.L

Figure C.2

Figure D.1:

Figure D.2:

Propertyproperty plot of SP053 salinity vs. SP033 salinity measured
by the sensorsdé i nt-eygperatareesensdssB E 3 7
Dashedblack lines represent a 1:1 relationship (SP053 Salinity =
SP0O33 SAlINILY)...uiiiiiiiiiiiiiiiieiee et mnne e 256

Propertyproperty plots of salinity measured Bn(  samples vs.
salinities measured by the integrated SBE37 temperatura@uctivity
sensors on (a) SP033 (circles) and (b) SP053 (squares) and (c)
salinities measured on TA samples (diamonds) collected during the
same sampling period. Dashed black lines represent a 1:1 relationship
(e.g, two independent measures of salinity are equal)................ 257

DIC vs. salinity from Day 1 (circles), Day 2 (squares), Day 3
(triangles), Day 4 (diamonds), Day 5 (asterisks), and Day 6 (stars) of
the tank tests. Data points in red and black are from discrete samples
collected before and after the salinity changes, respectively.......259

TA vs. salinity from Day 1 (circles), Day 2 (squares), Day 3
(triangles), Day 4 (diamonds), Day 5 (asterisks), and Day 6 (stars) of
the tank tests. Data points in red and blue are from discrete samples
collected before and after the salinity changes, respectively.......260

Propertyproperty plot of SP033 SBE3Wieasured temperature versus
SP053 SBE3measured temperature. The dashed black line
represents a 1:1 relationship indicating the two temperature
measurements are equal. Temperature data for Day 1 (circles), Day 2
(squares), Day 3 (triangles), Day 4 (diamonds), Day 5 (asterisks), and
Day 6 (stars) are shown. Please see Table D.1 for a description of the
(o701 0] o F= T <o ] o 1S USSP 266

Propertyproperty plot of SF2289 thermistor temperatueesus

SF2293 thermistor temperature. The dashed black line represents a 1:1
relationship indicating the two temperature measurements are equal.
Temperature data for Day 1 (circles), Day 2 (squares), Day 3
(triangles), Day 4 (diamonds), Day 5 (asterisks), and Day 6 (stars) are
shown. Please see Table D.1 for a description of the comparisoB67
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Figure D.3:

Figure D.4:

Figure D.5:

Figure D.6:

Propertyproperty plots of (a) SF2289 thermistor temperaunarsus
SP033 SBE3Mmeasured temperature, @F2289 thermistor
temperatureersus SP053 SBE3Weasured temperature, &f2293
thermistor temperatuneersus SP033 SBE3vieasured temperature,

and (d)SF2293 thermistor temperaturersus SP053 SBE37

measured temperature. The dashed black lines represent 1:1
relationships indicating the two temperature measurements are equal.
Temperature data for Day 1 (circles), Day 2 (squares), Day 3
(triangles), Day 4 (diamonds), Day 5 (asterisks), and Day 6 (stars) are
shown. Please see Table D.1 for descriptions of the comparisarZ68

Propertyproperty plots of (a) SF2289 thermistor temperaunarsus

UW SBE45 thermosalinograph temperature 62293 thermistor
temperaturerersus UW SBE45 thermosalinograph temperature, (c)
UW SBE45 thermosalinograph temperature versus SP033 SBE37
measured temperature, and (d) UW SBE45 thermosalinograph
temperature versus SP053 SBHB&asured temperature. The dashed
black lines represent 1:1 relationships indicating the two temperature
measurements are equal. Temperature data for Day 1 (circles), Day 2
(squares), Day 3 (triangles), Day 4 (diamonds), Day 5 (asterisks), and
Day 6 (stars) are shown. Please see Table D.1 for descriptions of the
(070 ] 0] oF= T Yo 1 13U 269

Propertyproperty plot of DICTA sample salinity versus
spectrophotometri® ( sample salinity. The dashed black line
represents a 1:1 relationship indicating the two salinity measurements
are equal. Salinity data for Day 1 (circles), Day 2 (squares), Day 3
(triangles), Day 4 (diamonds), Day 5 (asterisks), and Day 6 (stars) are
shown. Please see Table D.2 for a description of the compariso@76

Propertyproperty plot of SP053 SBE3vieasured salinity versus
SP033 SBE3mMmeasured salinityThe dashed black line represents a
1:1 relationship indicating the two salinity measurements are equal.
Salinity data for Day 1 (circles), Day 2 (squares), Day 3 (triangles),
Day 4 (diamonds), Day 5 (asterisks), and Day 6 (stars) are shown.
Please see Table D.2 for a description of the comparison........... 277

XXXVi



Figure D.7:

Figure D.8:

Propertyproperty plots of (a) SP033 SBE&Teasured salinityersus
spectrophotometri® ( sample salinity(b) SP053 SBE37

measured salinityersus spectrophotometri@ (  sample salinity

(c) SPO33SBE3*measured salinityersus DICTA sample salinity

and (d)SP053 SBE3measured salinityersus DICTA sample

salinity. The dashed black lines represent 1:1 relationships indicating
the two salinity measurements are equal. Salinity data for Day 1
(circles), Day 2 (squares), Day 3 (triangles), Day 4 (diamonds), Day 5
(asterisks), and Day 6 (stars) are shown. Please see Table D.2 for
descriptions of the CompPariSONS............cooovviiiiiiiiccces 278

Propertyproperty plots of (a) UW SBE45 thermosalinograph salinity
versus SP033 SBE3vieasured salinityb) UW SBE45
thermosalinograph salinity versus SP@EBE37#measured salinity

(c) UW SBE45 thermosalinograph salinity verspectrophotometric

b ( sample salinityand (d)JUW SBE45 thermosalinograph

salinity versudDIC-TA sample salinityThe dashed black lines
represent 1:1 relationships indicating the two salinity measurements
are equal. Salinity data for Day 1 (circles), Day 2 (squares), Day 3
(triangles), Day 4 (diamonds), Day 5 (asterisks), and Day 6 (stars) are
shown. Please see Table D.2 for descriptions of the comparisars79
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ABSTRACT

The work described herein compridedd- and laboratornbased assessments

of dynamic errors in electrodeesponse of the Honeywell Durafet and its internal
(Ag/AgCI reference electrode containing a saturated KCI referencet¢l ) and
postfactory added external (sofstate chloride iofselective electrode, G8E -
b ( ) reference electrode®ata collected by the Durafbaised pH sensors used
here were then tilized to improve ourunderstanding of electrode response in
nearshore waters that experience wide ranges of and rates of chami¢ in
temperatureandsalinity.

In Chapter 2, empirical analyses pH and environmental dat&om the
Murderkill EstuaryDelaware Bay System collected by a deployed semesealed 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
betweenb ( andb ( (denoted3b ( that reached >+0.8 pH when the
lowest water temperatures and maximum tidal salinity variability occuriredhe
winter. A clear linear relationship was demonstrated betvieeYD ( andthe
rate of salinity change between sensor measureme@ltit) thereby making

dSaltht thestrongest limiting factor of reference electrode response in our application.
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A dynamic sensor response correction for théSH was also developed and applied

in the voltage domainAfter application, his correction substantially reduced

3D ( anomaly ranges and it removed the foster salinity dependence of the

3D ( anomalies However, additional work is needed to refine thelSE
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 & for pH
measurement as the reference electrodehakicell reaction approach for pH
calculation using GISE as thehlorideion # 1 -sensitivereference electrode and the
ion-sensitive field effect transistor (ISFE®) the Honeywell Durafet as the hydrogen
ion ( -sensitivemeasuring electrode was developed. This new apprsaidhout
and isolated the independent responses of tRSEIlto # 1 (and salinity) and the
ISFET to( (and pH) and calculated pH directly on the total scal ( in
molinity (mol (kg-soln)t) concentration units. The new hakll and existing complete
cell (where the responses of thelSE and ISFET are combinerBaction approaches
were then applied to calculaiBe( using measurements made using two SeapHOXx
sensors between salinity and pH of 1 and 31 and 6.9 and 8.1, respeotreelg Six
day period in a test tankVhen splitting outand calibratingaw pH sensor timeseries
as needeaccordingto salinity, B ( hadrootmean squared errors ranging between

+0.0026 and +0.0168 pH calculated using both reaction approesthtge tob (
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of co-located discrete bottle sampld3 ( . These results are notably in contrast to
those of the fewn situ field deployments over similar environmental conditions that
demonstrate® ( calculated using the @BE as the reference electrode had larger
uncertainty in nearshore waters. Therefore, additional work beyond the correction of
variable temperature and salinity conditionsBir{ calculation using the GBE is
needed to constrain the impacts of other external stimuin @itu CI-ISE response.
Furthermore, increased scrutiny of the ISFET aq thesensitive measuring electrode
for pH measurement imaturalwaters is also needed.

In Chapter 4, dynamic electrode response was assessed oveag period in
atest tankover wide ranges of and rates of change in salinity between 1 and 31 and
11.21 and +10® (0.5 h)!, respectively. To do thispneasurements made using two
SeapHOXx 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 SeBird Scientific (Bellevue, WA, USA)ere used. After employing
a new <calibration approach designed to
periods following the salinity change each day, clear differences between the dynamic
responses of electrodes integrated into each sensor model eniigngachic errors in
electrode response wesabstantially greater and persisted longertiier SeaFET V2
sensorghanthe SeapHOXx sensors; for which these errors were greatly reduced or not
present at allSalinity-driven dynamic errors in electrode response for the SeaFET V2

sensors were greatest directly following the salinity change eactat&your O)and
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produced largeuncorrectedHour O salinity-driven anomalies betwee® ( and
sensoimeasured pHD ( (referred to a¥/b ( i anomalies) of > 0.1 pH
that also persistifor 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 lengtHere, the 8apHOX sensors use an average
of 20 voltage measurements collected av&8 secperiodandthe SeaFET V2 sesors
use the final of four voltages collected over asegperiod for pH calculatior-or the
SeaFET V2 sensorshis may truncate the electrode response period after salinity
changes eactlay and produce the dynamic errors in electrode response we observed.
Therefore, @irther work is needed to optimize the voltage measurement sequence for
the SeaFET V2 sensors for nearshore watétswever, large salinitgriven
YO( anomalies for SeaFET V2 sensors were ultimately corrected using
postcalibration secondary pH correctiorthat utilized the smooth exponential
relationships betwee¥d ( anomalies and timeAfter correction,corrected
YD ( YO ( anomalies for the SeaFET V2 sensors substantially
improved and largely met oceanographic commusigndard pH data quality
thresholds while associated improvements were minimal for the SeapHOXx sensors
since their pH corrections were felWere, he power and necessity of secondary pH
correction ultimately underpins the need floe development cdimilar pH correction

methoddor field data collected in nearshore waters.
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Chapter 1
INTRODUCTION

Estimates indicatéhat the global mean ocean pH has decreased by about 0.1
pH since the preindustrial era (ca. 1750) (Gatetsal, 2015) due to the coincident
oceanic absorption of about 25% of the anthropogenic carbon dioxidg (€€ased
over the same period (Friedlingtat al, 2019). This aggregate process and the
accompanying suite of seawater chemistry changes it facilitates has been termed
Aocean aci di @A ratestestimated fromQie series of oceanographic
datavary between-0.0026 and-0.0013 pH yeat (Bateset 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 biologicatonsumption/removaand production/releasef CO, via
photosynthesis and respiration, respectivelytheamid-high latitude (Hagenset al,

2016; Takahashet al, 2014. However such perturbations remain relatively limited

in scope and magnitude (Duarg¢ al, 2013) because their seasonal controls are
largely compensatory over annual timescales in vast ocean basins (Kwiatkowski and
Orr, 2018). Thus, the absorption of anthropogenie @&Mains the primary driver of
marine pH decrease in the open ocean (Bateal, 2014; Duarteet al, 2013). In

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



much more limited (Duartet al, 2013) as these systems are subjedutostantial
natural andanthropogenic forcing as welB¢rgeset al, 1998;Duarteet al, 2013
Gattuscet al, 1999

Acidification and, more generally, marine carbonate chemistry in nearshore
waters are controlled by a suite of physical, chemical, and biological processes
(Ingrossoet al, 2016) that vary in both number and magnitude on regional and local
scales (Duartet al, 2013; Wallaceet al, 2014). Physical processes affecting marine
carbonate chemistry in nearshore waters include upwelling (Eealy 2008; Gruber
et al, 2012; Kapsenberg and Hofmann, 2016), river discharge (Vetgals 2016),
and mixing with groundwater (Basterretxetaal, 2010; Caket 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 (Aufdenkampest al, 2011; Duarteet al, 2013), and
eutrophicationcausedby the oxidation of excess organic matter fueled by terrestrial
nutrients(Borges and Gypens, 201Cai et al, 2011; Feelyet al, 2010; Wallaceet
al., 2014 also impact marine carbonate chemistry in nearshore waters. The forecasted
future latitudinal shifts in estuarine and coastal oceaseasrCQ exchange and CO
source and sink dynamics (Cai, 2011) together with changes in prevailing
temperaturegand solubility) (Kapsenberget 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



from acidification to basification at rates which often greatly surpass current observed
openocean acidification rates (Carstensaral, 2018; Duarteet al, 2013;Lowe et

al., 2019 Provoostet al, 2010; Reimeet al, 2017). A recent synthesis estimatbdt

rates of annual pH change in nearshore watere between-0.023 and +0.023 pH
year! (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 (Bauetaain 2015;
Carstenseret al, 2018; Charet al, 2017; Hofmanret al, 2011; Kapsenberg and
Hof mann, 2 Oet &@,;2018) érBvoostt &, 2010). Unfortunately, this only
serves to further complicate the characterization and interpretation efelondgrends

in acidification and marine carbonate chemistry in nearshore waters. (Carsténsen
al., 2018; Kapsenberet 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 hijnr equency pH measur ement s. Wh i
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 neaasblere
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.



At present, pH istreatedas the hydrogen ion ( concentrationusing a

concentration scalend is definedia:
B( 11T ¢ Q)
where ( is the concentration of hydrogen ions in solutioh. may also be
referred to and replaced with or [ when making the distinction between
concentration units of molality (or mol (kg.0)* where HO is pure water) or
molinity (or mol (kgsolution)* or mol (kgsoln)!), respectively Clegg and Whitfield,
1991; Macintyre, 1976Zeebe and WolGladrow, 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 tempeeadgure (
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, Gonskiet al. (2024)). In principle, pH can aditionally be treated as the
hydrogen ion activit ywhicoisdefinedfiaf ect i veo conc
b ( 17T CA 17 ¢ P&

whereA is theactivity of ( andr is the ion activity coefficient of (Sarensen
and Linderstrgriang, 1924).

For practical purposes, pH is measured, reported, and applied on a
concentration scale for contemporary OA and marine carbonate chemistry studies
(Dicksonet al, 2007). The three concentration scales that are currently available for

use aré (1) the free hydrogen ion concentration sc8l€ ( ), (2) the total hydrogen



ion concentration scaleD(( ), and (3) the seawater scal®( ). ThesepH

concentratiorscales equate to

D ( 11T C( h o)
b ( 1T C( 1T C( (3/ h p&
b ( 11T C( 1T C( (3/ 1 (&h PR

where ( is the ( in solution on the scale of interes(, 3 / is thebisulfate
concentration in solution, and & is thehydrogen fluorideconcentration in solution
(Zeebe and WoltGladrow, 2001)These pHconcentration scasancreasinglyaccount
for additional (  contributions fromchemical speciesthat are foundn seawater.
Equations for interconverting between the different pH concentration scales are
included in Dicksoret al.(2007).0A community best practices also dictates reporting
b ( in molinity (or mol (kgsolny!) concentration unit¢Dicksonet 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 strengtk 61 mol kg! whereas all pH
concentration scales use seawater of ionic strength of 0.7 mastheir reference
state (Zeebe and Wetladrow, 2001). For a more thorough discussion of the pH and
its different scales, please see Mamral.(2011) and Waters (2012).

Benchtop pH analyses can be carried out via(a) glass electrode
potentiometry on the NBS scale @r( ) or (b) spectrophotometry on the total scale
(or B( ) (Dickson et al, 2007). While measuring pH via glass electrode

potentiometry is costffective and straightforward, glass electrodes are fragile, prone



to drift, and produce less reliable pH data across wide salinity ranges that have higher
uncertainties (Dickson, 1984). Stillmeasuredb ( values can be converted to
b ( usingmarine carbonate system calculation prograeg, (CO2SYS, Sharpt
al., 2020) or using backend empirical functioresg( Badoccoet 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 MarteiBonet and Byrne (2020)) or a coincident electrode calibration in
saline buffer media on a concentration scale is performed to check measurement
accuracy (Martet al, 2015).

On the other hand, advancements in the preparation of TRIS buffers in
artificial seawater using variable ratios of TRIS:TRISI at salinity < 20 (Pratt,
2014; Mulleret al, 2018a) and accurate measurement of their pH on the total scale (
b () using a Harned Cell (Millest al.,2018a) has reliably extended benchtop pH
measuremeninethodologiedo salinity < 20.pH is measured on the total scate (
b () via spectrophotometry using psénsitive purified colorimetric and diprotic
sulfonepthalein indicator dyes such as bromocresol purple (BCP; Htfisxdeet al,
2021), metaCresol purple (mCP; Douglas and Byrne, 2017; eétaal, 2016; Muller
and Rehder, 2018), phenol red (PR, etil, 2016), and thymol blue (TB; Hudson
Heck and Byrne, 2019). Characterization equationstfdr  calculation using
purified BCP (HudsotHecket al, 2021), mCP (Douglas and Byrne, 2017; Muller and

Rehder, 2018), and TB (Hudséteck and Byrne, 2019) are valid between salinities 0



and 40.D ( of freshwater can also be calculated using mCP and PR using the
characterization equations from Ledial. (2016).

Spectrophotometri® ( measurement methodologies that utilize mixtures
of different indicator dyes can also be leveraged to expand measurable pH ranges in
aguatic systems; but this approach simultaneously sacrifices measurement accuracy
and precision (Raghuramaat al, 2006). Additional work has improved benchtop
spectrophotometri® ( measurements through streamlined methods of accounting
for the pH perturbation due to the dye additiondt.al, 2020; Takeshitat al, 2022),
increased sample throughput and reduced operator error with automated pH
measurement systems (Carégral, 2012) andmethodological recommendatiofer
dealng with potential matrix interferents such as dissolved organic matter (Mailler
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
Rérolleet al.(2012) and methedpecific references includéxkrein

On the other hand, higinequency 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 (Gonskit al, 2018; Johnsomrt al, 2007). Accordingly, there is an

urgent need for accurate and fast responding autonomous pH sensors for this purpose.



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 hereinpitsl inthe development of several
different types of autonomous pH sensors.

At present, potentiometrice(g, Bresnaharet al, 2014; Martzet al, 2010;
Miller et al, 2018) and optofluidice.g, Lai et al, 2018; Martzet al, 2003) pH
sensors dominate the commercial market. Still, other types of autonomous sensors that
utilize immobilized fluorescence indicator spots (Clagteal, 2015; Runcieet al,
2018), optodes (Fritzschet al, 2018; Staudingeet al, 2018), and lalmn-chip
technologiegNehir et al, 2022; Rérollest al, 2018) as vehicles for pH measurement
show exceptional promise for pH measurement in nearshore wWdtmesover, robust
and modular handheld pH sensors are also being developed and commer@alized (
Li et al, 2023; Pardiset al., 2022; Ritger and Cullen, 2023) that will make high
guality pH measurements more accessible to a wider-sams®n of the scientific
communityandfor a broader range of applications such as citizen science (Rardis
al., 2023). It is importanto 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),bastri2019),
and the sensespecific references includéxtrein

Since the current work focuses on potentiometric pH sensors, further
discussion of their application to nearshore waters is warrafitpdtentiometric cell

is comprisedof a reference electrode and aft$¢nsitive measuring electrodénere



the electrical potential (as voltage) of the solution of interest is measured between
them In potentiometry, the measuring electrode responds to the change ifand

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 aé  (and pH)and ionic strength (and salinity$pkoog

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 electiddgs
ultimately,canlead to the collection of unrepresentative pH data (Miletral, 1986;
Whitfield et al, 1985).

Therefore, when measuring pH in dynamic waters using potentiometric
sensors, careful consideration must be givein (@) the reference electrode employed
(Butler et al, 1985; Culbersoret al, 1981; Whitfieldet al, 1985), (b) the buffer
solutions used to calibrate the electrodes (Easley and Byrne, 2012; {artell and
Byrne, 2020; Milleroet al, 1986; Whitfieldet al, 1985), and (c) the calibration
strategy for pH measurement in natural waters between freshwater and seawater
(Butler et al, 1985; Dickson, 1984, Mare& al, 2015; Whitfieldet al, 1985). Since it
is now possible to calibrate a working potentiometric pH sensor to the pH of discrete
water samples collected alongsidedeployed pH sensor (Bresnahah al, 2014;
Hofmannet al, 2011) that is measured using established benchtop spectrophotometric

methods valid between salinities 0 and 40, the selection of standard buffer media used



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 Dicktaal. (2016), Easley and Byrne
(2012), Millero (1986), and Whitfieldt 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) (Butér1985).

This principle is weldemonstrated in the potentiometric pH sensors that incorporate
the Honeywell Durafet loisensitive Field Effect Transistor (ISFET) technology
paired with two different reference electrodes (Matzl, 2010; Bresnahast al,

2014); commercialized versions of these sensors (e.g., SeaFET and SeapHOx) are
available from Se®ird Scientific (Bellevue, WA, USA). Durafdiased pH sensors
calcul ate and report a p ai#rl-sensitive mteimalv al ue s
(Ag/AgCI reference electrode containing a saturated KCI referencet¢l ) and
postfactory added external (sofstate chloride iofselective electrode, GSE -

b () reference electrode¢sgether with it{ -sensitive ISFET. Nowp (  can be
calculated using two different approaches where responses of-t8& @hd ISFET

are combined using the complete cell reaction approach (described in étlaitz
(2010)) or split out and isolated using the @l reaction approach (described in
Chapter 3. The intricacies of electrode response and equations for pH calculation
using these sensors are discussed in sectidhs, 33.1-3.3.2, and 43.1-4.3.2 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 (Bagset al, 2021; Long, 2021; Martet al,
2010), reliable linear response with temperature (Takeshah 2014), and excellent
signal stability with low noise effects (Mar&t al., 2010; Sandifer and Voycheck,
1999). With experienced and w#thiner operators, Durafétased sensors are capable
of in situpH accuracies of < £0.01 pH in oceanic waters (Bresnahah 2014).This
pH measurement accuracy is bracketed by community standard elandteveather
level pH data quality thresholds of £0.003 pH and £0.02 pH, respectively, established
by the Global Ocean Acidification Observing Network (GOM; Newtonet al,
2015).

The Honeywell Durafet is also an exceptionally versatile pH sensor. It has not
only seen widespread use in fixed point applicatiang,(Dukeet al, 2021; Miller
and Kelley, 2021) but it also been incorporated into Slocum (®akal, 2019;
Thompsoret al, 2021) and Spray (Takeshiga al, 2021) underwater glidees well
asautonomous surface vehicles such as Saildrones (Setbaie 2020). The Durafet
has also been used for wateumn profiling applications down to 3000 m using the
DeepSea Durafet (Johnsaat al, 2016). Despite all this, it remains unclear whether
the excellent accuracy and fast response of the Honeywell Durafet and its internal and
postfactory added external reference electrodes seen inshigfity oceanic waters
of salinity > 30 €.g, Bresnaharet 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 rmmservative water quality parameters
(Gonskiet al.,2018; 2023).

Evidence from limitedn situ field deployments of Durafdtased pH sensors
in dynamic nearshore waters that supports this assertion includes dynamic errors in
reference electrode respor(§&onskiet al.,2023) and largsalinity-driven anomalies
betweendb (  and b ( after sensor calibration (Gonskit al, 2018; 2023
between pH measured with Durafeised sensors and otherlooated redundant pH
sensorsKritzscheet al.,2018), and between sensaeasured and discrete sample pH
(Velo and Padin, 202Zpn 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 performanéield settingsBecause of thign situ
evaluations of sensor performance and electrode response unegondatlynamic
environmental conditions in nearshore waters has only captured snapshots rather than
the full extent of theselectrode responsssues.

While Takeshitaet 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 Dinadet! pH sensors
have been limited to slow rates of salinity decrease been salinities 30 and 36

(Bresnahanet al, 2014; Shangguaet al, 2022) and did not include coincident

12



salinity increases (as occurs during tidal mixing in nearshates). Therefore,

additional field and laboratonbased assessments of dynamic electrode response for

Durafetbased 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 sensdrglinsalinityoceanic waters extends to
nearshore waters. Such work will @erucial enabling step for the improved temporal

and spatial coverage of global pH data recordf/namic nearshore waters.

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

1 Leverage existing field data from the Murderkill EstuBglaware Bay System to
assess dynamic reference electrode response undarar@lconditions (Chapter
2).

1 Design and conduct a series of tank tests that simulate dynamic environmental
conditions observed in the Murderkill Estuddglaware Bay over ranges of
salinity and pH between 1 and 31 and 6.9 and 8.1, respectively (Chapters 3 and 4).

91 Develop and apply a hatfell reaction approach for pH calculation of the total
scale orb () using the chloridesensitive GIISE as the reference electrode and
the ISFET as th¢ -measuring electrode and compare it with the complete cell
reaction approach (Chapter 3).

1 Assess and reconstruct electrode equilibration periods driven by dynamic errors in
electrode response of two different models of Duraésted pH sensors over large

rapid salinity changes up to +11.21 (0.5 Chapter 4).
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1 Develop, apply, and demonstrate the utility of secong&fycorrection for data
collected using Durafdtased pH sensors over dynamic environmental conditions
external to the correction of variable temperature and salinity conditions in pH
calculation (Chapters 2 and 4).

The workdescribed hereirs separated intchapters that have been published
(Chapter 2i Gonskiet al, 2023 and Chapter 3i 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, someaterial, especially in the methods and results

sectionsjs shared between multiple chapters
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Chapter 2

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

H

L

r

L

r

CI-ISE

CRMs

" o

W5 ) HE
A it i
DIC

Activity of an ion.A andA arethe activiies of hydrogen and
chloride, respectively.

Sensor offset (or intercept) of a model Il least square fit of two
datasets of the same parametg ( temperature or pH); the
ideal value is zero.

Sensor gain (or slope) of model Il least square fit of two
datasets of the same parametg ( temperature or pH); the
ideal value is 1.

Solid-statechloride ionselective electrode. Serves as the post
factory added external reference electrode fompdaisurement
andcalculation.

Certified Reference Materials for DIC and TA analyses.

Rate ofchange in the voltage measured by @dSE (@6 )
occurring between the 3@inute sampling periods of the sensor
(0. Term has units of V (timé)

Temperature dependence term of the calibration constant
specific to the GISE % . Term has units of m9C™.

Temperature dependence term of the calibration constant
specific to the internal reference electrode (Ag/AgCl reference)
% . Term has units of m9C™.

Dissolved Inorganic Carbon in units of umolkg
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W i Rate ofchange in thesalinity (8 A)loddurring between the 30
minute samplingoeriods of the sensoKXD. Term has units of
(0.5 hy~.

i Tl Rate ofchange in thetemperaturg(4) occurring between the
30-minute sampling periods of the sens@O( Term has units
of °C (0.5 h).

Anr i Voltage measured between BEISE and ISFET.

A "Efy Voltage measured between timernal Ag/AgCl referencand
ISFET.

A A Voltage measured by the-G3E.

th ' Corrected value of6  after applying the GISE dynamic
Sensor response correction.

ANE Measured value of  before correction

Hﬁ A Calibration constant specific to the-[SE.

A "ER Calibration constant specific to thaternal reference electrode

(Ag/AgCl reference)

{ i A CI-ISE electrode standard potential that is incorporated into
% 8
d6 s ub s cr iDpriotes a final value or the value from the current sampling
cycle.
F FaradayConstant 96485 C mol.
¢ APl & Af Combined ion activityoefficient for Hydrogen Chloride (HCI).

i lon activity coefficient.r and r are the ion activity
coefficients of hydrogen and chloride, respectively.

G6 s u b s c r iDertotes m initial value or the value from th@evioussampling
cycle.

ISFET lon-sensitive field effect transistor.
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RMSE

S

Salinity

T

Ny an

ﬁ"l i "Hi

TA

Molality concentrationn units of mol (kgH20)* where HO is
pure water.l and| are themolalities of hydrogen and
chloride, respectively

Ocean acidification.

pH on the total scal®f the discrete water samples that is
calculated from DIC and TAtin situtemperature

pH on the total scale measured using thdSH; calculated
from %

pH on the total scale measured using the internal Ag/AgCI
reference; calculated frofb

Non-descript sensemeasured pHe(g, D ( orb ( ).
Anomalies betwee® (  orb (  at the same timestamp.
Gas ConstanB.3145 J motK ™,

Rootmeansquare error.

Nernst slope.

Refers to salinity on the Practical Salinity Scale.
Temperature in Kelvin

Temperature in degrees Celsius measured by the SBE37
temperatureonductivity sensor.

Temperature in degrees Celsius measured byHibhreeywell
Durafetds internal thermistor

Total Alkalinity in pmol kg?.

Time constant foP6 in units of time Equal to 30 minutes.
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2.2 Introduction

Ocean acidification (OA) driven by oceanabsorption of anthropogenic
carbon dioxide (Ce has driven pH decrease in the open ocean at rates ranging
between-0.0026 and-0.0013 pH yeat (Bateset 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 bét@2&n
and +0.023 pH yedr(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 (Baunetral, 2 015 ; et &,2®&18;y | e
Provoostet al, 2010). Therefore, our ability to distinguish between l@rgn trends
and natural variability and to determine controlling processes in estuaries hinges on
accurately observing the marine €G0system through highequency pH
measurements. In turn, this has led to intense scrutiny of the metrological challenges
associated with pH measurement in natural wats Qicksonet al, 2016) which
are further encumbered by the constant gradation of ionic strength in estuaries
(Millero et al, 1986; Whitfieldet al, 1985).

Over the past 40 years, potentiometric pH measurements in estuaries have been
plagued by the same threghallenges: (1) choice and characterization of an
appropriate reference electrode (But¢al, 1985; Culberson, 1981; Whitfiekt al,

1985); (2) selection of standard buffers used to calibrate electrodes (Dickson, 1984;
Easley and Byrne, 2012; Millero, 1986; Whitfiedtl al, 1985); and (3) absence of an
accepted calibration strategy for pH measurements for natural waters ranging from
freshwater to seawater (Butlat al, 1985; Dickson, 1984; Martet 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 respange 69.16 mV/pH at
25°C).

In practice, the characterization and employment of a suitable reference
electrode is the primary metrological consideration for pH measurement in estuaries
and supersedes thstill notable discussionaboutthe selection of standard buffers
(Butleret al, 1985). MarteHBonet 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 (Hofetaah 2011). Recent work
has demonstrated the extension of this straightforward calibration approach to
estuaries (Gonsket 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 {Hselective lorSensitive Field Effect
Transistor (ISFET)) (Martzet 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) (Bag&tak, 2021; Long, 2021;
Martz et al, 2010; Takeshitat al, 2014).

Together with its internal (Ag/AgCl reference) and a gastory added
external (solidstate chloride iorselective electrode, GBE) reference electrodes, the
modified version of the Durafet (commercially available from-Bed Scientific
(Bellevue, WA, USA)) has been integrated into autonomous sensor packages (
SeaFET, SeapHOx, and DeSpa Durafet) and several mobile oceanographic

monitoring platforms whose use has proliferated in recent years (Bresatlahn

29



2014; Dukeet al, 2021; Fritzscheet al, 2018; Johnsomt al, 2016; Martzet al,

2010; Miller et al, 2018, Pettayet al, 2020; Shangguaet 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 intern@l ( ; Evanset al, 2019; Milleret al, 2018, 2021;

Miller and Kelley, 2021, Riveset al, 2016) or externalgf ( ; Bresnaharet al,

2014, 2021; Takeshitet 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 sensortdadatect a malfunctioning sensor as
recommended(Bresnahanet al, 2014; Rivestet al, 2016) we, instead, work
empirically to evaluate a working sensor. To do this, we use the consistently observed
trends in anomalies between valuesb ( and D ( (denoted ¥D ( )
together with sensor voltages and other measured environmental elgta (
temperature and salinity). We also propose and apply a dynamic sensor response
correction to the voltage measured by thedSH. 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 SeapHOXx unit, SP053, used in the present study was originally assembled
and tested at Scripps Institution of Oceanography. Accordingly, the equations
describing the sensordés operating princip
functional implementation follow those presented in Bresnadtaad. (2014), Martz
(2015), Martzet al. (2010), and Takeshitat al. (2014). The general performance of

this same instrument was also evaluated in Gogtski. (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 sca®( : B (  (Ag/AgCl reference
electrode containing a saturated KCI gel and diffusion liquid junction)tagd
(solid-state chloride iorselective electrode, d8E). Here, we briefly review
reference electrode operation and gddculation and outline any operational caveats
applicable over wide ranges of pH, temperature, and salinity change in estuaries.

Bresnaharet al.(2014) and Martetal. (2010) discuss these topics further.

2.3.1.1 pHNT

The internal reference of the Honeywell Durafet consists of an Ag wire
surrounded by a saturated KCI gel which interfaces with the test solution through a
liquid junction.B ( is calculated via:

% % .
b ( ——3 N P

where% is the measured sensor voltage &hd is the calibration constant specific

to the internal reference electrofdartz et al, 2010). S is the temperatudependent

Nernst slope and is calculated via:
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3 34 I Tp mth &
where R is the gas constant (8.3145 J1Kd), T is temperature in Kelvin, and F is
the Faraday constant (96485 C mjo{Oldhamet al, 2011). Using% andin situ
temperaturep ( is calculated assuming a 100% Nernst slope (€§.16 mV/pH
at 28C) and a constari®6 T4 A | @yual to-1.101 mV °C? (Martz et al, 2010;
Bresnaharet al, 2014).

The internal Ag/AgCI reference electrode contains a liquid juncmifiquid
junction potentials could impart systematic errors % measurements and
subsequently calculatedl (  (Bresnaharet al, 2014; Martzet al, 2010).Liquid
junction potentialsare functions of both temperature andnic strength (calculated
from salinity) so the internal reference electrode also possesses a salinity sensitivity
(Bates, 1973)D (  errorsdue to liquid junction potentials couloe problematic
underrapid temperature variability and large salinity fluctuations (Bresnahaah,
2014).

In estuaries with substantial temperature variability, additional thermal
induced errors can be introduced iRtd time-seriesif a thermal lag in the internal
saturated KCI reference gel of the internal reference electrodgrs(Bresnaharet
al., 202). In other words, if the saturated KCI 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 eg@&)and to correct

% betweenthe reference temperature.(.,25°C in Bresnahaet al, 2014)andin

situtemperature used to calcul&®g is not accurate.
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2.3.1.2 pHEXT
The CHSE integrated with the Honeywell Durafet is solid Ag@ith small
amounts of AgS) compressed into a solid pellet that usessievater chloride ion as
the reference for its measurements (Mattal, 2010).b ( is calculated via:
% % 3 11T qgr i

b ( 3

h C®

where % is the measured sensor voltage &d is the calibration constant
specific to external reference electrode-I€IE), r is the activity coefficient of either
hydrogen ( or chloride # 1 ,1 is the molality of# 1, and S is the Nernst slope.

P (s calculated assuming a 100% Nernst slope and a coii®éant % A | d-
1.048 mv°C? from measured voltagén situ temperature, and salinityJnlike the
internal reference, the @8E lacks a liquid junction ankdas 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 and ion activitiesf [ also must be calculated to
reflect variable environmental conditions to be included inBhg  calculation
(Martzet al, 2010).

Thus,i s calculated from salinity following Dicksoet al. (2007), and ion
activities are calculated from temperature between 5 at@ &@fd salinity between 20
and 45 using the empirical function for the mean activity coefficient of HCI
reported by Khocet al. (1977). Accordingly, the GISE andb (  are inherently
salinity-dependent (Martet al, 2010). Any further inaccuracies associated With
andr calculationsat salinities outside of their valid published salinity ranges will

impart errors t® ( 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 GISE response. Still further, T6E response may lmomplicated by
environmental chloride ion# | and anion 8 concentrationsand prevailing
chlorideto-anion ratios # 1g8 . This results from the @l S E 6 s-sewgsitivitysts
interfering anions including bromid¢ O, iodide ) , sulfate 3/ , and sulfide

3 due to equilibrium with AgCI(Bard et al, 1985). This impart@an additional
salinity dependence to the-(3E (Gonskiet al, 2018; Takeshitat al, 2014).

2.3.2 CI-ISE Dynamic Sensor Response Correction

Equation2.3 forB (  is governed by the complete cell reaction of:
!Q#E(O!g( #1h c8

wherethe electrode couple consisting of thelSE (reference electrode) and Durafet
(( -sensitive measuring electrode)easures dissolved hydrogen chloride (HCI)
directly in the samplethis is expressed throught  (Martz et al, 2010). This
electrochemical response is parameteriasdhe activity product of hydrogen and
chloride A A for the purposes d ( calculation using equatich3. To produce
the logterm in the second half of equati23, A A is further reduced via:

ITTCGAA 11T G 117G 17T Gror i Ph ¢&
wherel T Ci equates to pH angets moved tdhe opposite side of equati@®B

(Bresnaharet al, 2021)
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However, if we consider theeference electrode hadell responsef
the CHSE (designated ISE) separatdlyeaccompanying half reaction for tiad-ISE
Is:

Il c#A o1 Cc #I1h <)
which has the following Nernst equation:

% % 3@ 1T CA % 3@ 1 ¢ I h ¥
where% is the measured voltage for the AgCI electrode that is incorporated into
% and% is the electrode standard potential that is incorporated¥nto from
equation2.3. On this basisthe CHSE only exhibits a Nernstian responsefo (and
salinity) that is expressed through its measured volt¥ge and not toA or pH.

On its own% exhibits an inverse relationship wih and salinity meaning

that% increases ad and salinity decrease and vice versam this, a temporal

change ifo —— isolatedto the voltage contribution & can be calculated via:
(027 % 31T QI % 3T Qg I .
D D cay

and equatior2.8 can then be further reduced after subtracting out redufiearto:

(027 3g 1 g | 3@ 1 g i g
.m ,m h C&)

where thequantities denoted subscripandi arethe final and initial values for each
time step.

On this basis,we propose a plthdependent dynamic sensor response
correction applied t@ . It correctsthe salinity response of the €8E to new
salinities by imitatingthe inverse relationship betwegm andA (and salinity. In
other words, the correction compensates for the salinity response by ndaking

more positive asA and salinity decrease and vice vers@he equation for the
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correction is equivalent to equati@8 forb ( , but% is modified to% .%
is linearwith time and is calculateda:

[0/ T
% % zZ D h ¢H 1

where% is the measuretlo , z is a time constant foko in units of time

and—— is rate of the change % in units of V time'.

Since CHSE response is fully Nernstian (Takeshét al, 2014), — is
expressed through the terih, C 7 [ | , and is calculatedising the form of
equation2.9 via:

(0273 31T g i 3@ 1 g i

(o0} Py TOR A PP
where S remains the temperatdiependent Nernst slop€hel T Cr r | terms

in the quantities denoted subscriigindi arethe final and initial values for each time
step. They arecalculated from temperature and salinity measured by the SBE37
conductivitytemperature sensor during the final (or currer)) gnd initial (or
previous) () sampling cycles, respectively, for measurements occurring every 1800

seconds (or 30 minutes). The inclusionfof in —— arises sincé | must be

calculated together according to Khebal. (1977)using equatior2.3 based on the
complete cell reactionln equation23 for®( , 3@ 1 q 1 | is used
and terms arealculated using temperature and salinity measured duringntigor
curren) sampling cycle.

The dynamic sensor response correction for theSEl potentially accounts
for the following either singly or in combinatidin (1) the slow replacement &f |
with other anions like' O on the surface of the AgCl solid element as salinity

changes, (2) equilibration issues due to a thermal lag HSEIlresponse 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 Aol do water from the previ
the current sampling cycle thabuld result in different salinities being measured by
the SBE37 conductivityemperature sensor and seen by the electrodes in the flow
housing.

We useaz  equal to our sampling interval of 1800 seconds. We assume
Z is the maximum amount of time the-[83E 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 secondBable 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 GISE on the ¥D ( anomalies that supports these

assumptions are discussedection 24.2.3and inAppendix A

2.3.3 Field Deployment

The SeapHOXx sensor package includes sensors for temperature and salinity
(reported on the Practical Salinity Scale, PIB$ (SeaBird Electronics Conductivity
Temperature SensdrSBE37), pH (Honeywell Durafet), and oxygen (Aanderaa Data
Instruments 4835 Optode) plumbed into a flow path that is flushed by -Bigkea
Electronics (SBE) 5M submersible pump (Bresnadiaal., 2014).

One SeapHOXx unit (SP058)at 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 20ablé A.1 and Figure

A.1). Pumptimes 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 corkbtions.
more details about the sensor deployment configurations, sample collection and

analytical methods, and sensor calibration, pleasees#®ns A.1A.4 in Appendix A

2.3.4 Study Site

SP053 was deployed at Bowers, Delaware (Lat. 38,050n. 75.39W) at the
confluence of the Murderkill Estuary and Delaware BRigure 2.1).In the flood
dominant, tidallyforced Murderkill EstuanDelaware Bay System (Dzwonkowski
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 (Utinalh 2013;
Voynovaet al, 2015).

The lowest salinities coincide with the lowest pH during slack ebb tides which
reflect the largest contributions from the Murderkill Estuary outflow (Goeskil,
2018; Ullmanet al, 2013) usually coinciding with the largest freshwater flows
(Voynovaet al, 2015). Environmental drivers of local biogeochemistry include-high
frequency tidal fluctuations and lefkequency subtidal controls of winds, large
storms, and springeap tides (Dzwonkowskit al, 2013; Voynoveet al, 2015; Wong
et al, 2009). Because of this, tidal pH fluctuations largely follow tidal salinity

fluctuations.
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Figure 2.1 Map of the Murderkill Estuary. The SeapHOx sensor deployment site
was colocated with US Geological Survey (USGS) Gauging Station
01484085 at the mouth of the Murderkill Estuary in Bowers, DE (USA).

2.4 Results andDiscussion

In the Murderkill EstuaryDelaware 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 summ&e 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 Goretkial. (2018)) to

represent these seasonal environmental extremes.
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2.4.1 General Electrode Response

In winter, sensor pH measurements (Fig2i&a) calculated from the measured
voltages generally exhibit good agreement across the natural wide range of lower
temperatures (Figurg.2b) and lower salinities (Figur22c). Diel pH fluctuations of
>0.5 pH were characterized by better alignmer®¢f andb (  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 redtagure
2.2 and Figure 2.3) when sharp upward and downward spikeq in andb (
respectively (indicated by vertical red lines in Figure 2.@&ye observed coinciding
with salinities that reached 1 at the end of slack ebb tide before tide reversal (Figure
2.3c). During summerD (  andb (  are generally devoid of any substantial
divergence across its respective ranges of pH, temperature, and salinity (please see
Figure 2.3df in Gonski et al. (2018)). For comparisons of winter sensor pH and

discrete sample pH, please sgégureA.3 in Appendix A
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Figure 2.2 Murderkill EstuaryDelaware Bay timeseries 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) show situ temperaturg®C). Panel (c) shows salinity. The
grey-shaded periothetween 04 February 2016 at 0730 and 08 February
2016 at 1700 highlights periods when upward and downward spikes in
pHEXT and pH\T, respectively, are observed when slack ebb tide
salinities repeatedly approach 1. pH data from the summer 2016 sensor
deployment are discusséadFigure 3d of Gonslket al.(2018).

41



-18.0

1
55
24
pHEXT

474

4.

A~

—_
(==}
T

Salinity
)
T

[=>]
T
1

it
T\

0
04-Feb-2016 05-Feb-2016 06-Feb-2016 07-Feb-2016 08-Feb-2016
Date

Figure 2.3 Murderkill EstuaryDelaware Bay timeseries between 04 February 2016
at 0730 and 08 February 2016 at 1700 (eplegded region in Figure 2.2).
Panel (a) shows pH calculated using the internal (solid black) and
external (dotted blue) reference electrodes. Panel (b) shovestu
temperature(°C). 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 pHE*T and pHNT, 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-peno anomalies betwedh (
andb ( YD ( (e.g., Bresnahaat al. (2014) and Riveset al. (2016)). In
addition, we found it useful in this study to further examine the raw sensor voltages

measured by the internéd#%  and external%  reference electrodes.

2.4.2.1 Seasonal Data Comparison

Under opposing seasonal environmental extremes, -bhedt transient

YD ( anomalies that approached +1 pH were consistently obsdnvednter,
the evolution of large¥D ( anomalies (Figureg.4a) generally followed tidal
trends. A positiveYD ( anomaly b ( b ( persists over prolonged

periods of salinity decrease on the ebb tide. On ebb tides, rates of salinity change
(dSaltat, Figure2.4d) are negative and relatively smaller compared to the flood tides
(<-4 (0.5 h)Y). Maximum¥b ( anomaliesare 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
YD ( anomaly b ( b ( coinciding with tide reversal when the
greatest positivelSaltit (< +11 (0.5 h}) was observed on the flood tide. Finally, a
nearzero YD ( 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
YD ( anomalies are driven by discharge asymmetry in our system with slow

pH changes on ebb tides and more rapid pH changes on flood tides (Dzwon&bwski
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al., 2013). Periods with the greatest obserYex( anomalies are indicated by

grey-shaded regions in Figur@t and shown in Figur25.
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Murderkill EstuaryDelaware Bay pH anomaly tirseries between 27
January 2016 and 10 February 2016. Panel (a) showpptH&T-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 @Saltdt, (0.5 h)!) relative to a zero change (solid black line).
Panel (e) shows the rate of chganinin situ temperaturedT/dt, °C (0.5

h)?1) relative to zero change (solid black line). The gshgded 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 largesHNTE*T anomalies,
upward spikes irEexT and downward spikes iBint (Same direction as

the pH spikes), and the most extreme positiSaltdt and most extreme
negativedT/dt on flood tides after tide reversal.
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Moreover, winter time series &  (Figures 2.4c/2.5c) antlo  (Figures
2.4b/2.5b) also follow tidal trends where prominent deviatioré in and%  from
the tidal trend are clearly distinguishable. These deviations are marked by downward
spikes in% and upward spikes if6  (indicative of negativelyand positively
biased voltages, respectively). Like the greatést( anomalies (Figures
4a/5a) voltage spikes occwwith the largest positivelSaltdt (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 greatesyd ( anomalies also occur when situ temperature
decreases at some of the largest negaifivet (> -1°C (0.5 h); Figures 2.4e/2.5e) on
the flood tide after tide reversal.

In contrastwhile YD ( anomalies follow the same asymmetric trends
in summer, the range of observéd ( anomalies (Figure 2.6a) is substantially
lower over narrower ranges of higher temperatures (Figure 2.6d) and salinities (Figure
2.6b) that remain >2& and >15, respectively. Further, spikiness is also absent in
summer time series 8 and% (data not shown) ovetSaltdt (Figure 2.6¢) 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 EstuaryDelaware Bay pH anomaly tirreeries between 04

February 2016 at 0730 and 08 February 2016 at 1700 -¢tnaxyed
region in Figure2.4). Panel (a) shows thgHNTEXT anomalies relative

to a zero anomaly (solid black line). Panels (b) and (c) show the voltages
measured using the external (blue) amdernal (black) reference
electrodes, respectively. Panel (d) shows the rate of change in salinity
(dSaltht, (0.5 h)) relative to a zero change (solid black line). Panel (e)
shows the rate of change in situ temperature dT/dt, °C (0.5 h)})
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
npHNT-EXT anomalies, upward spikes Eexr and downward spikes in

Ent (same direction as the pH spikes), and the most extreme positive
dSalt/dt and most extreme negativdT/dt align with flood tide
measurements after tide reversal from slack ebb tide salinities that
approach 1.
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Figure 2.6. Murderkill EstuaryDelaware Bay pH anomaly tirseries between 20
July 2016 and 24 August 201Banel (a) shows thgpHNT-EXT anomalies
shown relative to a zero anomaly. Panel (b) shows salinity. Panel (c)
shows the rate of change in saliniggaltdt, (0.5 h)Y) relative to a zero
change. Panel (d) showssitutemperature®C). Panel (e) shows the rate
of change inin situ temperature dT/dt, °C (0.5 h)}) relative to a zero
change. Gaps in the data represent sensor maintenance and proceeding
six-hour intradeployment conditioning periods.
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2.4.2.2 Decoupling Salinity and Temperature Effects ompHNT-EXT Anomalies

YD ( anomalies were more poorly correlated with temperatufe<(R
0.020) than withdT/dt (R? < 0.1) (winteri Figure 2.7ac; summeri Figure 2.7d-f).

So, neither temperature naT/dt have a consistent substantial effect on the
YD ( anomalies. In contras¥D ( anomalies generally exhibit better
agreement with salinity @< 0.222) (winter- Figure2.8b-c; summeii Figure2.8e-)

over dT/dt and temperature. Clear linear relationships with the highest correlations
emerge betweedD ( anomalies andSaltdt (winteri Figure2.8a; summei

Figure 2.8d; R between 0.654 and 0.733) over wide temperature and salinity ranges.
Ranges ob/D ( 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. ThereforelSalttit is the clear dominant driver of the largéd (

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

It is important to note, though, that downward spikes %n occur
simultaneously with large negativeT/dt so dT/dt will still influence electrode
response. ThougllT/dt will influence sensor response to a lesser extent compared to
dSaltdt since salinity variability tied to tidal cycles is larger relative to temperature
variability. Taken together with the observed spike$6n and% that coincide
with the greatestYD ( anomalies, each reference electrode exhibits dynamic
errors in their temperature and/or salinity responses over rapidly changing
environmental conditions. Therefore, the la ( anomalies are a composite

result of dynamic errors in both (  andb (
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Figure 2.7: Effect of the rate of change in temperatul@/dt, °C (0.5 h)!), starting
temperature, and ending temperaturgyphNT-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 conductiégnperature sensor on the
previous and current sampling cycles, respectively, performed every 30
minutes.dT/dt is the difference betwedghem.
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function of end temperature (colooded). Solid black lines correspond
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each time step recorded by the SBE37 conducttertyperature sensor
on the previous and current sampling cycles, respectively, performed
every 30 minuteddSaltht is the difference between them.
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2.4.2.3 Applying the Dynamic Sensor Response Correction

A >40% reduction intidally-driven winter ¥B ( anomaly ranges is
achieved (Table2.1/Figure 2.9a) once % is applied Although, substantial
YD ( anomalies >+0.4 pH still remain in wintdf. the application of%
reduces errors i® ( resulting from the dynamic temperature and salinity response
of the CHSE, then we must also inevitably assume some portion offhe
anomaly that remains after processing raw sensor data using the reference pH from
validation samples can be attribditeat least in part, to dynamic temperature and

salinity response of the Ag/AgCl internal reference.

Table2.1: Summary statistics for temperatudd/dt, salinity, anddSaltdt, and pre
and postorrectionnpHNTEXT anomalies.

Time Period Parameter n Mean Std Dev. Min Max

Temperature®C) 656 4.561 1.684 1.343  8.169
dT/dt °C (0.5h)) | 656 0.00288 0.143 -1.111  0.892

Salinity 656 18.831 4,947 1.170 23.974
10 January | gsaiuet ((0.5h)Y) | 656 0.00312 1751  -3.546 11.089
i%lb?utgryl/o Pre-Correction
2016 pp NEXT 656 -0.0245  0.101 -0.821  0.275
Anomalies
PostCorrection
pp MEXT 656 -0.00718 0.0561 -0.459 0.117
Anomalies

Temperature®C) | 1612 28.872 1.213 25.429 32.274
dT/dt °C (0.5 h)') | 1612 -0.00401  0.166 -1.463  1.528
Salinity 1612 26.979 2.210 15.330 29.821

20 July 2016 | dSaltht ((0.5 hyy | 1612 0.00206 0.955 -2.224  9.497
to 24 August PreCorrection

2016 pp MEXT 1612 -0.00783 0.0199 -0.168 0.0476
Anomalies
PostCorrection
pp 'MEXT 1612 -0.00443 0.0104 -0.0377 0.0294
Anomalies
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Figure 2.9 Murderkill EstuaryDelaware BaynpHNTEXT anomaly timeseries from
(&) 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
CI-ISE applied relative to a zero anomaly. Gaps in the data in panel (b)
represent sensor maintenance and proceedinlgosix intradeployment
conditioning periods.

The impacts of applyingo  are even more prominent in summer (Table
2 1/Figure29b) asb ( andb (  approach parity and theb ( anomaly
range is reducelly 68.7% to <+0.04 pH. Despite these reductions, their asymmetric
tidal trends endure. Most importantly, the applicatiofof removes the first order
salinity dependence of theb ( anomaliesfor all data with postorrection

relationships betweeMb ( anomalies andSalttdt (Figure A.5) exhibiting R
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between 0.002 and 0.172. Further, siteraperature is used to calculatg  from
Khoo et al. (1977),%  also incorporates a dynamic temperature correction to help
account for dT/dt; although postorrection correlations betweelYD (

anomalies andIT/dt did not exhibitany substantial changes (data not shown). For
further discussion of the impacts of the ISE dynamic sensor response correction,

please sesection 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 ¥D ( anomalies will also vary based on user
defined sensor deployment configurations.(pump times and pH sample averages)
and be subject to intesensor variability (Bresnahaat al, 2014; Martzet al, 2010).
The winter¥D ( 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 conduetedide
ranges of temperaturelT/dt, salinity, anddSalttt revealed thatdSaltbt was the
strongest limiting factor of reference electrode response and tidally driven
YD ( 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.tWghile

dynamic sensor response correction for théSE works for our specific application
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and sampling intervakdditional work is still needed before it is ready for widespread
implementationAt this time, thecorrection is also not suitable for sensor applications
where pressure sensitivity must be accountedday, (profiling using the Deefsea
Durafeti Johnsoret 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 inB®(  becauseof liquid junction potentials and
thermal lags in the internal saturated KCI.g8kveral researchers have reported
successful deployments of Durafeised biogeochemical sensors over our winter
temperature range in seawagrsalinity >34(Kapsenbergt al, 2015; Matsoret al,

201]1). 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
YD ( 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, acceptabl&b ( anomaly threshold ranges should be
standardized. Second, whagagnitude ofyD ( anomalies is acceptable in the
context of other data quality metrics such as the accurady(of andb (  relative
to the chosen referenp#l also needs to be establish&dthe end, w& hope this work
stimulatesfurther discussionsaroundthe role and treatment of largéb (
anomaliesand the dynamic errors in reference electrode response that drive them in
the context of Sensor Best Practides the benefit ofthe OA and sensor user

communites.
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Chapter 3

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

H

CC

CI-ISE

CRMs

DebyeHiickel constant.

Activity of an ionon the molality (mol (keH20)?) scale !
andA arethe activtiesof hydrogen and chloride, respectively
on the molality scale

Activity of an ion onthe molinity (mol (kgsoln)?) scale. A
and A are the activties of hydrogen and chloride,
respectively, on the molinity scale.

Sensor offset (or intercept) of a model Il least square fit of two
datasets of the same parametg( temperature or pH); the
ideal value is zero.

Sensor gain (or slope) of a model Il least square fit of two
datasets of the same parametg ( temperature or pH); the
ideal value is 1.

Complete cell reaction approach.

Solid-statechloride ionselective electrode. Serves as the post
factory added external reference electrode fompéhsurement
andcalculation.

Certified Reference Materials for DIC and TA analyses.
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"HZ\ﬁ K7HR CHE

"HZ\ﬁ § 44 HA “HU

DI water

ArrHOF P i

Ay 0¥ 7'Aét-\ﬁ A

B

Aiof Pa

Temperature dependence term of the calibration constant
specific to the CGISE for the complete cell reaction approach
% . Term has units of m9C.

Temperature dependence term of the calibration constant
specific to the CGISE for the haHcell reaction approach
%  .Term has units of m9C.

Deionized water.
Charge of an electrop® m@gp mm C.
Dielectric constant ofl2O or seawater; unitless.

Permittivity of free space y&puv t@p 1t # . | or
#ox i

Voltage measured between thelSE as the reference electrode
and ISFETas theg( -sensitivemeasuring oworking electrode

Voltage measured by the-G3E as the reference electrode

Voltage measured by the ISFET as (he-sensitivemeasuring
or working electrode.

Calibration constant specific to the-[SE for the complete cell
reaction approac’s O is the value atn situ temperature.

%  is the value corrected to the reference temperature of
25°C.

Calibration constant specific to the -[I3E for the haHcell
reaction approacs  Ois the value ain situtemperature.

% isthe value corrected to the reference temperature of
25°C.

Electrode standard potential for the electrode couple comprised
of the CI-ISE as the reference electrode and ISFiSTthe( -
sensitivemeasuring oworking electrode

Reference electrod€l-ISE) standard potential.

61



GOA-ON

GPH

HC

ISFET

mCP

( -sensitivemeasuring omworking electrode(ISFET) standard
potential

FaradayConstant 96485 C mol.

Combined ion activity coefficient for Hydrogen Chloride (HCI)
on a molality (mol (keH20)* where HO is pure water) basis.

lon activity coefficienton a molality (mol (kgH20)?') basis
where HO is pure waterr andr are the ion activity
coefficients of hydrogen and chloriada a molality (mol (kg
H.0)*) basisrespectively.

lon activity coefficienton a molinity (mol (kgsoln) ! basis r
and r are the ion activity coefficients of hydrogen and
chlorideon a molinity (mol (kgsoln)!) basisrespectively.
Global Ocearfcidification Observing Network.

Gallons per hour.

Hour.

Half-cell reaction approach.

lonic strength.

lon-sensitive field effect transistor.

Molinity concentrationin units of mol (kgsoln™. [ and |
are themolinitiesof hydrogen and chloride, respectively

Boltzmann Constanp® ¢ 1dp 1 *+ 38

Bisulfate ( 3 / dissociation constant.

Molality concentrationn units of mol (kgH20)* where HO is
pure water.l and]| are themolalities of hydrogen and
chloride, respectively

PurifiedmetaCresol Purple indicator dye.

Avogadr odo@tcNgpmbdrl;
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RMSE

1 g En

Y1 &7 1wy

Salinity

pH uncertaintyof the discrete water samplgsopagated in
gquadrature.

Gas ConstanB.3145 Jnol'K™,

Rootmeansquare error.

Nernst slope.

Density at 1 atm in units &g-H2O m> or kg-soln m?3,
pH on the total scale.

Discrete water sampl® ( corrected from 2% to in situ
temperature.

Non-descriptpH calculated using the @8E as the reference
electrode.

pH on the free scalealculated using the @8E as the reference
electrode.

pH on the total scale calculated using the G@BE as the
reference electrode. An added
the halfcell or complete reaction approaches, respectively. An
added subscript 6singl ebd or
calibration methods where data were treated as single

continuous timeseries or split out according to saliraty

needed respectively. For examplep ( hﬁ is B (

calculated using the hatiell reaction approach where data were
split out according to salinitgs neededbr sensor calibration.

Non-descript pH measured using the internal Ag/AgCl
reference.

Bottle pH anomaly betweeb ( and b ( at the same
timestamp.

Refers to salinity on the Practical Salinity Scale.

Total oncentration of sulfate3(/ ) 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 pumol kg*.

z Charge ofanion.

3.2 Introduction

The widespread application of commercially available autonomous sensors for
pH measurement in dynamic nearshore waters characteviséstuarine and coastal
systemsis encumbered by their extensive simultaneous ranges of and rates of change
in pH, temperature, salinity, and other conservative andcoogservative water
quality parameters (Gonski al, 2023). Moreover, pH data records collectesing
either autonomous sensors or discrete water samples in estuarine and coastal systems
remain scarcee(g, Mucci et al. (2017)). Despite recent advancements in pH sensor
development, marine technology, and ocean observation (Bagshalyw2021; Chai
et al, 2020; Mowlemet al, 2021; Nehiret al, 2022; Okazaket al, 2017; Sastret
al., 2019; Velo and Padin, 2022), there is still an urgent need for robust and fast
responding pH sensors to resolve lamggid biogeochemical changes and distinguish
between longerm trends and natural variability in these systems.

A pH sensor technology that is filling this gap is the Honeywell Durafet lon
Sensitive Field Effect Transistor (ISFET) technology (Mattal, 2010; Bresnahaet
al., 2014). The Durafet has been integrated into commercially available potentiometric
pH sensorsd.g.,SeaFET and SeapHOx, SBad Scientific, Bellevue, WA, USA).

These sensors calculate and report a pair of pH values using its internal (Ag/AgCl
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referenceé B () and posfactory added external (solgtate chloride iofselective
electrode, CISET D () reference electrodes (Mar&t al, 2010). Durafebased

pH sensors have already demonstrated exceptional versatility through their widespread
utilization in situin both fixed point and mobile applications (Bresnabtal, 2016,

2021; Dukeet al, 2021; Johnsort al, 2016; Sabaet al, 2019; Takeshitaet al,

2021). Moreover, assessing the response and performance of Dasddt pH
sensors in dynamic estuarine and coastal systems is already an active area of research
(Fritzscheet al, 2018; Gonsket al, 2018 2023; McLaughlinet al, 2017; Milleret

al., 2018, 2021Velo and Padin, 2022

The external GISE that exhibits a Nernstian response to the seawater chloride
ion (Takeshitaet al, 2014) should ostensibly be an ideal reference electrode for
b ( measurement over dynamic environmental conditions in estuarine and coastal
systems (Martzt al., 2010). The GI SE6s s mal | t her mal ma s s
thermal equilibration, and it also lacks a liquid junction (Mattal, 2010; Bresnahan
et al, 2014). Moreover, since activities and concentrations of major ions in seawater
are known (Dicksonet al, 2007; Stumm and Morgan, 1996), their existing
thermodynamic functions can be leveragénl reflect variable environmental
conditionsto assist with pH calculation (Maré&t al, 2010).

However, the performance of the-[3E has only been reliably tested and
verified in seawater media down to salinity 20 under rigorously controlled laboratory
conditions (Takeshitat al, 2014). Furthermoren situ CI-ISE response in estuarine
and coastal systems may also be complicated by londgmleyment conditioning
times (Bresnaharet al, 2014) and crossensitivity to interfering anions such as

bromide " O and sulfide 3  (Gonski et al, 2023; Takeshiteet al, 2014).
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Estuarine field measurements calibrated to pH of coincident discrete samples collected
alongside deployed sensors have already demonstiaed ( , calculated using
the CHSE as the reference electrotie be less reliable in natural waters of salinity <
20 (Gonskiet al, 2018; 2023). It is important to note, though, teBhbrtcomings
associated with the collection and analysis of discrete samples used to calibrate raw
sensor pH can impart errors inib(  timeseriegBresnaharet al, 2021; Miller et
al., 2021; Miller and Kelley, 2021).

In its current configuratior® ( calculation using the ABE integrated with
Durafetbased pH sensors is governed by the complete pmkntial equation

(equation3.1 from Martzet al.(2010)) which on expansion gives equati®da.

% % 3 T CAA % 3T ¢ 3T ¢ i oP
% % 310 C i 3T
% 3T ¢ 3D ( op A

Here,% is the voltage measured by the electrochemical cell comprised of the CI
ISE as the reference electrode and ISFET of the Honeywell Durafet gs the
sensitive measuring electrod$, is the calibration constant (similar to an electrode
standard potential; described furtheMartz et al. (2010) andsection 23.1), A is the
activity of hydrogen ( or chloride #1, an d and m are the ion activity
coefficient and molalities, respectively, ©f or# I. The electrode couple comprised
of the CHSE (reference electrode) and ISFET of the Honeywell Duréfetsensitive
measuring electrode) measures dissolved hydrogen chloride (HCI) directly in natural
waters. On this basis, its electrochemical response is parameterized as the activity
product ofthe hydrogen and chloride iond A 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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couplebdbs Nernstian response to HCI . I n
relatively constant, this is not a problem (Bresnaétaal, 2014; Martzet al, 2010).

In contrast, dynamic nearshore systems experience -rardgng and rapid
temperature, salinity, and pH changes that may confound pH measwerhentthe
response of both electrodes is combinedprinciple,b ( can also be calculated

via a halfcell reaction approach using the two half reactions specific to thSE|
(reference electrode) and the ISFET@¢nsitivemeasuringelectrode). This approach
effectively separates out and isolates the independent responses ofi$ite t€lthe
activity of thechloride ion # I (and salinity) and the ISFET tibe activity of the
hydrogenion(  (and pH)

To advance Sensor Best Practices for Duadested pH sensors, there is a clear
need to develop and assess the suitability of adedlifreaction approach fd@ (
calculation using the ABE. Here, we describe and apply the {zali reaction
approach to calculat® (  using the GISE from measurements made using two
SeapHOx sensors (SP033 and SP053) overdagiperiod 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 afdetailed assessment of and
comparison betweeBP (  calculated using the existing complete cell reaction and
the new halicell reaction approaches across a suite of dynamic environmental
conditions to help inform and improve the utilization of thel&8& as the reference

electrode in estuarine and coastal systems in future work.
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3.3 pHEXT Calculation

3.3.1 Complete Cell (CC) Reaction Approach

The SeapHOxsensors (SP033 and SP058ed in the presenwork were
originally assembled and tested at Scripps Institution of Oceanography. Accordingly,
the equations descri bi ndgforthércomptete gel (CCY0sS ope
reaction approacfollow those presented in Bresnahetnal. (2014 andMartz et al.
(2010) B ( is calculated using the complete cell reaction approach using a
rearranged form of e.1la when the GISE acts as the reference electrode and the

ISFET acts as thé -sensitivemeasuring electrode via:

% % ;%i'l'eri . o’

whereb (is calculated on the free scal® ( in terms of molality (mol (kg

b (

( /)Y, % replaces% and is the measured sensor voltage, #hd replaces
% and is the temperatudiependent calibration constant specific to théSHE that
is related to the electrode standard potential (Martz et al, 2010).S is the

temperaturalependent Nernst slope and is calculated via:
3 2—4I ip mh oD
&

where R is the gas constant (8.3145 Jd)), T is temperature in Kelvin, and F is
the Faraday constant (96485 C MoBard and Faulkneg001).

lon activities are calculatedsingthe empirical function fothe nean activity
coefficient of HCI 1 I © r reported by Khocet al. (1977)that is optimized
for temperatureand salinity between®@and 40C and 20 and 45, respectivedg. is

determined on the free scale in molality (mol-(kg ). I  is calculated from

salinity following Dicksonet al. (2007) Here,D (s calculatecas mol (kg( /)*
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assuming a 100% Nernst slope and a cong®ft j % A & -1.048 mV°C* on
the free scaldrom measured voltagen situ temperature, and salinityp ( in
molality (mol (kg( /)?) is convertedto molinity (mol (kgsoln)!) during data
processinyia:
b( ITIEGCOTIIT
.. punnnpgin@3 Al ET EOU
b( I'I'IEC(/ e 8 o8
pPTTT

Then, as the final step during data procesding, is converted to (and reported on)

the total scaleb ( via:
b( ITTIECOTII1
fe v a 3/ .
p( TTIECOIIT 1TCp —/——h oR)
where 3 / and+ arethetotal sulfateconcentratiorand the bisulfate( 3 /

dissociation constantespectively (Bresnahaet al, 2014).Equations for 3 /

and+ are included irDicksonet al. (2007).Since 3 / and+ both scale to
salinity, differences between the free and total scale range betw@€ed2 pH at
salinity < 1 and> 0.1 pH at salinity> 30 (Zeebe and Woltsladrow, 2001) The
complete cell reaction approach is described in greater detail in 8atz2010) and

Bresnaharet al.(2014).
3.3.2 Half-Cell (HC) Reaction Approach

3.3.2.1 Theory
pHEXT can be calculated via a haléll (HC) reaction approach using the two
half reactions specific tdhe chloridesensitive GISE that acts as the reference

electrode (hereafter referred to REF) and the H-sensitive ISFET that acts as the
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working or measuring electrode (hereafter referred towask). Based on the
definitions provided in this sectiod) (  will be shown to be on the total scale
b ( . In the equations below, we follow the conventionCéégg and Whitfield
(1991)in using[ to denote concentration in molinity or in terms of mol-8aawater
(SW))! or mol (kgsoln)™.

The CHSE half reaction is expresseyg:

Il c#0 Aol cO #1h oD
where eis an electron. The &5E half reaction has the following Nernst equation:

% % 3T ¢Cr J h o
where % is the voltage% is the reference electrode standard potential that
remains a function of temperature and pressjire,is the total concentration of
chloride in molinity or mol (kegoln)}, and r is the ion activity coefficient of
chloride on a molinity basis (see secti®8.2.3).

The H+sensitive ISFET acts as an iealective 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

- 5 - I (/8 oq
For the measurement of the hydrogen ibpn @nd( / ), the relationship between
voltage, E, and ion activity, A (or A on the molinity scalde.g., Bakker and

Pretsch, 2007) is represented by eq. 3.9

% % 3i'|'giA % 31T CA h o0
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where % is the voltage measured by the working electrode #nd is the
working electrode standard potential that remains a function of temperature and
pressure. EquatioB.9 can be furtheexpanded intequation3.10:

% % 3T Cr [ h op
where r isthe ion activity coefficient of hydrogen on a molinity basis fnds the
total hydrogen ion concentration in terms of mol-gain)>.

The sum of the half reaction from equati8i® and the reverse of the half
reaction from equatioB.8 yields the completeell potential equatioffe.g, equation
3.1) as shown in the following derivatiolvVhen combininghe Nernst equations for
the half reactions from equatioBs/ and3.10, the full Nernst equation f&6  (or
%  yields equatior3.10:

% % % % 8 o p

Because the GISE responds tthe chlorideion activity (equation3.7),%  contains
a chloride dependence as also noted by Bresnaaal. (2014). The following
equations 3.12-3.22, show that the chloride activity dependentan beremoved
mathematicallyso thatb ( can be eventually determined. Sect®8.2.3 shows
how to account for the chloridectivity in a practical wayEquation3.11 can further
be expanded into equatioB42 and3.13.

% % 3l T Cr | % 3l T Cr | oP ¢

% % % 3T Cr | 3T Cr { op o
Equation 3.13 is analogous to equation 3.1 in secti®@d.3.

The electrode standard potent@ or % ) is related to the standard

potentials of the two half reactions asdlefinedin equatior3.14.

% % % % h oP T

71



% and % are defined in agptions5 and 8, respectivelyAfter substituting
equation3.14 for % into equation3.13 and rearrangind) (  is calculated from
the two half reactions leading to equati&h5, which is similar to equatiodla using
the complete cell reaction approach
% % 3T Cr 3 T ¢
% 3T Cr 3D ( o v

Here, using half reactions) ( is calculated on the total scald® ( as
concentration is in units of mol (kepin)l. Substituting equatiod.11 for % in

equation3.15 and rearranging to solve fBr(  yields equatior3.16:

% % % 3T Cr

B ( 3 171¢l 8 opo
Then, substituting equatio8.7 for % into equation3.16 yields equation
3.17:
b ( % 3T Cr %3 % 3T Cr
1T ¢ 8 oP X

Equation3.17 can further be simplified by removing redundart Cr [ terms
which leads to equatio®.18 and the removal of chloride activity or dependence for
b (

% % % 3l T Cr

D ( 3 8 op Y

b ( calculation still utilizes a conventional electrode standard potential

%  (as seen in equatiolsl4 and3.18) while the equivalent parameter in equation
32forDb ( calculation is referred to as a calibration constant denoted by an asterisk
% rather than a nought symbo%  (Martz et al, 2010). Therefore, for

calibration purposes, we rel#& to a new calibration constant terts, ; , which
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is defined in equatioB.19 and contains the activity coefficient of the hydrogen ion,
o

% 5 % 3T Cr 8 0P w
Equation3.19 can be rearranged to equati®0 to solve fofo

% % r 311 Cr 8 o] T
After substituting equatior3.20 for %  back into equatior8.18, equation3.21

results:

% % % 311 Cr 3l 1 Cr

b ( 3 8 o8 p

Equation3.21 can further be simplified by removing the redundaintl Cr term

to produce the final equation for calculatidg

% % %
3
In this form, b ( is directly calculated on the total scal® ( from the

b ( 8 o8 ¢

calibration constango .

Lastly, if #1 and ( are expressed in molal units of mol {kg/ )%,
rearranging equatio3.18 to bring 1 T Cr to the left side of the equation,
equation3.23 results and gives pH on the activity scale:

% % %

b ( [ e 3 8 o8 o

3.3.2.2 Evaluation of the Calibration Constant 7 4

To derive%  , first, consider equation 3.24, which is a rearranged form of
equation 3.18:

3D ( % % % 3T Cr 8 o8] T

73



Equation 3.24 can be rearranged again to equation 3.25 to sobge for
% % % 3D ( 3T ¢cr 8 o8 v
Using equation 3.20 fdko  and substituting it into equation 3.25, an equation with
%  Iisgenerated:
% 311 Cr % % 3D ( 3T Cr 8 o8 0@
Equation 3.26 can be further simplified to equation 3.27 by subtragting C r
from both sides of the equation to yield the final equatiofdor;, d,
% % % 3p( 8 o’ X
Combining equations 3.5 and 3.27 gives equation 3.28 3ith; calculated from
b (

3/

%  can be evaluated fromrimary pH standards€.g., TRIS buffer) or
pHotar determined from discretesamples measured using established benchtop
spectrophotometric methods that are calibrated to and developed using TRIS buffers.
By utilizing single ion activity cefficients(e.g., r and r ), the halfcell reaction
approach enables calculation Bf( directly without the need to perform the

calibration on the free scale.

3.3.2.3 Application

b (  is now calculated using equatiB8r22 via the following steps

a) % is calculated from the standard potential equation for the Ag/AgClI reference
electrode from Bates and Bower (1954) valid over a range of temperature
between ®and 90C:

% 6 % Moouvau @pn O o8¢t O uvPoe@p n Oh o w
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b)

where tis temperature in degrees Celsius. Bates and Bower (1954) reported an
average deviation of 0.04 mV from equat®89 and their experimental values (n
= 16).

The chloride concentratiorf () in mol (kg-solrn)™* at another salinity is calculated
from the corresponding salinity measurement assuming the constant seawater
[ /Salinity ratio of 0.548696 mol (kg-solny! at a salinity of 35rom Millero et
al. (2008)via equatior.30:
{ TTIECOTII
MTUPbECOTII
cuvECOII1

Al EEEOUI 1o 8 o T

The ion activity coefficient of chloride ( ) for each discrete sample and sensor
measurement is calculated according to the Davies convention summarized in
Stumm and Morgan (1996):

)J'
p)!

1T Cr 1U ™ ) h o® p
where A is the Debyeéliickel constant (in units of (kgoln)> mol*?), z is the
charge of the chloride iofor -1), and | is the ionic strength which is proportional
to salinity where | = 0.697 mol (kgoln)! at a salinity of 35. In this works on

a molinity basis is optimized for up to |1 < 0.7 (please see se8itoh andsection
B.1 in Appendix B for further discussion). The Deby#ickel constant, A, for
each discrete sample and sensor measurement, is calculated using 8&R®&tion

AT
" @nst ™ TeRead " B <
where. i's Avogadrods Amohd, eisthd densiynkgon 10
m3, Ais the charge of an electron (1.602 x*1@), R is the permittivity of free
space (8.8540 x 18 C> Nt m2 or C J' m?), ris the dielectric constant of
seawater,E is the Boltzmann Constant (1.38071@%* J K1), and T is the
temperature in Kelvin (Alberty and Daniels, 197@)n units of kgsoln m?® at 1

atm is calculated from coincident temperature and salinity measured by the
integrated SBE37 temperaturenductivity sensor following the equations of
Millero and Poisson (1981R 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 caleulate R,
please sesection Bl in Appendix B
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d) To calculate% , % s first calculated using equation 3.7 from parameters
calculated in equatior29-3.31. In turn,% Is calculated from®% and%
measured by the sensor using an expanded version (equation 3.11a) of equation
3.11:

% Bme % Kwe 0T H i % 8 o p A

As %  still contains a chloride ion activity dependence from the term

31 T Cr A (see egation3.13), this procedure mathematically removes the
activity by calculating its activity coefficient (agtion 3.31) and accounting for
the concentration of chloride determined from the salinity datzateamn3.30).

e) The Nernst slope is calculated using equa8dfrom in situ temperatured.g,
temperature measured by the integrated SBiE&¥eratureeonductivity sensor
on a SeapHOXx sensor or anothedaated sensor).

f) %  atin situtemperature%  O) is calculated using equati®@?27 from
% , % , and the reference pH on the total scale correctedh tgitu
temperatured.g, pHuota Of discrete samples used to validate sensor performance
corrected tan situ temperaturep (). Thus,b ( substitutes fob ( in
equation3.27.

3.3.2.4 Correcting Data to a Reference Temperature

%  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 independet®6 T4 A | Bust be constrained. For the

complete cell reaction approach, Madizal. (2010) did this using TRIS buffers in
artificial seawater of salinity > 30 betweef &d 33C whose pla Values were

already established. Due to logistical constraints and resource limitations, values of

% O calculated fromb ( were regressed against situ temperature

measured byhe SBE37 conductivitytemperature sensors integrated with SP033 and

SP053. The slopes of these regressions were used as experi@éntgl Y4 Al D

values that are specifgach sensor. A reference temperature 8€2bas used since
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this was the original reference temperature used for the nomenclature for SP033 and
SP053 described in Bresnaletral. (2014).

Following this practice andsing@®@6  j 4 A1, Balues of%6  (t) were

>5¢

«

corrected fronin situtemperature to 2& (% { ) via:

. . D .

Then, a finalvalue of%  ; was calculated using the discrete samples and is
applied retroactively tob ( calculated using the hatfell reaction approach.
Afterwards, the finab6  ; was corrected back tim situ temperature associated
with eachb (  measurement to repdt(  atin situtemperaturd® ( O via:

% % % %%?75}-é§ C u#

p( O 3 8 o0&

Equations3.33 and3.34 follow those of a similar form included in Bresnaleiral.

(2014).

3.4 Materials

3.4.1 Test Tanks

Two335gal |l on rectangular fiberglass tank
were requisitioned and used for this work (hereafter referred to as Tank 1 and Tank 2).
The tanks were housed in the Smith Laboratory Greenhougbeddniversity of
Del awareds Hugh R. Sharp Campus (Lewes, D
continuous duty Danner Mfg. Supreme Agdag 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-weled. 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), respectivel@W wasprovided bythe 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 ~1.31.4 and DI water was added as needed to maintagpproximate

30.5inchwater level to counter evaporation over time.

3.4.2 Instrumentation

To take advantage of sensor redundancy, two SeapHOXx sensors, SP033 and
SP053, were used in this workhe SeapHOXx sensor package includes sensors for pH
(Honeywell Durafet),dissolvedoxygen (Aanderaa Data Instruments 4835 Optode)
andtemperature and salinity (reported on the Practical Salinity Scale7/®SSea
Bird Electronics Conductivigfemperature Sensor SBE37), plumbed into a
continuoudflow path that is flushed by a S&ird Electronics (SBE) 5M submersible
pump (Bresnahaet al, 2014).SP033 and SP053 were equipped and programmed
identically with 3@minute samphg intervals, 65 second pump times, andp20
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 SeapHOXx sensors utilize
off-the-shelf Orion ClISEs.

The CHSE 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 sensargum@itioning in seawater in
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Tank 1 in May 2022. SP053 was removed from Tank 1 and HSEIlwas also
replaced on 1 June 2022 for the same reason. Visual inspection ofIBE Slirfaces

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 conductivitstemperature sensors. The sensors and test tank setup are shown in

FigureB.3in Appendix B

3.5 Procedures

3.5.1 Salinity Cycling

SP033 and SP053 were subject to salifoty the Practical Salinity Scaljegnd
by extension, pH decreases and increases between 1 and 31 and 6.9 and 8.1,
respectively, over a siday period between 12 June 2022 and 17 June Z0@22tank
tests were designed to simulate the range of environmental conditions observed during
tidal mixing in the Murderkill Estuarpelaware Bay System (Bowers, DE, USA)
(described by Gonslat al. (2018 2023) and Pettagt al. (2020)). Under this design, a
single salinity change was simulated via dilution using DI water or concentration
using seawater between the@thute 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 experim&me33
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 p Hmnuesamplieg de d

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 Hfnllon cylindrical Nalgene drums ahead of time and
delivered to Tank 1 using a Rule 1100 GPH Marine Bilge Pungyedsseawater 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)i Sensors were configured with the
deployment parameters described in secBdt? and then returned to seawater in
Tank 1. Salinity remained stable between 30.77 and 30.86.

b) Day 1 (12 June 2022) 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
seawater was added to Tankafter samplingwas concluded in the eveningo
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 cyclihi leads to
the differences in salinity at the endarfeday and the beginning of the next day.

c) Day 2 (13 June 2022) 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) 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) 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) In Tank 1, salinity was concentrated from 12.13 to 21.60
using seawater (salinity ~ 30.86).

g) Day 6 (17 June 2022) 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) PostCycling Period (18 to 20 June 2022) 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 submerseduring measurementsNevertheless the
approximate salinity in Tank 1 was monitored in real time using a-ttwaugh
thermosalinograph (SBE45 MicroTSG Thermosalinograph, -Bs@h 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 falowing salinity
dilution and concentration on Days3land Days 4, respectively, coincident with
sensor measurements. To conserve water in the tanks and reduce sampling times,
discrete water samples were collected unfiltered. Separate sdompletal alkalinity
(TA) and D ( were collected using a submersible pump positioned at the
approximate defined depth of the SeapHOXx intake by betilbng 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 pL of saturated mercuric chloride solution
(HgChk) and storedin the dark at ~4C and were analyzed within five days of

collection.Salinity was also measured independently on each TAand sample.

81



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 D&yartd 56, duplicate samples
were collected when collecting initial condition samples and then during Hours 2, 4,
and 6. On Days 3 and 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
postcycling period.This sampling desigryielded a total of 94 discrete waters for

sensor validation.

3.5.3 Analytical Methods

Spectrophotometrid® ( was measuredusing an automatedemperature
controlledsystenthat included ar\gilent 8453 U\Vis Spectrophotometevith a 10
cm flow-throughwaterjacketed cuvettat 25C and usingourified metacresol purple
(MCP) indicator dye (Cartegt al, 2013; Liuet al, 2011). A 2.5 mmol ! 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 sampk @l 2020),
we divided the water samples into distinct salinity groups0,01620, 2630, and 30
35. Within each salinity group, we then conducted double dye addition experiments
and applied a regressirased dye perturbation correction (Clayton and Byrne, 1993;

Li et al, 2020).b (  was calculated using the mCP characterization equations from
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Mdiller and Rehder (2018hat are valid between salinities 0 and A@curacy of
spectrophotometripH measurementssing purified mCPat 2%C was verifiedusing
TRIS buffer solutions in artificial seawater of salinity 35 (Batches #33 and #39,
provided by A.G. Dickson of Scripps Institution of Oceanograplapd 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 deviatie®POfL pH.

TA was measured by Gran Titration (Gran, 1952) using a semiautomated
opencell titration system (ASALK2, Apollo SciTech) (Huanget al, 2012; Wang and
Cai, 2004). TA measurementsvere calibrated against Certified Reference Materials
(CRM, provided by A.G. Dickson from Scripps Institution of Oceanographt)) a
precision of +20 umol kg'. Discrete water sample salinities were measured wsing

Guildline Autosal 8400B Laboratory Salinometdth a precision of 0.8

3.5.4 Sensor Calibration

With 94 discrete samples fd ( collected over 68 different sampling
points, a multipoint in situ or field calibrationwas usedfor SP033 and SP053
(Bresnaharet al, 2014 Gonskiet al, 2018; Milleret al, 2018) Discrete samplé
situ b ( values P () were derived using the MATLAB version of CO2SYS
(v3.2.0; Sharpet al, 2020) with input parameters of salinitg,situtemperature (from
the integrated SBE37 sensor®){ , and TA using the carbonic acid dissociation
constants of Millercet al. (2006), the bisulfate dissociation constant of Dickebal.
(1990), and total boron from Uppstrom (1974 calibrate SP033 and SP053, the
discrete samples collected during thelsour periodafter thesalinity steps were used
as calibration samples (n = 78h&reaghe initial condition samples and pastcling

period discrete samples were used as reference samples (n = 12) to check and validate
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the calibration at the same salinity stéfter quality control of theb ( data,four
discrete samples were identified as outliers. These four discrete samples iiiolaped
one duplicate sample collectatiHour 6 on Day 3(b) two initial condition samples
collected before salinity was increased on Daynrf (c) one samplecollected at
Hour 50on Day 4. Theesamples 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 o%6 ; and % for the halfcell 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 (Bresnaha, 2014). Second, we
propose splittings ; and% as necessarglepending on the direction of salinity
change and/or ending salinity when distinct and stable valu¥s of and% are
reached over single or multiple days (discussed further in se&6d?). To do this,
%  and% were split out and then average values were calculated using the
corresponding subset of calibration sampths.averagés ; and% werethen
applied independently to each segment of the raw pH sensor timeseries to calculate the
final B (. The segments wetbenrecombined to restore a continuous timeseries.
Model Il least squares fitsf D ( andb ( (Peltzer, 2007¥or selected
full B ( timeserieswere performed to generate sensor gains (or slog@dsand
sensor offsets (or intercepts). Finally, rootmean square errors (RMSE) of their fits
were calculated. To distinguish between the differEnt timeseries,D (

calculated using the complete c@lIC) reaction approach will hereafter be referred to

asb ( F‘ﬁ andb ( hﬁ when timeseries are calibrated using a siégle and
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when% are split out before calibration, respectively. Similafy( calculated

_ . , R
using the hakcell (HC) reaction approach will hereafter be referred t®ds

=52 ¢

and b ( using the same criteria. For discussion of the accompanying pH

uncertainty propagation for the discrete samples using the equations from éltedlsa
(2021),please sesection B2 in Appendix B Finally, weather andclimatelevel pH

data quality thresholds established by the Global Ocean Acidification Observation
Network (GOA-ON) were used as ocean acidification (OA) commusigndard pH

data quality thresholds tarovide further context forour results these correspond to

+0.02 and +0.003 pH, respectivéNewtonet 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 (FiguBd a) followed atmospheric temperature and
varied between 2land 32C. 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
situ field sensor deployments. Salinity (FiguBelb) was diluted on Days-3 and
concentrated on Days@!as reflected in the stairstep profile of the salinity data.
further discussion of the temperature and salinity data, pleassestensB.3-B.4,

TableB.2, and Figure8.4-B.6 in Appendix B Dissolved oxygen (DO) (Figurglc)

and DO percent saturation (Fig@é d) varied between 197 and

98%, respectively, across both sensors.
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Figure 3.1 Tank test timeseries between 11 June 2022 and 17 June 2022. Panels (a)
and (b) shown situ temperature and salinity measured by the integrated
SBE37 temperatureonductivity 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- TAEAﬁ i “@n the Total Scale

% O (calculated on the total scale) aindsitutemperature (Tablg.1 and
Figure 3.2) did not always conform to a single defined relationship (or linear
function). For SP033 (Figurg.2a), data revealed three distinct relationships between
% O andin situtemperature (R> 0.96) that were isolated to single or pairs of
specific days from the tank tests for Dayg,1Day 4, and Days-6. Day 3 data (n =
15) collected at salinities 1.3841 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 relationsBippes of these relationships were
experimental values of sens@®  j % Al &nd varied betweer0.9900 and-
0.8004 mV°C? over the relatively limited temperature ranges that the discrete water
samples covered. In addition, the intercepts of these relationships were extrapolated
values of%s  at (°C, and these values varied betwe&m169 and1.4113 V. To
calculateb ( for SP033 using the hatfell reaction approach, the average of the
three slope valuesequal to -0.9124 mV °C', was used as the experimental
% ; j 4 Al Br SP033. The slopes and intercepts of these relationships are
analogous to the temperattdependentk. and temperaturendependentko terms,
respectively, for sensor calibration using the engineering nomenclature utilized in later

iterations of these sensors (Bresnaéiaal, 2021; Johnsoat al, 2016).
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Table3.1: Regression parametefsr linear relationships betwee¥ |

O or

% O andin situ temperature measured by the integrated SBE37
conductivitytemperature sensofor SP033 and SP053. The slopes of
these regressionfor the halfcell reaction approaclre experimental
valuesof @ T4 Ail.®% ; Oand% O are calculated on the
total and free scales, respectivel®®6 |4 A & -1.048 mV°C?
from Martz et al. (2010) was used fob ( calculation using the
complete cell reaction approach.

Half-Cell Reaction Approach
Sensor | Days -"'A?Aﬁ i 7 "Hi (mV °C?) | Intercept (V) R?
1-2 -0.9900 + 0.0266 -1.4113 + 0.0007 | 0.9802
SP033 4 -0.9467 + 0.0536 -1.4149 + 0.0013 | 0.9660
5-6 -0.8004 + 0.0148 -1.4169 + 0.0004 | 0.9905
- 1-6 -0.9289 + 0.0195 -1.4052 + 0.0005 | 0.9634
1-2/4-6 -0.9280+ 0.0147 -1.402 £ 0.0004 | 0.9825
Complete Cell Reaction Approach
Sensor Days s T8 "Hi {mV °CY) Intercept (V) R2
1-2 -0.9%5+ 0.0276 -1.4215+ 0.0007 | 0.9803
SP033" 4 -1.1219 + 0.0536 -1.4197 + 0.0013 | 0.9755
5-6 -1.0774 £ 0.0155 -1.4197 + 0.008 | 0.9951
- 1-2 -0.9538+ 0.0219 -1.4137+ 0.0006 | 0.9875
4-6 -1.1%1+ 0.0170 -1.408 £ 0.00 | 0.995
"Average ofthethreeslopevalues useds theexperimentak®s T4 A [ fér SP033.
"Days 16’ % T4 A | Bed asheexperimental®s ; T4 A | fer SP0O53.
" Day 3 for SP033 and SP053 showectnoberentinear relationshipf note
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Figure 3.2 %  calculated atin situ temperature % O versusin situ
temperature measured by the integrated SBE37 conductivity temperature
sensors for (a) SP033 and (b) SP053 as a function of salinity -(color
coded).% O is calculated on the totaicale For SP033, distinct
relationships were found for Days2l(circles), Day 4 (triangles), and
Days 56 (squares). Day 3 (diamonds) is superimposed onto Day 4, but
Day 3 data wrenot used in the Day 4 regression. For SP053, a single
continuous relationship was found for Days (circles).
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In contrast% O andin situtemperature 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-1L.48B exhibited more
scatter. Whereasthe relationship betweeft ; O andin situ temperature that
excluded Day 3 data fR= 0.9825) was slightly better than the corresponding
relationship that included Day 3 data?(R 0.9634), their slopes (or values of
% % AT)Bnd interceptsnly differed by-0.0009mV °C* andtheir intercepts
were the sameUnlike 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 Day2 and 46 data (n = 75)Therefore, the slope
of the relationship for all data collected between Days 1 and 6 of the tank tests was
usedas the experimentd  j ™ Al @qual t0-0.9289mV °C?) to calculate
b ( for SP053. Interestingly, the €3E in SP053 was brand new, installed right

before the tank tests, and exhibited a single defined relationship betvegn O

andin situtemperature unlike SP033.

3.6.2.1.2 Complete Cell Reaction Approach %\ﬁ ion the Free Scale

After correcting values o%  (calculated on the free scale) backinositu
temperature %  O) from their reference temperature of°@5(as discussed in
Bresnaharet al. (2014)), relationships betwees O andin situ temperature for
SP033 exhibited similar behavior to what was observeétfor; O for SP033 For
SP033 (Table3.1 and Figure3.3a),% O andin situ temperature exhibited four
distinct relationships or clusters that nominally aligned to the direction of salinity
change and/or ending salinity value for Day3, Day 3, Day 4, and Day-& with R?

> 0.975 (excluding Day 3 data at salinities 11381 due to increased scatt&lopes
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and intercepts of the SP033 relationships vapietsveen-1.1219 and0.9%5 mV °C?
and-1.4215 and-1.4197 V, respectively.

On the other hand, for SP053 (Table 3.1 and Figure 3b) O andin situ
temperature exhibited three distinct relationships or clusters for Day®ay 3, and
Days 46 with R > 0.98 (also excluding Day 3 data at salinities 4138 due to
increased scatterplopes and intercepts of the SP053 relationships varied between
1.1%1 and-0.9538 mV °C* and-1.4137 and-1.408 V, respectively. Here?% O
for SP053 were split out between Day® and Days 46 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
leastsix times greater (0.8 mV °C ! and 55 mV, respectively) relative to analogous
metrics for% O (0.0364mV °C* and0.9 mV, respectively). It ismportant to
note that thé&®6 |4 A | r the CHSE from Martzet al. (2010) continued to be
used to correc% on the free scale betwedm situ temperature and the reference
temperature of Z&. Furthermore, calculatings O on the free scale causes a
positive shift in the Day 3 values at salinities 11381 relative t& O for Days 1

2 and 46 as expected due to th@ / change. This behavior is not seen with

%  Othatis calculated on the total scale.

3.6.2.2 Reference Temperature: 25C

At the reference temperature of°€5% (calculated on the total scale;
Figure34 andTableB.3) and%  (calculated on the free scale; Figu#® and

Table B.3) between Days 1 and 6 of the tank tests match the behavior exhibited by

relationships betwee¥d . Oor% O andin situtemperature for each sensor for

the halfcell and complete cell reaction approaches, respectively. For SP033, three
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Figure 3.4 Timeseriesof % | corrected to a reference temperature ofC25
% o using experimental®s T4 Al #r (a) SP033 and (b)
SP053 as a function of salinity (colooded)relative to their average
values (solid black lines) and 1 (dashed black lines) and +2 (dotted
black lines) standard deviatio$. is calculated on the total scale.
Raw data measured with SP033 were split between D&ydDays 34,
and Days 5 for calibration (indicated by blue boxes in pa@).

93



-1.4400 . : : 30
SP033 Complete Cell
14412 g 27
4
1.4424 | ° S 24
..
-1.4436 - ‘o‘ B 421
[ |l ee
-1.4448 |- Lad B 118
= oo o
> o d =
N -1.4460 = = 115 £
. i &
w ”
AMAT2E oy oy - 412
-1.4484 |- - Ho
-1.4496 - 6
-1.4508 [~ Average — 3
-—-+1o
420
-1.4520 t g * g *
12-Jun-2022 13-Jun-2022 14-Jun-2022 15-Jun-2022 16-Jun-2022 17-Jun-2022 18-Jun-2022
Date
b
-1.4310 . - - 30
SP053 Complete Cell
14322 - o ® - 27
)
D
14334 1 o] - 2
%o
°
°
-1.4346 ® - 421
-1.4358 - 4 118
s
= 2z
0 ~e Z
N -1.4370 |- E - 115 £
. i 'S =
. ® ¢
-1.4382 - q - - 12
-1.4394 - B 9
-1.4406 |- e 6
-1.4418 - —— Average - 3
sty
i
1.4430 I I L L L
12-Jun-2022 13-Jun-2022 14-Jun-2022 15-Jun-2022 16-Jun-2022 17-Jun-2022 18-Jun-2022
Date
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visually distinct clusters d¥% (Figure 3.4a) were observed over Day3, B-4,

and 56 using the haitell reaction approach while four visually distinct clusters of

%  (Figure 3.5a) were observed over Day3, B, 4, and % for the complete cell
reaction approach. On the other hand, for SP@83,; ; (Figure 3.4b) remained
constant and stable over all six days for the-balf reaction approach whereas three
visually distinct clusters d¥%  (Figure 3.5b) were observed over Day&,13, and

4-6. Therefore% and%  were split and grouped thusly based on the
distinct clusters observed for each sensor. Average valués of  or %

were then calculated using the subset of calibration samples and applied independently
to the segment of sensor data specific to each clustér of ; or%  .Average

values of%  r and% | that were used to calibrate the raw sensor data for

both sensor calibration methods are givemable B.4

3.6.3 Bottle Sample and Sensor pH Comparisons

Over the course of the tank tesBs{  and salinity of the discrete samples
(Figure 3.6) varied between 7.06 and 8.06 and 1 and 31, respectively. On Day 1,
D ( inTank 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,(  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 sixhour sampling. Between Days 2 and®3(  decreased by ~0.2 to 7.74.
When the sensors were switched between test tanks on 0@y 3, and salinity
decreased from 7.74 and 9.66 in Tank 1 to 7.13 and 1.38, respectively, in Tank 2. Over

the sixhour sampling period on DayB,(  varied between 7.06 and 7.17.
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Figure 3.6. Testsenso® (  time-series between 11 June 2022 and 21 June 2022
for (a) SP033 and (b) SP053 shown relativebt of calibration
samples (open circles) and reference samples (open diamonds) as a

function of salinity (coloicoded). Timeseries 0B ( hﬁ (dark
green)P (& (dark pink),D ( % (dark blue), and (
(sienna) are shown. In panel (a) for SP0BJ, F‘ﬁ (dark pink) and
b ( F‘ﬁ (sienna) largelypverlap.
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When concentrating salinity on Day 4 by switching the sensors back to Tank 1,
b ( and salinity increased to 7.83 and 12.05, respectily, then slowly
decreased to 7.75 over the-bigur sampling period on Day 4. When concentrating
salinity further on Day 5 in Tank 1 by adding seawater with salinityfu¢d of
30.86 and 7.88, respectivelp, (  and salinity increased from 7.73 and 12.13 to
7.89 and 21.60, respectivelp.(  remained stable between 7.88 and 7.90 over the
six-hour sampling period on Day 5. On DaytB(  only changed marginally from
7.86 to 7.87 while salinity increased from 21.68 to 28.65 when adding seawater with
salinity andb ( of 30.86 and 7.94, respectively, in Tank 1. Over the-pgsiing
period,B (  and salinity further increased to > 8.0 and > 29.5, respectively, prior to
sensor recoveryThe propagated uncertainty (Q) for all calibration and reference
samples (Table B.1) was0.0072 pH.

Throughout the salinity (and pHycling work during the tank tests, the four
b ( timeseries for SP033 (Figure 3.6a) and the tlyde 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.B\l{ 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
b (  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 testpH anomaly YD ( time-series between 11 June 2022 and
21 June 2022 for (a) SP033 and (b) SP053 as a function of salinity
(color-coded). Values o¥b ( are shown relative a zero anomaly
(solid black line) and GOAN weatherlevel (x0.02 pH; dshedblack
lines) andclimatelevel (+0.003 pH; attedblack lines) pH data quality

thresholds. Values o¥D ( betweenb ( and b ( hﬁ (open
diamonds), B (% (asterisks),D ( (open circles), and
b ( hﬁ (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 betweeb ( of the calibration samples and
b ( YD ( timeseries for SP033 (Figure 3.7a and Table B.5) were tightly
coupled on each day for each tiseries. In general, YD ( for all
b ( timeseries were <0.02 pH on Days-2 and 56. On the other hand, on Day 3
between salinities 1.38 and 1.4%D ( clearly diverge for thed ( timeseries

and this divergence is related to the sensor calibration method. On Y&y (3,

exhibits increased scatter with larger m&&n(  for b ( F‘ﬁ andb ( F‘ﬁ

of 0.02435 £ 0.01687 aneD.04363 + 0.01738 pH, respectively. Increased mean

Yo ( for B( and D (

=3¢

persists through Day 4 relative to
b ( F‘ﬁ andb ( F‘ﬁ that remain closer to zero @ays 3 and 4

For both B (

=52 ¢

and b ( hﬁ measured by SP033, 69.23% and

67.95% of the¥b ( values, respectively, met the GGN weatherlevel pH data
quality threshold of <+0.02 pH. In contrast, only 16.67% and 1.28% o¥Ehe

values for D ( hﬁ and b ( hﬁ , respectively, achieved the GGBN

=5(=2¢

climatelevelpH data quality threshold of <+0.003 pH. On the other hiand,

andb ( hﬁ measured by SP033 experienced begtegformancesince 32.05% and
46.15% of the¥b ( values were <+0.003 pH, respectivelyherea®94.87% of the
YD ( values for both were <+0.02 pH.

Values of YD ( between B (  of the calibration samples and
b ( timeseries for SP053 (Figure 3.7b arableB.6) largely follow similar trends

for SP033. Unlike SP033, however, there are only tBrée timeseries for SP053

andb ( andb ( have mearVb ( values close to zero across all

=S¢
=52 ¢

=52 ¢

six days.For b ( measured by SP053, 51.28% and 97.44% oty

values met the GOMN climatelevel (<+0.003 pH) andveatherlevel (<+0.02 pH)
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pH data quality thresholds, respectively. Comparably, 26.92% and 98.72% of the
YD ( values for ( ﬁﬁ were <+0.003 pH and <+0.02 pH, respectyvédn the

other handp ( F‘ﬁ has relatively larger mea¥D ( values on Days 1 and®

with the greateshonzero anomalieseen on Day 3vhen the meayD (  was-
0.06476 £ 0.01274 pH. Even more, ﬁﬁ measured by SP053, only 7.69%

and 64.10% of th&b ( valuesmet the GOAON weatherlevel andclimatelevel
pH data quality threshold$his analysis demonstrates that splitting @ut  » and
%  isimportant to achieve these pH data quality thresholds in this context when

enough discrete samples are available for calibration.

3.6.4 Assessment of GISE Performance

Unlike the long pradeployment sensor conditioning periods (on the order of 1
2 weeks) required for the €BE noted by other studies (Bresnaleaml, 2014; Miller
et al, 2018; Takeshitat al, 2021), the responses of thelSEs 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,YD ( for the first sensor measurement after salinity dilution or

concentration across Days6lof the tank tests fob ( hﬁ andb ( hﬁ for

SP033 andb ( F‘ﬁ and b ( F}, for SP053 was better than <+0.012 pH

indicating pH response was also rapid.hékeas SP033 and SP053 operated
continuously in seawater for ~4 weeks preparationfor this work, this still
sufficiently demonstrates the fast response of thdéSEl to rapid environmental
changes in this application.

In a sideby-side comparison of the model Il least square fit®qf and

b ( (Table 3.2 and Figures 3.8 and 3.9), the calibration method had the greatest
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impact on the sensor offsetg)(and sensor gainsi. Sensor offsets and sensor gains

exhibited the greatest deviations from their ideal values of O and 1, respectively, for

b ( F‘ﬁ andb ( F‘ﬁ for SP033 and® ( for SP053. Linear fits of

=(2¢

for SP033 and (M

=52 ¢
=3¢

b ( and b ( for SP053 were much more

robust with sensor gains and offsets substantially closer to O and 1, respectively.

Ultimately, the single defined linear relationship betwéén ¢ O and in situ

temperature for SP053 provided a robust linear fiEXgr hﬁ for SP053.

Table 3.2 Sensoioffsets (or interceptgp) and sensor gains (or slopes, of model

Il least square fitsdd (  andb (  for SP033 and SP053

Sensor | Timeseries Sensor Offset ¢o) Sensor Gain €1)

b ( ﬁﬁ -0.3357 £ 0.0411 1.0430 + 0.0053

b ( FIF] 0.0129 £ 0.0239 0.9983 + 0.0031
SP033 -

b( 0.3659 + 0.0580 0.9530 + 0.0075

p( N 0.0027 + 0.0231 0.9996 +0.0030

b ( ﬁﬁ -0.0288 + 0.0195 1.0035 + 0.0025
SP053 | B ( ﬁﬁ 0.6739 £+ 0.0405 0.9133 £ 0.0052

b ( ﬁﬁ 0.0056 = 0.0231 0.9991 + 0.0030
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Figure 3.8 Property property plots ofP ( versusb ( of the calibration
samples for SP038s a function of salinity (colezoded). Dashed black
lines represent a 1:1 relationship ( =D ( ). RMSEs were not
calculated forb ( hﬁ or b ( hﬁ . Please see Table23for

descriptions of the comparisons.

10z



o
o
[N

" 82 RMSE = 0.0069 c 82 RMSE = 0.0081 30
g | Com002sB0015 00 i el g Co= 0006100231 27
’ €, = 1.0035::0.0025 ’ i 013300052 4 ’ ¢, = 0.9991:+0.0030 24
278 278 4 =78 2
oE oE L QB L 18 >
% 4 oa ’ Q9 . &
. - y L / ] / c
576 5 76 ¢ k876 ¥ 15 =
we ’ we ’ we . ]
X ’ o ’ I ’ 12
o 74 , o 74 . 2 74 ’
’ ¢ ¢ 9
7’ ) ’ s 6
72t O 72 é 4 72 5
& e # 3
7.0 7.0 7.0 0
70 72 74 76 78 80 82 70 72 74 76 78 80 82 70 72 74 76 78 80 82
disc disc disc
p total P total P total
Figure 3.9: Propertyproperty plots ofb ( versus B ( of the calibration

samples for SP053 as a function of salinity (caloded). Dashed black
lines represent a 1:1 relationship( =D ( ). A RMSE was not
calculated for® ( . Please see TabRe2 for descriptions of the
comparisons

=52 ¢

The RMSEs calculated from the model Il least square fits bet®gen and

p( " andd( %  for SP033 and betweeB ( and®( %  and
b ( F‘ﬁ for SP0O53 (Table 3.3) are accurate to <+0.02 pH relati¥ (o across

all salinities. ThereforeD ( measured using the -C3E as the reference electrode
meets the GOAON weatheflevel data quality threshold on the short timescales of this
work. Further, timeseries on Days2land 46 are also accurate to <+0.01 pH relative
tob (. In contrast, RMS&betweenb (

and the selectell ( for Day 3 at

salinity ~1.381.39 andb ( < 7.2 were always higher (but still better than <+0.02
pH relative tob (). The reduced accuracy for Day 3 is not surprising givertlieat
physicochemical characterization of purified mCP dye used to caldlate from
Mdiller 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 (Mtilsy 2018)

and at pH < 7.2 where is mCP is not typically used to megddi(kiu et al, 2011).
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OnDay 3thet ank test wat er s “wieremoreTpdorlydbuffered5 & mo |

which potentially introdued an equilibration issue between the electrodes and
overlying waters throughout the dmour sampling periodhat may havencreagd
scatter and reded accuracy. Also, discrete bottle samplesBof  were collected
unfiltered, so impacts of particles on spectrophotometric pH measurements may also
contribute hereStill, 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 betwdi andb ( across all

other days; however, this likely does not represent a substantial contribution. RMSEs

were not calculated and reported Or( F‘ﬁ and b ( F‘ﬁ for SP033 and

p( " for SPO53.

Table 3.3 Rootmeansquare errors calculated from model Il least square fits for
select comparisons & (  andb (  for SP033 and SP053 using the
calibration samples that were collected on each day (D&ysatd for all
the calibration samples that were collected during all days of the tank

tests (All)
SP033 SP053
Day |7 8? lrl !ﬁnrﬁn ' S?Tn h%n/iu ' S?Tﬁ !ﬁﬁrﬁﬁ q 57?7“ "%.’i..
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'l E,A]” N

To calculate pH when using the-[JE as the reference electrode, primary
corrections to account for variable temperature are employed via the Nernst slopes for
both reaction approaches. In addition, | and r [ are employed during
calibration as primary corrections for the complete cell and-dadlif reaction
approaches, respectively, to account for variable temperature and salinity. However,
r r from Khooet al.(1977) must be extrapolated down from salinity 20 to calculate
% on the free scaleTypically, the ion activity coefficient defined by the Davies
convention €.g., Stumm and Morgan (1996)) must be extrapolated up from | = 0.5
(nominally salinity 25)butwh en t he di el ectric constant
of temperature and salinity rather than temperature alone, the Davies convention

r is extended to k 0.7 (please see Figuse3.1 and B.2in the Appendix B and

allows the calculation ¥  on the total scale during calibration.

Both% and%  (and the final calculate® ( ) are benchmarked to
b ( which replaces the standard buffer solutions that were originally used to
determing r and r as the primary pH standard. Nevertheless, purified mCP dye

characterizations used to determiBg are traceable to primary TRIS buffer

standards (Mdilleet al, 2018). Therefore, when usiry ( to calculate%
and% | , it is possible to normalize the effects of ridealities associated with
extendingr r and r beyond their optimized salinity ranges to calculate an
accurate finab (. Together with the updated Davies equation calculatithrese

primary corrections areell supportedor r using the hakcell reaction approach to

| < 0.7 for SP053 by a single robust linear relationship betviéen; O andin situ

temperatureOur analysis suggests that extrapolating on the free scaldown to

salinity < 20 for the complete cell reaction approacdeapendablelown to salinity

10t
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~9.6:9.7 for SP053. Abur lowest salinity,the %  deviation is likely due to the
changing difference between the free and total sealessponsdo the changes in
3/ and + with salinity during%  calculation on the free scal@his is
apparent from the Day 3 relationship betwéén O andin situ temperatureat
salinity ~1.381.40 thatwas positively shifted for both sensors relative to those of
Days 12 and 46, as shown in Figurd.3ab.

After calibration, our results still differed from our understanding of electrode
response based amsitufield deploymentsHerg this manifested in the occurrence of
and apparent linkage between multiple distinct linear relationships betteen (t)
or% (t) andin situtemperature and multiple distinct temporal clusterdof . -
or %  over different salinity conditions. Our findings have not been previously
describedn field deployments in nearshore watdikely due to the lack of discrete
samples for sensor calibration and validatidhese issues may be caused by the
following either singly or in combination (a) response issues with theISE as the
reference electrode andibre ISFET as the( -sensitive measuring electrodb) use
of r wversusr r , (c)calculating%  and% on the total and free scales,
respectivelydue to changes ir8 / and+ betweensalinity 1 and 31, and (d)
inter-sensor variability between SP033 and SPOBGrther work is needed to

determine which oftheseissues are most important and whéionethelesswe

accounted fosome ofthis by splitting%  ; and%  based on salinity and
then calculating and applying independent averé@e;  or %  to each
segment Ultimately, by splitting out these calibrations, the final calculdded

andb ( approached parity.
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Whereassplitting out and applyings  r and%  basedon salinity
deviates from established Sensor Best Practices, its feasibility is demonstrated in the

fit parameters of thenodel 1l least square fits @ ( ; andb ( (Table 3.2

and Figures3.8 and3.9) discussed in sectidh6.4. Even more, the tighter agreement

of ¥b ( betweenb ( andb ( relative toB ( andb (
(Figure3.7ab) further demonstrate the efficacy of this new calibration methnatthis
context, this newnulti-point in situ or field calibrationprovides a superior means of
minimizing the anomaly between the sensor pH and the discrete sampsnpkided

in our applicationWe 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 rolmostlel 11
for SP053.

=2 ¢

least square fit parameters and lowsst ( comes fromb (
Here, % Vvalues were stable across all salinities and deatee able to be
recalibrated using a single avera@®  ; based on all calibration samples
regardless of salinity. Therefore, this remains the preferred calibration method
independent of reaction approach whenever possiisledefined by current Sensor

Best Practicese(g, Bresnahawet al, 2014).

3.6.6 Implications for Field Deployments in Nearshore Systems
The overall excellent agreement betwé&ef andb (  across all salinity
stepdiffered from theresults of limitedn situfield deployments of Durafdiased pH

sensors in dynamic tidally forced nearshore systems over similar environmental



conditions. Such field studies demonstraie(l  calculated using the complete cell
reaction approach to be less reliable with higher uncertainties in those settings
(Fritzscheet al, 2018; Gonsket al, 2018 2023). Whereasthe results of this work
contrast with thosen situ field deployments, there are several notable differences
between the work presented here and thossgtu 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 | ong as t &g 30sneumes)oQudveork wasalgol i ng i
performed using clealdl water andseawater 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 effeitti electrode
response (Gonslat 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 soi@mide " O andsulfide 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 imphetCl-ISE response (Gonskt al, 2023).

Notably, the divergence between linear relationshps;, () or% (t) andin

situ temperature was larger for SP033 relative to SP053 given that tHSE€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 theconsistent electrodeesponsdo new salinities exhibited

by SP033 as a sensor that has been deployed in a dynamic nearshore environment for
>4-6 months andhe repeatable electrodesponseto 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 hiffiequency reference pH data to track
electrode response in dynamic nearshore systiaisspans its full ranges of salinity

and rates of salinity change through the deployment ebcated 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 haltell reaction approach to calculabe( using the
electrochemical couple comprised of thelSE (reference electrode) and the ISFET
of the Honeywell Durafet(( -sensitive measuring electroda@his approach differed
from the complete cell reaction approach defined by Mairtal. (2010) (where the
responses of both electrodes are combined) by splitting out and isolating the
independent responses of thelSE to# | (and salinity) and the ISFET o (and
pH). In contrastto the complete cell reaction approach, the-belf reaction approach
enabled the dependence Bf( on r [ and r to be accounted for via
equations3.11a and3.19, respectively; thus, allowing sensor calibration and pH
calculation to be carried out directly on the total scale.

By calculating the Aconstant in the Davies equation (equation 3.31) for the
half-cell reaction approach using the ionic strength in units of mesgkg)!, and the

density of solution (kegoln m®) and the dielectric constants from temperature and



salinity, we show that ther function can be calculated using temperature and
salinity in molinity units since concentratiom, is expressed in mol (kgpIn)!. On the

other hand, the A&onstant derived using data from Kheioal. (1977) by Martzet al.

(2010) that is used to calculater as part of the complete cell reaction approach is
only a function of temperature and is calculated in molality units (meHg)™)

since concentration, m, is expressed in mol-Hk®). We further applied and
assessed the suitability of both reaction approaches for pH calcuiaiiogn CHSE
measurements made using two SeapHOX sensors ovedaysperiod 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 TBE to new salinity changes during the first sensor
measurements following salinity dilution and concentration was rapid, and
calculations showed sensor pH was witk#0.012 pH of® ( , on average, across
all salinities for both sensorBurther, the sensor pkhaluescalculated using the €I
ISE as the reference electrode were accurate to better than <+0.02 pH at all salinities
for both sensors thereby meeting the GON weatheflevel pH data quality
threshold. Therefore, the T3E as the reference electrode is suitable for calculating
and reporting pH with the accuracy needed to help dé&ieat spatial patterns and
shortterm variatios in acidification in dynamic nearshomeaters Our work shows
that both electrode reaction approaches are reliable, have unique benefits and thus are
an example of Hessdd Law that states the
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 callate
using the GISE as the reference electrode for Durdf@sed pH sensors that can be
reported in addition to the complete cell reaction approach. Thecdiblfeaction
approach can likely also be utilized as an additional mode of data quality control for
futurein situ field sensor deployments. To streamline the widespread implementation
of b ( calculation using the hatffell reaction approach, workflows are needed to

constrain more robus®s  j 4 A i lues using TRIS buffers or natural water

standards over appropriate temperature and salinity ranges. Until then,
% ; j 4 Al Bl need to be constrained ad hoc usldd  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 basedsin field
deployments. These manifested as multiple independent linear relationships between
%  (t)or% (t) andin situtemperature that resulted in multiple average distinct
and stable values o%  » or %  over different salinity conditions for
individual pH sensor timeseries. We overcame these issues by splittitig @lata for
% 5 and% [ and independently calibrating segments of those timeseries
according to salinity. When compared with using single average valdés gf ; or
%  , splitting out the data foe6 ; ; and%  based on salinity improves
model Il least square fits betweén( ; andb ( and broadly improves their
accuracy across all salinitiedlevertheless additional workin natural waters of
salinity < 1.5 with higher alkalinity and buffering capacity (e.g., relative to TA < 125
umol kgt as seen here on Day 3 at salinity 11381) and between salinities 1 and 10

with finer salinity incrementation than seen here with the-¢elifand complete cell
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reaction approaches is needadditional work with the hakcell reaction approach at
temperatures 20°C is also neededvoreover, since ion activity coefficients are also
pressuredependent, 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 Deepa Durafet described in Johnsemnal.
(2016).

Based on the results presented here that contrast with the resaltstofield
deployments of Durafdbased pH sensors in dynamic tiddibyced nearshore system
under similar environmental conditiongye do not yet fully understandh situ
electrode response over the full environmental ranges of natural waters. Therefore,
future work should examine the effects of stinexternalto the correction of variable
temperature and salinity conditions on pH calculation using théSElas the
reference electrodéke those described in section6® including the impacts of
interfering anions(e.g, " O and 3 ) and humicsthat are present at higher
concentrations in nearshore waters relative to seawdtbereaspast work has
predominantly focused on the responses of
scrutiny of the response of the ISFET as (thesensitive measuring electrode is also

needed.
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Chapter 4

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

H

CC

CI-ISE

::A;*i

CRMs

"HA7 j"HA "Hi

"Hﬁﬁ g+ HA "HI

Activity of an ion on the molality (mol (k¢f20)?Y) scale.A
andA arethe activitiesof hydrogen and chloride, respectively,
on the molality scale.

Activity of an ion on the molinity (mol (kgolny!) scale. A
and A are the activties of hydrogen and chloride,
respectively, on the molinity scale.

Complete cell reaction approach.

Solid-statechloride ionselective electrode. Serves as the post
factory added external reference electrode fompghsurement
andcalculation.

Total chloride concentration on a molality (mol {kgO)*
where HO is pure watgrbasis.

Certified Reference Materials for DIC and BAalyses.

Temperature dependence term of the calibration constant
specific to the CISE for the complete cell reaction approach
for the SeapHOx sensor¥% . Term has units of m9C.,

Temperature dependence term of the calibration constant

specific to the CISE for the halicell reaction approach
% g .Term has units of m9C™.



"HAgy HA "Hi'

W) Hji

B HY

DI water

DIC

Temperature dependence term of the calibration constant
specific to the internal Ag/AgCI referender the SeapHOXx
sensors% . Term has units of m¥C™.

Rate ofchange in thesalinity (8 A)loddurring between the 30
minute sampling periods of the sens@O( Term has units of
(0.5 hyL.

Rate ofchange in thaemperaturg4 A i) Bccurring between
the 30minute sampling periods of the sens@O( Term has
units of°C (0.5 h)t.

Deionized water.
Dissolved Inorganic Carbon in pmol kg

Non-descript voltage measured between a reference electrode
and the ISFET for thés nomenclature associated with the
SeapHOXx sensors.

Voltage measured by the ISFET as the-sensitive workig
electrode.

Non-descript calibration constant for a reference electrode for
the% nomenclature associated with the SeapHOXx sensors.

Calibration constant specific to the-[3E for the SeapHOx
sensors using the complete cell reaction apprd4ch;, is the

value at the 22 reference temperature a#d O is the value
atin situtemperature.

Calibration constant specific to the-[SE for the SeapHOand

the SeaFET VXensors using thkalf-cell reaction approach.
% 5 and %  are the value atthe reference

temperatures d5°C and OC for the SeapHOx and SeaFET V2
sensors, respectively% O is the value atin situ

temperaturdor both sensor models.

Calibration constant specific to thaternal Ag/AgCl reference
for the SeapHOx sensor&  is the value at the 26

reference temperature arib O is the value atin situ

temperature.
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TO;] ng Electrode standard potential for thelSE.

ExpDS2P Single TweParameter Exponential Decay function

ExpDS3P Single ThreeParameter Exponential Decay function

ExpRTM S3P Singe ThredParameter Exponential Rise To a Maximum
function

F FaradayConstant 96485 C mol.

Al OF & “Af Combined ion activity coefficient for Hydrogen Chloride (HCI)
on a molality (mol (keH20)*where HO is pure watdrbasis.

i lon activity coefficienton a molality (mol (keH20)* where
H>O is pure watgrbasis r andr are the ion activity
coefficients of hydrogen and chloriada a molality (mol (kg
H.0)?) basisrespectively.

i lon activity coefficient on a molinity (mol (kgsoln)?Y)
basis r and r are the ion activity coefficients of hydrogen
and chlorideon a molinity (mol (kgsoIn)!) basis,respectively.

GOA-ON Global Ocean Acidification Observing Network.
GPH Gallons per hour.

h Hour.

H Height.

ISFET lon-sensitive field effect transistor.

i Molinity concentrationin units of mol (kgsoln™. [ and [
are themolinitiesof hydrogen and chloride, respectively

1 Temperaturendependent calibration constant (atandard
potential offset) at the °C reference temperature for the
engineering nomenclature associated with the SeaFET V2
sensorsk andE are the values specific to the internal
Ag/AgCl reference and ABE, respectively at°C.
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Temperaturelependent calibration constant (temperature
slope coefficient for the engineering nomenclature associated
with the SeaFET V2 sensofs. andE arethe values
for the internal Ag/AgCl reference and-(3E, respectively.

£ Bisulfate ( 3 / dissociation constant.
Length.
[ Molality concentratiorin units of mol (kgH20)* where HO is

pure water. andi are themolalities of hydrogen and
chloride, respectively

mCP PurifiedmetaCresol Purple indicator dye.
pCO:2 Partial pressure of carbon dioxide.
&0 "HH pH on the free scale.
E17 " Hi pH on thetotal scale
gH Discrete water sampl® ( corrected from 2% to in situ
temperature.
gAn i Non-descript pHcalculated using the @8E as the reference
electrode.
gAN A Non-descript pH calculated using the-ISE as the reference

electrode using the complete cell reaction approach.

sm '",':ﬁ pH on the free scalealculated using the d8E as the reference
electrode using the complete cell reaction approach.

gAn @ A Non-descript pH calculated using the-ISE as the reference
electrode using the hatfell reaction approach.

g "Efl Non-descript pH measured using the internal Ag/AgCl
reference.

gHE Sensomeasured pH on the total scal
replaced by 0 EX®r,0CICNT, 6 OfEXIT, €l&06 h
timeseries.
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Uncorrected sensaneasured pH on the total scaBuperscript
0elecd is replaced ohdyy NOABX T ,08Cde ac
pH timeseries.

Corrected sensemeasured pH on the total scafuperscript

0elecd is replaced ohdyy NOGBX T ,0€ Cde ,ac
pH timeseries.

Bottle pH aomalies betwee® ( andb ( at the same
ti mestamp. Superscript el ecéd i
OEXT,HM&IGNTO6 for each pH timeserie

Uncorrectedbottle pHanomalies betweeld ( andb (  at

t he s ame ti mestamp. Superscript
OEXT, CC6, O000EIXNIT,6HCbéo,r each pH ti me

Values of the exponential pH correction term applied to values

of B( ¢ to calculateb ( for a specific pH

timeseries. Super scri pt 6el ecd i s repl
OEXT,dHM&IGNTO6 for each pH timeserie

Correctedbottle pHanomalies betweeb ( andb ( at

t he s ame ti mestamp. Superscript
OEXT, CCO, OO0EHXNIT,6HC6o,r each pH ti me

Electrode pH aomalies betweetwo differentD ( at the

same timestamplrhe two sl p e r s c r arpreplacea byee c 6
combination of6 EXT, €EXT, HCO, and o601 NT6 f
timeseries.

Uncorrected Electrode pHnamalies betweenwo different

b ( at the same timestamphe two siper scr arpt el e
replaced bya combination o EX T, CCOo , OEXT, HCG, a
for each pH timeseries.

Corrected Electrode pH namalies betweentwo different

b ( at the same timestamphe two ssiper scr arpt el e
replaced bya combination o EX T, CCo , OEXT, HCO, a
for each pH timeseries.
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i g LU HHHCTR HE Anomaly  between  two  values of two different
YO( anomalies at the same timestamp.
Superscnd pandy®elo@ad ec repl aced
combination of6 EXT, CC6, OEXT, HCO, an
each pH timeseries. Aor added
6corro further speci fi,es unc

respectively, anomalies.

Q pH uncertaintyof the discrete water samplgsopagated in
quadrature.
R GasConstant8.3145 J motK ™,

SF2289/SF2293  Sed&ET V2sensor S/Ns used to identify the sensors

OOH R T T Analytical standard deviation for the uncertainty from the
purified mCP dye

AT U tHHE | e HAnalytical standard  deviation for the uncertainty from the
spectrophotometri® ( bottle replicates.

LT H T Analytical standard deviation for the uncertainty from e
titrator performance.

AE fA&RT 71 HT 1 Analytical standard deviation for the uncertainty fr@®2SYS

constants.
Salinity Refers to salinity on the Practical Salinity Scale.
MrEmt 171 Nernst slope.

n"E M7 1 Hi Total oncentration of sulfate3(/ ) 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 pumol kg*.
uw Underway.

Anf i AL Voltage measured between the-ISE and ISFET for the
SeaFET V2 sensarSame a%  for the SeapHOX sensors.

Nz "ER Ae Voltage measured between the internal Ag/AgCI reference and
ISFET for the SeaFET V2 sensorSame as% for the
SeapHOX sensors.

A Non-descript referenesource 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 éMartz
al., 2010; Nehiret al, 2022) . Mor eover, Si nicaquapcH i s
systems (Stumm and Morgan, 1996), autonomous pH measurements are especially
valuable for scientists and environmental and natural resource managers to help
distinguish between lontgrm trends and natural variability and identify controlling
processes in marine, coastal, and estuarine systems (@&@bradki2023; Sastret al,
2019). In recent years, autonomgu$sensors that incorporate the Honeywell Durafet
lon-Sensitive Field Effect Transistor (ISFET) technology (Maetz al, 2010;
Bresnaharet al, 2014) have become keystone sensors for these purposes.

Commercial versions of these sens@g(SeaFET and SeapHQO®eaBird
Scientific, Bellevue, WA, USA) calculate and report a pair of pH values using the
chloride (Cl)-sensitive internal (Ag/AgCI referenceb () and posffactory added

external (soligstate chloride iorselective electrode, @6E - B ( ) reference
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electrodes and the ISFET as the hydrogen iof)-¢Ensitive measuring electrode.
b (  measurement using the-(3E as the reference electrode can be carried out
using the complete cell reaction approach describesgction 3.1 (andby Martz et

al. (2010) which combines the electrochemical response of tRkSEland ISFET to
hydrogen chloride (HCI). It requires pH calculation and sensor calibration to be
performed on the free scale in molality units (mol-tkgD)! where HO is pure
watel) before converting pH to the total scale in molinity units (motg&bn)?) during

data processing (Bresnahah al, 2014). On the other han@@ (  can also be
calculated using a hatfell reaction approacfdescribedn sections 3.2.1-3.3.2.4 in
Chapter 3)where the response of the-ISIE to Ctand the ISFET to Hare split out

and isolated. Ultimately, this enables pH calculation and sensor calibration to be
performed on the total scale in molinity unwgthout the need for interconversions
between pH scales or concentration units (Goeséi., 2029).

In addition to their utilization in fixegboint applications €.g, Duke et al.
(2021) and Miller and Kelley (2021)), this technology has been configured and
adapted for watecolumn profiling applications using the De8pa Durafet (Johnson
et al, 2016) and for use with Slocum (Sadtaal, 2019; Thompson et al., 2021) and
Spray underwater gliders (Takeshétal, 2021) and autonomous surface vehicles
such as Saildrones (Sabiee al, 2020) . The Durafetds rapi
2021; Martzet al, 2010), consistent linear response with temperature (Takeslata
2014), and good signal stability with low noise effects (Mattal, 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 ocearDespite these advancements, there is a growing evidendhelfadt
response and excellent accuracy that characterize performance of [Dassédt
sensors in higisalinity (salinity > 30) oceanic environments with narrow salinity
ranges €.g, Bresnaharet 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 (Fritzetla.,2018; Gonsket al,2018; 2023; Miller
et al, 2018; Velo and Padin, 2022). Such evidence includes dynamic errors in
reference electrode response (Gomtlal.,2023) and large anomalies betwd2ig
andb ( after sensor calibration (Gonski al, 2018; 2023), between pH measured
with Durafetbased sensors and otherlooated redundant pH sensors (Fritzsete
al., 2018), and between sensoeasured and discrete sample pH (Velo and Padin,
2022) (on the order of 0.1 pH for all anomalies).

However, these data and results originate fiansitu field deployments of
Durafetbased sensors in nearshore waters where the quality of the pH data collected is
directly related to the skill and expertise of the sensor operators (McLawgldin
2017). Further, theollection of discrete samples to validate sensor performance over
a suitable range of environmental conditions is logistically challenging in these
settings and demands substantial resources aneistaf{Rivestet al, 2016). Even
more, these sensor validation samples can also carry large intrinsic pH uncertainty on
their own (Khalsaet al, 2021; Miller and Kelley, 2021; Milleret al, 2021).

Accordingly, overreliance om situ evaluations of sensor performance and electrode



response irreal nearshore waters has only captured snapshots rather than the full
extent of theselectrode responsssues.

The notable absence of work examining electrode responsdaogerrapid
salinity change in controlled laboratory settings further encumbers our understanding
of electrode response in real nearshore waters. Bagshal (2021) verified the
response and performance of standalone Duteié$ at low temperatures and low
ionic strengths betweerl5 and +18C and 0.7 and 40 mmol . respectively,
representative of glacial meltwaters. Takeshital. (2014) verified response of both
reference electrodes at salinities between 20 and 35 using TRIS Buffers. In test tanks,
Bresnaharet al.(2014) verified proper electrode response while diluting salinity from
35.9 to 30.1 over a 1day period using freshwateBhangguaret al. (2022) also
verified proper electrode responsten diluting salinity from 338to 3011 over a 4
h periodusing deionized waten a test tankand then monitoring electrode response
for 24 hours. The limited range and slow rate of changthese test tank salinity
dilutions provides limited insight into how Durafieised sensors respond and perform
in real estuarine and coastal systems where salinity can change as much as 11 unit
over 30-minute periods between sensor measurements (Genskli, 2023). Even
more, in nearshore systems, salinity decreases on the ebb tide but also increases on the
subsequent flood tide; the latter which has yet to be incorporated into tank test
assessmestonducted to date.

Hence, there is a clear need to assigsmmicelectrode response and sensor
performance of Durafdtased 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 nhusitgfield 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 viteke 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 Sdaird Scientific, Bellevue, WA, USA). over a stay period in a test

tank in June 2022. pH, temperature, and salinity varied between 6.9 and°&amhd?2
32°C, and 1 and 31, respectively, during this work. To further examine the suitability
for the CHSE for pH measurement as the reference electrode, we also calculate
b (  using both the complete cell and hedfil reaction approaches. Finally, we
outline and apply an approach to corrdghamic errors in electrode resportbat
occurred ovetarge rapidsalinity changs 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 value® (  (Ag/AgCl reference electrode contains a saturated
KCI gel and liquid junction) and® ( (AgCl solid-state chloride iorselective
electrode, CISE) (Martzet 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 desc%i be t he

nomenclature and employ a reference temperature % @Bresnaharet al, 2014;



Martz et al, 2010) Using the% nomenclature,ite Nernst equation is used to relate
pH and voltage via:

% % 1 Tpnd | GAA R %
where E is the measured voltagé,i€the reference potential (instead referred to as a
calibration constant), R is the universal gas constant (8.3145 “KmolF is the
Faraday constant (96485 C mpl4 is temperature in Kelvin, anal is the activity of
hydrogen (H) or chloride (C). Thel T CA A term can be simplified further to
isolate and calculateH (ori ):

ITCGAA 1T1T¢Cr 1T c i 17T Cor i b(h 18
where 3i or m; is activity coefficient or molality, respectively, or eithef dr CrI
(Bresnaharet al, 2014; Martzt al, 2010).

Equations fo® ( calculation on the total scale in molinity units (mol{kg
soln)?) using the internal Ag/AgCl reference electrode (hereafter referréd(to )
are discussed in sectiorB2L.1 and described in more detail in Bresnagiaal. (2014)
and Martzet al. (2010). Fo® (  calculation, a constarf® j ™ Al & -1.101
mV °C!is used to correct data between the reference temperaturéCofi@gin situ
temperature for botBeapHOXx sensor§P033 and SP058sed in this work

Equations forb ( calculation using the @BE as the reference electrode

via the halfcell reaction approach on the total scale in molinity units (mek(kg)?)

(hereafter referred to a ( h ) are discussed in sections3.2.1-3.3.2.4 and in
Gonskiet al.(2024). ForB (" calculationexperimentak®s  j 4 A i @ual
to 0.9124 m\PCt and-0.9289 m\°C* for SP033 and SP053, respectively, were used
to correct data between the reference ofC2andin situ temperature discussed

further in section $.2.1.1).
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b (  calculation using the ASE as the reference electrode via the complete

cell reaction approach is carried out on the free scale (hereafter refebgd td )

h

in molality units (mol (kgH20)?1). B ( is then converted to the total scale

(hereafter referred to ab ( h ) in molinity units (mol (kgsoln)?) during data
processing. Equations for the aggredaté " calculation are discussed in section
3.3.1 and described in greater detaiBresnaharet al. (2014) and Martet al. (2010).
For D ( h calculation, a constari®6 j 4 Al & -1.048 mV°C? is used to
correct data between the reference temperature @ a6din situ temperature for

both SP033 and SP053 (Bresnakaal, 2014).

4.3.2 SeaFET V2 Sensors

Beginning with Johnsost al. (2016), the operating principles of the Durafet
based biogeochemical sensors transitioned to engineering nomenclature that employs a
reference temperature oP@. Equations for pH calculation using the SeaFET V2
sensors (designed and assembled byBsehaScientific, Bellevue, WA, USA) adhere
to the engineering nomenclature and follow those presented in Bresatalan
(2021).

Using engineering nomenclature, the Nernst equation is used to relate pH to
voltageandfollows the general form:

L. . 24
6 E EzO0 —lfpm ITGCAA R ®

where 6 is the refereneesource voltage,E is the temperatursndependent
calibrationconstantE is the temperaturdependent calibratioconstant andQis the
temperature in Celsius while all other values are the same as those expressed in

equation 4.1. When using engineering nomenclatureseplaces E and the quantity,
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E E 20, replaces EwhereE is the value of E* at@,E is® j % Al b
or '@ j™ Al Bvhich both have a linear temperature depengentere
temperature is in degrees Cels{Bsesnaharet al.,2021). Thel | CA A term in

equation 4.3 can be simplified according to equation 4.2.

4.3.2.1 1 & Fgalculation
For SeaFET V2 sensors (SF2289 and SF229%), in molinity units (mol

(kg-soln)?) is calculated via:

6 E E 20,
b ( h 18
3
where 6 is the raw voltage measured with the internal (Ag/AgCl) reference
electrodeE s thestandard potential offs¢or theE term from equation 4.3pr

the internal reference electrode, is the temperature slope coefficigor the E
term from equation 4.3fpor the internal reference electrode, and t is temperature in

degrees Celsius. is the Nernst slope and is calculated via:

3 224ZiTpnﬁ B
2 T

where all parameters correspond to those defined in equation 4-Bi(8ezcientific,

2019). For further discussion, please see -8e&d Scientific (2019). SeaBird
Scientific evaluates and provides independent valués of for each Durafebased

pH sensor it manufactures; equak10047354 m\°C* and-1.027122 m\°C for the
SeaFET V2 sensorSF2289 and SF2293, respectivelised in this work Potential
electrode response issues related to liquid junction potentials and thermal lags in the
internal saturated KCI reference gel of the internal Ag/AgCI reference discussed in

section 23.1.1 remain broadly applicable to the SeaFET V2 sensors
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4322 ' gNMAcalculation

For SeaFET V2 sensors (SF2289 and SF22B3), " follows the same

h

sequence described in sectiof.B. First,D ( in molality units (mol (kgH20)Y)

is calculated via:

p( " TTIEC(/
6 E E z0 . . . - .
3 1T G 1 gzl I Cr h T
where 6 is the raw voltage measured with the externatI8H) reference

electrodeE is the standard potential offs@tr theE term from equation 4.3pr

the external reference electrode, is the temperature slope coefficigot theE

term from equation 4.3for the external reference electrode, and t is temperature in
degrees Celsiu8 is the Nernst slopet | is total chloridecalculated following
Dickson et al. (2007) andr is the ion activity coefficient of hydrogen chloride
(HCI) calculated following Khoet al. (1977) For further discussion, please see-Sea
Bird Scientific (2019) SeaBird Scientific evaluates and provides independent values
of E for each Durafebased sensor it manufactures; equabt®386411 m\,C?t

and -0.9100722 mV°C*! for SF2289 and SF2293, respectivelihen, D ( s
converted from molality (mol (k¢20)™) to molinity (mol (kgsoln)*) units and from

the free to the total scaleD ( h ) using equations 3.4 and 3.5 respectively,
discussed in section31 (SeaBird Scientific, 2019). Potential G5E response issues
due to deviations from seawater conservative]{iGtSalinity ratios and its cross
sensitivity to interfering anions including bromide O , iodide ) , sulfate 3 /

and sulfide 3 discussed in section 21.2 remain broadly applicable to the

SeaFET V2 sensors.
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4323 ' gMNVB Acalculation

The theory and application of the ha#ll reaction approach fd ( h

calculation using the @BE as the reference electrode are discussed in detail in

sections 3.2.1-:3.3.2.4.D ( " is calculated via:

b ( 3

h 18

where% is theexternalreference electrode (or -C3E) standard potenticdp IS

the voltage measured by the'-hheasuring electrode (or ISFETY  is the

calibration constant specific to the ha#ll reaction approach, ang@l is the

Nernst slopeThe chloridedependence d ( " in equation 4.7 is mathematically

removed through théo term from equation 3.11a in section33X.3. Therefore,
b ( " is calculated directly on the total scale in molinity units (mol-gkén)?)
without the need for interconversion between pH scales or concentration units as is

done for the complete cell reaction appro@@bnskiet al, 2024). Since no equivalent

terms for% , % , and%  currently exist in engineering nomenclature, we

continue to use th& nomenclature defined for the SeapHOXx sensorfér h

calculation using the SeaFET V2 sensors. However, rather than using a reference
temperature of 2& as is done for the SeapHOXx sensors, we instead, adopt a reference
h

temperature of @ forb ( using the SeaFET V2 sensors.

Therefore, to correct data between the reference temperati€ ah@in situ
temperature, values &%  at in situ temperature %  O) calculated from
b ( of discrete bottle samples correctedimositu temperature P ( were
regressed against situtemperature to determine independexperimental® ¥

™ Al @r each SeaFET V2 sensor. UsiB6 ; 7% Al ®r the SeaFET V2
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sensors, values 66  (t) were corrected frorin situtemperature toC % )
via:

W )

Then, a finavalue of%  ; was calculated using the discrete samples and is

applied retroactively t® ( " Afterwards, the finabé i [ was corrected back

to in situtemperature associated with ed&lf " measurement to repdst ( h

atin situtemperatur® (" Ovia:

% 5 .
%o % % oas AT T

p( " 6 2 8 18

Equations 4.8 and 4.9 follow those of a similar form to equations 3.33 and 3.34 in

section 3.2.4% | ; and " aresimilarto E andE , respectively.

4.4 Materials

4.4.1 Test Tanks

Two335gal |l on rectangular fiberglass tank
were used (hereafter referred to as Tank 1 and Tank 2). The tanks were located in the
Smith Laboratory Greenhouse dhe Uni ver sity of Del awar eds
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 watersiwesl.
Tank 1 was used to decrease and increase salinity using deionized (DI) water and
seawater (SW), respectively, provided by University of Delaware. SW was

collected bythe 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 1143 Tank 2 used one
submersible pump capable of mixing waters at 700 GPH to keep its wateniwedl.

DI water was also added as necessary over time to counter evaporation and maintain

an approximate 30.50 water | evel I n Tank 2

4.4.2 Instrumentation

Two SeapHOXx sensors (SP033 and SPQ8&3igned and assembled by Todd
R. Martz of Scripps Institution of Oceanograghg 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, H8p (SeaBird Electronics
Conductivity Temperature SensdorSBE37), that are plumbed into a single flow path
that is flushed by a Sdgird Electronics (SBE) 5M submersible pump (Bresnagian
al., 2014).Thus, theSeapHOXx is an activeRushed sensor.

SP033 and SP053 were equipped and programmed identically witiin8@e
sample intervals to measure on the hour andhwlf and 65 second pump times
Pump times were systematically increased to facilitate a complete flushing of the flow
housing over individual sampling cycles aalinity and pH changedSP033 and
SP053 were also programmed with-@0 sample averages where the average of 20
voltage measurements made over asééond measurement period is used for pH
calculation.The SeapHOXx sensor utilizes etfieshelf Orion CIISEs(S/N 9417BN)
these are made by compressing Agth some! C3into a solid pellet (Rosst al,

1971) Visual inspection of the GISE 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 conducthtgynperature sensors.

Two SeaFET V2 sensof$F2289 and SF22%3designed and assembled by
SeaBird Scientific (Bellevue, WA, USA)were also used. The SeaFET V2 sensor
measures anceportsb ( andb (  together witht e mper at ur e using t}
internal thermistarBecause of this, an external-lozated salinity measurement is
needed to calculat® ( measured with the @BE (Miller et al, 2018). Moreover,
since the Durafetdés internal °anh08€ (Roxst or i s
et al, 2019; Bresnahaet al, 2014), Sensor Best Practices recommend that sensor
users calculate pH for SeaFET V2 sensors using a more robust extefoehted
temperature measuremeiftavailable (Bresnahaet al, 2014; Miller et al, 2018).

Here an external pump was not used to flush and renew the water insifeaRET

V2 sensorflow housingwhere the electrodes are locatéustead the SeaFET V2
sensors were equipped with SeaFET Biofouling GuésésBird Scientific Part No.
ASY-PHS00008) that were placed over the electrodes; holes along the circular wall
of a biofouling guard permisurroundingwatersto passively flush back and forth
throughit over time.

SF2289 and SF2293 were programmed identically to measure every 30
minutes on the hour and hddbur synchronous with SP033 and SP053. In contrast to
the SeapHOX sensors, sensor users cannot customize deployment parameters like pH
sample averageor measurement periods for the SeaFET V2 senéftey testing, it
was discovered that tif&eaFET VXensors emplog factory-setvoltage measurement
sequence where the final of four voltage measurements recorded ovesex@h8

measurement period is used for pH calculatiime CHSEs used in the SeaFET V2



sensors are prepared from AgCl pelletsircedfrom the Van London, Co(Houston,

TX, USA) that also contaismallamounts of C3. CI-HISE preparation is performed
in-house at SeBird Scientific (Bellevue, WA, USA) and broadlfollows the
proceduredescribed in Johnsaet al (2016)(Charles Branham of Segird Scientific,
Personal Communication, Oct 2028)sual inspection of the AISE 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
HoneywellDurafet® sensing windowsacing up.SF2289 and SF2298eredeployed
horizontally so their electrodes were at the same approximate depth of the flow path
intakes of SPO3¥P053 anaf the submersible pump used to collect sensor validation

samples in the tank$hesensors antest tank setupreshown in Figure 4.1.

4.5 Procedures

4.5.1 Salinity Cycling

Over a sixday 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 Estuanpelaware Bay System (Bowers, DE, USA)
(described by Gonslat al. (2018 2023) and Pettagt al. (2020)). To do this, a single
salinity change was simulated via dilution using DI water or concentration using
seawater between the -8finute sampling intervals of the sensor. Then, all four
sensors were allowed to equilibrate and respond to thesaémity 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 anfbB&)ur weeks.
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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, Sa#FEAnsors SF2289 and SF2293, pumps used to mix
tank waters, water sampling linendthe underwaypartial pressure of carbon dioxide (§@pCQO,) 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.



The salinity cycling experiments are described in detail in secti&i.3To
change salinity (and pH), an approximate volume of water in the tank was drained and
then replaced with DI water or SW ttecreas orincreasesalinity, respectively. DI
water was collected and stored in-ddllon 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.% 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. Tablé.1 and 42 summarizethe 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 fldwough thermosalinograph (SBE45
MicroTSG Thermosalinograph, S&urd Scientific) integrated with an Apollo
SciTech ASP3 underway(UW) pCO, system during salinity cycling. Besides
temperature and salinity measured by the {ftomough SBE45 MicroTSG
Thermosalinograph, the underway data will not be discussed furtieite
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 Thermosalinograptwhen the underwaypCO, system was

operational
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Table4.1. Summary ofthetank test stages and gwour monitoring periods proceeding salinity changes on D&/®fl
the tank tests

Tank Test Stage| Start of Stage | End of Stage Hour O Hour 6
PreCycling 6/11/2022 20:0( 6/12/2022 10:3( NA NA
Day 1 6/12/2022 11:0( 6/13/2022 11:0(¢ 6/12/2022 11:0¢ 6/12/2022 17:00
Day 2 6/13/2022 11:3( 6/14/2022 09:3( 6/13/2022 12:0¢ 6/13/2022 18:00
Day 3 6/14/2022 10:0( 6/15/2022 10:0(¢ 6/14/2022 10:3( 6/14/2022 16:30
Day 4 6/15/2022 10:3( 6/16/2022 10:3( 6/15/2022 10:3( 6/15/2022 16:30
Day 5 6/16/2022 11:0( 6/17/2022 10:0(¢ 6/16/2022 11:0¢ 6/16/2022 17:00
Day 6 6/17/2022 10:3( 6/18/2022 10:3( 6/17/2022 11:0¢ 6/17/2022 17:00

PostCycling

6/18/2022 11:0(

6/20/2022 08:3(

NA

NA




Table4.2 Summary ofthe salinity cycling experimentandertaken between 12 June 2022 and 17 June 2028y dhirey
preceded the salinity cycling experiments on 11 June 20@%)ostcycling proceeded the salinity cycling
experiments between 18 and 20 June 2022. Salinities reached > 29.5 during -thelpasistageprior to

A4’

SEensor recovery.

Salinity | 1°Salinity | 2° Salinity
Date Day | Tank Change Change Change Comments
30.86 to 19.68 to Salinity decreased
12 June 2022 1 1| Two-Stage| 14 g 18.66 using DI water
19.66 to 11.03 to Salinity decreased
13 June 2022 2 1 Two-Stage 11.03 9.60 using DI water
9.66 to Sensors switched
14 June 2022 3 2 OneStage | ;- NA between Tank 1 ang
1.38
Tank 2
1.39 to Sensors switched
15 June 2022 4 1 OneStage | ;. NA between Tank 2 ang
12.05
Tank 1
12.13 1o Salinity increased
16 June 2022 5 1 OneStage 21.60 NA using SW (salinity
' 30.86, pH 7.88)
Salinity increased
17 June 2022 6 1 Two-Stage gg? © g;gé o using SW (salinity
' ' 30.86, pH 7.94)




4.5.2 Discrete SamplingApproach

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 13 and Days 4, 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) andb ( 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
bottomfilling into triple-rinsed 256mL borosilicate glass bottles. During sample
collection, samples were overflowed for at least once their volume to minimize contact
with the atmosphere. After collectiosamples were fixed with 50 pyL of saturated
mercuric chloride solution (Hgg)l and stored dark at %@ and werethen analyzed
within five days of collection. Salinitfon the Practical Salinity Scalayas also
measured independently on e&diC/TA andb ( sample.

Discrete water samples were collected ahead of each saliwitbge 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 Day® and 56, 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 sT@f#teand C.3in
Appendix C. Hour 0 corresponds to the first sensor measuremernthaftest! salinity

changeeachday. 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 thecyoBhg period. This sampling

design produces 94 discrete waters for sensor validation.

4.5.3 Analytical Methods

Spectrophotometrid® ( was measuredising purifiedmetacresol purple
(mCP) indicator dy@ndan automated temperaturentrolled system that included an
Agilent 8453 U\WVis Spectrophotometer with a -bbn flow-throughwaterjacketed
cuvette at 2%8C (Carteret al, 2013; Liuet al, 2011). The dye perturbation was
corrected by different salinity groufs0-10, 1620, 2030, and 335 - as discussed
by Li et al. (2020). Spectrophotometri® ( was calculated using the mCP
characterization equations from Mduller and Rehder (2018) that are valid between
salinities 0 and 40.

TA was measured by Gran Titration (Gran, 1952) using a semiautomated
opencell titration system (AALK2, Apollo SciTech) (Huanget 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 umol kd. For further discussion of the Dl@nalytical methods,
please see section C.1 of Appendix. Andependent salinities of every
spectrophotometrid® ( and DIC/TA samplewere measuredn the Practical
Salinity Scale witha Guildline Autosal 8400B Laboratory Salinometeith a

precision of £0.05.

4.5.4 Sensor Calibration
In nearshore waters, salinity and pH generally change between sensor

measurementse(g, every 30 minutes) due to tidal mixing, winds, spring/neap tides,

144



large storm events, and other regspecific processes. Imearshore systems, Sensor
Best Practices dictate that ansitu 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 (Bresnadtaal, 2014; Hofmanret al, 2011). Then,

using measured sensor voltagessitu temperature, salinity, and the discrete sample

pH corrected tdn 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 seresured pH (Bresnahat

al., 2014). However, the logistical challenges associatedawsitbctingdiscretewater
sample 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 extahe
sensoimeasuredpH timeseriesthat gets calibrated. Ultimately, this limits a robust
assessment of electrode response following large sgidity 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 highquality discrete water samples were collected in the six hours proceeding
the salinity change each day, we employ a variation oimtlsgtu or field calibration
approach specific to our application that is designed to reconstruct and demonstrate
any equilibration period that thedectrodesinderwent 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 dutimgpostcycling period will not be
discussed furtherOf the 80 discrete samplesvailable for sensor calibratiptwo
discrete samples were removed after data quality control.

Discrete sample in sitdb ( values D ( were derived using the
MATLAB version of CO2SYS (v3.2.0; Shamat al, 2020) with input parameters of
salinity and in situ temperatur®,( , and TA using the carbonic acid dissociation
constants of Millero et al. (2006), the bisulfate dissociation constant of Dietsan
(1990), and total boron from Uppstrém (1974). To calculate the calibration constants
for SP033 and SP@5(described in section 4.3.1), temperature measured by the
SBE37 conductivistemperature sensors integrated with each sensor and salinity
measured on thepectrophotometri® ( samples were used. To calculate the
calibration constants for SF2289 and SF2293 (described in section 4.3.2), the average
of the SBE37measured temperatures from SP033 and SP053 at the same timestamp
and salinity measured on thspectrophotometrid® ( samples were used. To
perform the sensor calibration, data from all four pH sensors were first partitioned by
day according to salinitye(g, Days 16). 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 4466771112

and 4.6.7.2.4.6.7.2.2 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 sensor 0s | ntengperatuaetsendor fRIR h& Samec o n d u
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 salinitiesrom the same timestampneasured by the SBE
temperatureonductivity 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 electrodesd equilibration
change edt day. Finally, because of the nature of our calibration approach, all
subsequent analyses and discussions focus on electrode response and sensor
performance within the sikour sampling window following salinity changes each

day rat her t h axtanttank ted pHcdatasst.e ns or 6 s

4.5.5 pH Uncertainty Propagationfor Discrete Water Samples

The accuracy and uncertainty of senswasured pH timeseries depends on
reference and measuring electrode response, validation sampletheaskill and
experience of the sensor operatgviller et al, 2018).To provide context for the pH
accuracy of the discrete bottle samples used as calibration and reference points for the
sensommeasured ( timeseries we parameterized and assigned pH estimates to
the different sources of uncertainty. There adopted the approatiom Khalsaet al.
(2021)to calculate a propagated pH uncertainty for the discrete bottle samiptes

all sources of error are summed in quadrature via



1 A A A A h P

where Q is the propagated uncertainty &nds the analytical standard deviation of
the uncertainty fronthe purified mCP dyep ( bottle replicates, total alkalinity
(TA) titrator performance, and CO2SYS constants. Previous iterations of this
approach are discussed in Miller and Kelley (2021) and Miliex. (2021).

SpectrophotometrigpH measurementusing purified mCH uncertaintywas
assessedhrough triplicate analytical replicatesising TRIS buffer solutions in
artificial seawater of salinity 35 (Batches #33 and #39, provided by A.G. Dickson of
Scripps Institution of Oceanography). Spectrophotomdixic  analyses of the
TRIS buffers made at 26 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 spectrophotometBlc(  analyses, each sample was scanned at least
three times until three measurements with a calculated standard deviation of <0.001
pH wasyielded. This threshold of 0.001 pH was adopted as univergal bottle
replicate uncertainty for all samples.

Due to shortage of Certified Reference Materials (CRM) for TA analyses
caused by the COVIQ9 pandemic, secondary aged natural seawater standards
preserved with mercuric chloridadcalibrated against CRMsere 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 deawat e
and Salinity = 33.7025The maximum difference between the measured and known

TA of the aged seawatér standard was N4.9
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The uncertainty term for the CO2SYS constgjatiscussed in sectiod.5.4)
came from thedeterminationof in situ B ( using TA and spectrophotometric
b ( at 28C as input parameteis CO2SYS(v3.2.0; Sharpet al, 2020) It was
determind using the error scripin MATLAB v2022a that runs in tandem with
CO2SYSandcalculateghe uncertaintyassociated witldeterminingmarinecarbonate
systemparameters based on tepecifiedinput parameters (Oret al, 2018). The

uncertainty is outputtexh terms of ( and recalculated & (  uncertainty.

4.5.6 pH Anomaly Calculations

To help assess electrode response to Bsalinities using the calibration
methoddescribedn section 4.4, two types of pH anomalies were udedl) bottle
pH anomalies and (2) electrode pH anomalies. A bottle pH anomaly is the anomaly
between the discrete sample pH correcteth tsitu temperature (0B () and the
pH measured by internal Ag/AgCl reference or thelSH as the# |-sensitive

reference electrode with the ISFET as the-sensitive measuring electrode (or

D ( ) (hereafter referred to a¥p ( anomalies)at the same timestamp.
YD ( anomalies between D ( and D ( YD ( . p( N
b ( o andd( " VB[ " are calculated via:
YD ( B ( B( h ® p
YD ( Py p( "H 9 C
YD ( "B bp( "8 ®o

The weathetevel pH data quality threshold defined by the Global Ocean
Acidification Observing Network (Newtoat al, 2015) of< £0.02 pH that Durafet

based pH sensors routinely achieve in nearshore waters (Ganski 2018; 2023;



McLaughlinet al, 2017; Milleret al, 2018, Velo and Padin, 2022) was used to frame
YD ( anomaliesn a standardized context.

An electrode pH anomaly is the difference between®o measurements

at the same timestamp (hereafter referred tgEag anomalies) YD (
anomaliesbetweend ( and b ( 9P ( h , B ( and D ( h
b ( h , andb ( h andb ( h YD ( h " are calculated via:
YD ( "op( p( Mh P T
YD ( hopg p( "h ®
yp( " "oop( " p( M8 % 0
4.5.7 PostCalibration pH Corrections
Af ter sensor calibration and reconstr L

periods (that coincided withthe six-hour period of discretewater sample collection

and that followed salinity changes each dagmooth exponential relationships
between postalibration uncorrected¥YD ( YO( ¢ 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. Plotstb{ anomalies andme manifested as

one of three exponential functiofis(1) Single TweParameter Exponential Decay
(ExpDS2P) function, (2) Single Thré&@arameter Exponential Decay (ExpDS3P)
function, or (3) Single ThreParameter Exponential Rise To a Maximum

(ExpRTMS3P) function. These three exponential functions can be defined via:
%D $ QI A h ™ X
%ZP$QPo®W A h P Y
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%oZD24-d3oc® Ap A h P W
where y is the¥D ( anomalyat a timewhen adiscretewater samplewas
collected U is they-intercept (or the/B ( anomaly at Minute Pbased on
thedata and x is time in minutethat elapsedfterthe salinity change occurred each
day.

In accordance with the discrete sampling approach described in se&t@n 4.
Hour 0 is Minute 0 and Hour 6 is Minute 3@8owever, @ Days 2, 3, and,@& two
stage salinity change occurrethus, the first discrete water sample was not
synchronized with anavas collected 30 minutes after the first sensor measurement
after the initial salinity changédere on Days 2, 3, and the time of the initial sensor
measuremerdfter the first salinity changsas 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 circumstaiicesse thesexponential
functions forpH correction R> > 0.70 and p < 0.01 thresholtigd to be met; all
regressions were performed using SigmaPlot 14. For a description of the pH data
selected for correction anthe correspondingexponentialfunctions used for this
purposeplease see Tables EE110 in Appendix E.

Using the exponential functions described in equations-4.19, a newpH
correction term¥D () was calculated for every sensor measurement within
the sixhour equilibration pericglthat followed salinity changes eaday. Then, the
correctedvalue ofb ( (hereafter referred to & ( is calculated from the

uncorre¢edvalue ofb ( (hereafter referred to & ( )usingYD (

atthetime of each sensor measuremanat

D( D( ; YO( ; 8 & T
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After correction YD ( and¥b ( anomalies (described in sectio®.8)

were calculated using the ndv( |  values using equatier.11-4.13 and 4.14

4.16, respectivelyUncorrectedand corrected YD ( anomalies are hereafter
referred to as/D (|, and¥b ( ; anomalies, respectivelyncorrected
and correctedD ( anomalies are hereafter referred to¥as( and

YD (  anomalies, respectively.
4.6 Results and Discussion

4.6.1 Tank Conditions

The propagated uncertainty (Q; Tabl8)4or the discrete water samplEem
of the tank tests was < 0.0072 pH over all salinitieghorough discussion of the
b ( variation during the tank tests is included in sectiofil3and summary
statistics fo® ( at 25C of thediscrete water samples are given in Tabie Bor

the tank test DIC data, please see Table C.1 and Figure C.1 in ApperdriCest

TA (Table 44 andFi gure C. 2 in Appendix C)yavaried
salinity 1.381 . 41 on Day 3 i n T#&atlalinty 38.98chefazel 7 8

decreasing salinity in Tank 1 on Day 1. Buffering capacity in the test tanks would be

substantially lower than in naturakarshorevaters of the same salinity on Days8 1
since DI water was used for salinity dilution.

Since the tank tests were carriedt in the late spring in a greenhouse where

finite temperature control was beyond the scope of available resources, the tank tests

were conducted ovevarmerwater temperatures between 21 antC3@rables 4.5 and
4.6 and Figure 3.1a in sectior63). Water temperature varied due to salinity cycling

and diel temperature variation. As a result, ratas sftutemperature change between
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sensor measuremen@( A [j B0 Tables 4.5 and 4.6 and Figure 4.2a) varied between
-0.99 and +1.4%€ (0.5 h)! over the narrower range afarmer temperaturesin
contrast salinity (Tables 4.5 and 4.6 and Figure 3.1b in sectiéri)3varied between
1.31.4 on Day 3 and 28:838.9 on Day 6 (and up to 363.0 during the preycling

period prior to decreasing salinity on Day 1). Rates of salinity chafgedj(iQ®
Tables 4.5 and 4.6 and Figure 4.2kgre always maximized as conditions and
available resources allowed andiried between-11.21 and +106 (0.5 h)t.
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.

Table4.3: Summary statistics for the propagated uncertainty (Q) for the discrete
water samples collected on Days5 Jof the tank tests calculated using
temperature and salinity measured by théocated SBE37 temperature
conductivity sensors integrated with SP033 and SP053. Propagated
uncertainties for SP033 and SP053 approximate values of Q for SF2289
and SF2293 sincP ( timeseries from those sensors were calibrated
using the average temperature and salinity for each timestamp measured
between the SBE37 temperatw@nductivity sensors integrated with
SP033 and SP053.

Sensor | Parameter | Dayl1l | Day2 | Day3 | Day4 | Day5 | Day 6
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

SP033 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
Mean 0.0061 | 0.0061 | 0.0048| 0.0041| 0.0054 | 0.0056
SP053 St[?ev 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

15¢



121

Table4.4: Summary statistics for spectrophotome®ig measured at 28 andTA for the discrete water samplas
well ascorresponding bottle salinities measured ongiectrophotometri® ( and TA samples collected
on Days 16 of the tank tests

Parameter Statistic| Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

Mean 8.0193 8.0012 | 7.11® 7.791 7.8762 7.9157
StDev 0.0037 0.0173 | 0.02%1 0.002 0.004 0.0097
Min 8.0127 7.9738 | 7.0649 | 7.7927 7.871 7.9003
Max 8.0254 8.0272 | 7.1681 | 7.8052 7.8848 7.9300
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
Mean 1325.12 | 681.9 109.8 856.53 | 1512.F 1993.%
StDev 2350 2.27 9.10 3.46 2.12 3.44
Min 1315.9 678.% 88.% 851.38 | 1510.10 | 1989.4
Max 1402.98 685.9 124.59 | 862.25 | 1516. 2000.3
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

Specl &1 a425°C

Salinity for 'l &7 - 4

TA (>mol kg?)

Salinity for TA




Table 4.5 Summarystatistics for temperature, the rate of changm isitu temperaturehange(dTempht), salinity, and
the rate ofsalinity change ¢Saltbt) measured by the SBE37 conductivigmperature sensor integrated with

GaT

SeapHOx SP033

o Pre- Post

Parameter | Statistic Cycling Day 1 Day 2 Day3 | Day4 | Day5 | Day6 Cycling
Mean 24.3821 | 24.2281| 27.5682 | 23.6030| 25.0795| 24.2577| 29.1493| 24.5771

Temp (C) Stl:_)ev 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

Mean -0.0526 | 0.0237 | 0.0213 | -0.0772| 0.0073| 0.0515 | 0.0361| -0.0532

dTemp/dt StDev 0.0536 | 0.1704 | 0.2028 | 0.1370| 0.2480| 0.2342 | 0.3199| 0.1463
(°C (0.5 hyY) 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

Mean 30.8595 | 19.0067| 9.6661 | 1.3896 | 12.0939| 21.6666| 28.7927| 29.3249

Salinity Stl:_)ev 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

Mean 0.0031 | -0.2291 | -0.2225| -0.1687| 0.2191| 0.2035 | 0.1478 | 0.0070

dSalt/dt StDev 0.0008 | 1.6032 | 1.3005 | 1.1827| 1.5224| 1.3840 | 0.8723| 0.0232

((0.5 hyY) 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




Table 4.6. Summarystatisticsfor temperature, the rate of changarirsitu temperaturehange(dTempht), salinity, and
the rate ofsalinity change ¢Saltbt) measured by the SBE37 conductivigmperature sensor integrated with

oGT

SeapHOXx SPEB.

o Pre- Post

Parameter | Statistic Cycling Day 1 Day 2 Day3 | Day4 | Day5 | Day6 Cycling
Mean 24.3819 | 24.2283| 27.5689 | 23.5994| 25.0792| 24.2574| 29.1467| 24.5736

Temp (C) Stl:_)ev 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

Mean -0.0525 | 0.0238 | 0.0212 | -0.0770| 0.0071| 0.0517 | 0.0359 | -0.0532

dTemp/dt StDev 0.0537 | 0.1735 | 0.2025 | 0.1376| 0.2474| 0.2343 | 0.3210| 0.1462
(°C (0.5 h)}) 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

Mean 30.7879 | 18.9698| 9.6537 | 1.3896 | 12.0794| 21.6305]| 28.7394| 29.2683

Salinity Stl:_)ev 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

Mean 0.0031 | -0.2284 | -0.2220 | -0.1685| 0.2188 | 0.2031 | 0.1474| 0.0070

dSalt/dt StDev 0.0009 | 1.6112 | 1.2975 | 1.1809| 1.5206| 1.3807 | 0.8896 | 0.0232

((0.5 hyh 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
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Figure 4.2 Tank test timeseries between 11 June 2022 and 21 June 2022. Panel (a)
shows the rate of change im situ temperaturedTemp#it, °C (0.5 h)})
measured by the SBE37 conductivigmperature sensors integrated with
SP033 (solid black line) and SPO%@otted blue line) relative to zero
change (dashed black line). Panel (b) shows the rate of change in salinity
(dSaltiit, (0.5 h)!) 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 dagh Please see Tables
4-5 and4-6 for descriptions of the comparisan



4.6.2 Determination of ™A, - . | ™y “Hi for SeaFETV2s SF2289 and SF2293

To determine experimental values 686  j 4 Al #or SF2289 and
SF2293, values &%  atin situtemperature% O were regressed agairist
situ temperature (Figure 4.3Ppay 6 exhibits the only linear relationship between
% O andin situ temperature when increasing salinity from 21.68 to 28.65.
Therefore, the slopes of the Day 6 relationships were adopted &xpgbamental
% § TW Al B correct%  andD (  betweenin situ temperature and the
reference temperature of@ in subsequent analysé®6 ¥4 A | for SF2289
and SF2293 were0.8874 mV°C? and -0.7332 mV°C?, respectively. Regression
parameters for the Day 6 relationships betw#en; O andin situtemperature are

given in Table 4.7.

Table 4.7 Regression parameters for linear relationships bet®@&en, O andin
situ temperature for SeaFEVY2 2289 and 2293 sensors. The slopes of
these regressionare experimental values o2 T4 Al Br the
half-cell reaction approact O is calculated on the total scate
molinity (mol (kg-soln)! units.

Half-Cell Reaction Approach

" 4 A H
nm 2
Sensor | Day (mV °C) Intercept (V) R
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.
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Figure 4.3 %  calculated atin situ temperature % O versusin 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 (sta®8). ; O is
calculated on the total scale in terms of molinity (mokgkén)?) units



4.6.3 PostCalibration pH Corrections

Exponential functionsuilt from plots of YD ( anomaliesversustime
were used to calculate values ¥D ( ;  that were used to correct values of
b( according to equation 4.20 (in sectio®.4) at the time of each sensor
measurement within the shour electrode equilibration periods each daggression
parameters for the exponential functions used to calcuddtes ofYD (  ;  used
for pH correctionfor SF2289 (Tableg.1to E.3), SF2293 (Tablek.4to E.6), SP033
(TableE.7), and SP053 (Tablds.8to E.10 are described further ilppendixE. All
exponential functionshad R > 0.70 and pralues < 0.01 An example series of

exponential functions that were used to calculatebg 7 , YD ( | h ,

and¥D ( j " terms used to correct valuesBf( , D (

=52 ¢

, and

b ( F‘ﬁ 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, &6l 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
comparisonsbetweenuncorrected B ( j and corrected B (| pH
datarectdd || mpl i es a: (apHndatafan a whiclo ancormedtion was
applied gubstantial for th&eaFET VZensor and minimal for the SeapHOXx sensors)

(b) pH data that did not require a correct{bke a majority of the SeapHOXx pH data)

and(c) pH data for which a correction was not appletause robustexponential
function that could be used to calculate necessaryd (| term was not

present(e.g, D ( F‘ﬁ and b ( ﬁﬁ data for all four sensors on Day 3 at

salinity ~1.381.39).
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Figure 44: Exponential function used to calculatelues of¥YD ( ; that were

thenused to correctalues o ( (solid blue line)at the time of

each sensor measurement mageSeaFETV2 2289 on Day 4 when
increasing salinity from ~1.39 to ~12.05he exponential fils shown

relative tothe YD ( anomalies(open black circles) and zero

anomaly (dashed black lin€ljhis is a Single Twdarameter Exponential
Decay (or ExpDS2Punction
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Figure 45: Exponential function used toalculatevalues of YD ( i " that
were thenused to correct values &f ( hﬁ (solid blue line) at the

time of each sensor measurement made by Se&2EA289 on Day 4
when increasing salinity from ~1.39 to ~12.05he exponential fitis
shown relative to th&D ( i " anomalies (open black squares) and
a zero anomaly (dashed black lin@his is a Single Thre@arameter

ExponentialRise To aMaximum(or ExpRTMS3P¥unction.
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4.6.4 Comparisons ofUncorrected and Corrected! &M -t

4.6.4.1 SeaFET V2 Sensors
Uncorrectedb ( b( 5 poorly trackb ( for SF2289 (Figure

4.7) and SF2293 (Figure.®) during the tank testdespite the different magnitudes of
pH changeacrosshe six days of testind (5 andb ( approach paritpy

Hour 6 each dagftersensor calibrationsing the discrete water samples (described in
section 45.4). On Days 12, B( more closely trackedD ( than

b ( F‘ﬁ and b ( F‘ﬁ . On Day 3,b ( F‘8 and b ( F‘ﬁ better
track B ( at salinity ~1.381.39 while all threeb ( timeseries poorly
trackD ( on Days 45; note the broaddd (  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

b( timeseries behave differently at the onset of thehetr monitoring

period when salinity is increasémm 21.68 to 28.65. Her® ( hﬁ goes above,

b( falls below, andb ( hﬁ aligns with B (. However after

correction, the alignment betweenorrectedb ( Bb( ¢ and b ( for

SF2289 (Figure &) and SF2293 (Figure .¥0) substantially improves; this is

exceptionally demonstrated on Days 1 and 5 for all thrée ; timeseries.
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SeaFET V2 2289 - Uncorrected pHE'®C (pH®'®¢ )
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Figure 4.7: Uncorrectedtank test pH sensor tirreeries for SF2289. Panels (&) show B (
b ( hﬁ (sienna), and® ( hﬁ (dark blue)during Days 16 of the tank test€ompared against
b( (circles) as a function of salinity (colooded) from the skhour monitoring periodollowing each

salinity change. When applicab®,(  from the discrete samples preceding each salinity change (diamonds)
on Days 16 are also shown only to provide context for the magnitude of salinity change each day.
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SeaFET V2 2289 - Corrected pH
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Figure 4.8: Correctedank test pH sensor tirreeries for SF2289. Panels«(8) showb (

h

¢

(sienna), and ( v  (dark blue)during Days 16 of the tank testsompared againd (
function of salinity (coloitoded) from the skkour monitoring periodollowing each salinity change. When
applicable b ( from the discrete samples preceding each salinity change (diamonds) on-®ays also
shown only to provide context for the magnitude of the salinity change eacRldage see Tablés1-E.3 in
Appendix Efor descriptions of thexponential functionssedfor pH correction.
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SeaFET V2 2293 - Corrected pH®'® (pH®'® )
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Figure 4.10: Correctedank test pH sensor tireeries for SF2293. Panels(#)showb (  (dark green)P (

(sienna), and ( hﬁ (dark blue)during Days 16 of the tank testsompared againg ( (circles) as a

function of salinity (colorcoded) from the skkour monitoring periodollowing each salinity change. When
applicable b ( from the discrete samples preceding each salinity change (diamonds) on-®ays also

shown only to provide context for the magnitude of salinity change eaclPtimse see TabldsS4-E.6 in
Appendix Efor descriptions of thexponential functionasedfor pH correction



4.6.4.2 SeapHOXx Sensors
Unlike the SeaFET V2 sensors, the SeapHOx sensors achieved a fast and

accurate response to new saliniti@s demonstrated by the improved agreement

betweenb ( andb ( for SP033 (Figure 41) and SP053 (Figure. 1)

starting at Hour O across all six daystes$ting Still, on Days 12, b ( hﬁ and

b ( F‘ﬁ more closely trackb ( than B (| while all three
b( timeseries reasonably tradk ( on Days 36 despite the different
magnitudes of pHchangeacrossthesefour daysof testing Because of this, pH

corrections for the SeapHOXx sensors were few relative to the SeaFET V2 sensors.

After applying the pH corrections, the alignment betw&( ; andb (
improves for SP033 (Figure.l?) and SP053 (Figure.®4) for certain b (

¢

timeseries orertaindays. For SP033, alignment betwd2ry ; andb (

¢

improves on Days 1, -8, and 6. For SPO053, alignment betweBr( |,

p( " ,andd( % withB( improves on Days-2, Day 5, and Days-,

respectively.
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SeapHOXx SP033 - Uncorrected pH®'®¢ (pH®'e¢ )
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Figure 4.12: Correctedtank test pH sensor tirseries for SP033. Panels(f)showb ( (dark green)p (

(sienna), and ( hﬁ (dark blue)during Days 16 of the tank testsompared againg ( (circles) as a

function of salinity (coloicoded) from the sthour monitoring periodollowing each salinity change. When
applicablep ( from the discrete samples preceding each salinity change (diamonds) on-®ays also
shown only to provide context for the magnitude of salinity change eachPtsase see Table.7 for in
Appendix E fordescriptions of theexponential functionsisedfor B ( correction No corrections

were performed fob (' andb ('}
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SeapHOXx SP053 - Uncorrected pH®'®® (pH®'®¢ )
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Figure 4.13: Uncorrectedtank test pH sensor tirseries for SP053. Panels (&) show B ( (dark green),
b ( hﬁ (sienna), and® ( hﬁ (dark blue)during Days 16 of the tank test€ompared against

b( (circles) as a function of salinity (colooded) from the skhour monitoring periodollowing each

salinity change. When applicab®,(  from the discrete samples preceding each salinity change (diamonds)
on Days 16 are also shown only to provide context for the magnitude of salinity change each day.
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Appendix Efor descriptions of thexponential functionasedfor pH correction



4.6.5 Comparisons ofUncorrected and CorrectedY! & -t MHomalies

To facilitate direct comparisons oD ( anomalies between the two
SeaFET V2and two SeapHOxsensors, we instead group data according to the
YD ( anomaly (defined in equations 4.14.13 in section 4.6) timeseries
rather than by sensor. These sensors are routinely capable of achiBving
anomalies ok +0.02 pH (or the GOADN weatheflevel pH data quality threshold
(Newton et al, 2015)) in dynamic nearshore waters (Gonskial, 2018; 2023;
McLaughlin et al, 2017; Miller et al, 2018, Velo and Padin, 2022%ummary

statistics for alyD ( anomalies are included in TablE4-F.6 in AppendixF.

4.6.5.1 Yl g L& nnomalies

UncorrectedyD ( YO ( anomalies for SF2289 and SF2293
(Figure 4.15and Table F.1) and SP033 and SP053 (Figurdé3land TableF.2) all
increase with time on Days-3 and decrease with time on Days5.4Then, all
YO( anomaliedor all four sensors approach a zero anontgly\Hour 6on
all days after sensor calibration using the discrete water samples (described in section
45.4). The increasing and decreasing trends in and the exponential nature of the
relationships betweebd ( anomalies and time indicate dynamic errors in
electrode response to new salgstand thesubsequent electrode equilibration period
neead to respond to them(discussed in further detail in section6.4.1).
YO( § anomalies (and dynamic errors in electrode respomeeg generally
greater for the SeaFET V2 sensors compared to the SeapHOx diesorsDays 4
5.
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Figure 4.15: Uncorrectedank test bottle pH anomaly tinseries betweeb ( andb ( YB( |

anomalies)Panels (a)f) show¥D ( anomalies for SF2289 (diamonds), SF2293 (circles), SP033
(squares), and SP053 (triangles) as a function of salinity {cotted) relative to a zero anomaly (solid black

line) and the GOAON weathetlevel pH data quality threshold (+0.02 pH; dashed black limeganel (a),

the¥D (| 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 D&ehse see Tablésl andF.2 in
AppendixF for descriptions of the comparisons



Dynamic errors in electrode response are greatest at Hour O when
YO( anomalies are greatest and range betw@dr?89 and +0.1825 pH for
SF2289 and SF2293 and betwe@r0600 and +0.0400 pH for SP033 and SP053; all
of which are larger than the GOGAN weatheilevel pH data quality threshold of
+0.02 pH. Moreover, when Hour¥® ( i 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 O anomaly. This poses a substantial problemnmefor
SeaFET V2 sensorand lead to large pH measurement inaccuracies directly
following large rapidsalinity changes.

After correction correctedyD ( YO ( i anomalies for SF2289
and SF2293 (Figure 4.16 and Tablé) and SP033 and SP053 (Figure 4.16 and Table
F.2) substantially improve. The pH corrections also remove the exponential nature of
the relationships betwee® (| anomalies and time. After correction, 100%
ofB(  anomalies for all four sensors between Hours 0 and 6 on Days 1Gand 4
are< +0.02 pH and meet the GOABN weatheilevel pH data quality threshold. On
Day 2, there is a modest improvement and most obtfle ; anomalies are also
< +0.02 pH for all sensor©n Day 3, pH corrections reduce the rang®df
anomalies by >50%. Stilp ( ; 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 ~1-389.
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Figure 4.16: Correctedtank test bottle pH anomaly tirseries betwee® ( andD(  (YB(  anomalies).

Panels (aff) show¥D ( ; anomalies for SF2289 (diamonds), SF2293 (circles), SP033 (squares), and

SP053 (triangles) as a function of salinity (cetoded) relative to a zero anomaly (solid black line) and the
GOA-ON weatheilevel pH data quality threshold (x0.02 pH; dashed black lines)panel (a), the

YD (  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 Dalldase see Tables F.1 and F.2 in
Appendix F for descriptions of the comparisons.



4.6.5.2 ¥ EM IR AN omalies

Uncorrected YD ( " YD ( . M anomalies for SF2289 and

SF2293 (Figure 4.17 and Tal#e3) and SP033 and SP053 (Figure 4.17 and Table

F.4) exhibit varying trends with time. AVD ( i " anomaliesfor all four

sensors approach a zero anontalyHour 6on all days after sensor calibration using

the discrete water samples (described in secti®d)4The increasing and decreasing

trends in and the exponential nature of the relationships bet¥Bgn ﬁ h

anomalies and time indicate dynamic errors in electrode response sal@tiesand

the subsequent electrode equilibration period ed&ul respond to them (discussed in

further detail in section 8.7.2). YD ( i h anomdy rangeswere 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 O when

YD ( i " anomalies are greatest and range betw@d€Y55 and +0.137 pH for

SF2289 and SF2293. On the other hand, HO¥P{ ; " anomalies for SP033

and SPO053 range betweed.0280 and +0.0158 pH an@.0189 and +0.042¢H,

respectively. When removing Day 3 da¥@) ( ﬁ h anomalyranges decrease to

between0.0152 and +0.0158 pH an@.0189 and +0.0070 pH for SP033 and SP053,

respectively YD ( ﬁ h anomaly ranges SF2289 and SF2288 unaffectedf

this was doneFor SF2289 and SF2293, the Hou¥® ( : " anomalies are
larger than +0.02 pH anthke >60 minutesbefore they attain this threshold (as
demonstrated on Days-2). Therefore, large¥YD ( ﬁ " anomaliesfor the

SeaFET V2 sensorsndicate substantial pH measurement inaccuracies directly

following large rapidsalinity changes.
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and B ( hﬁ (S/D ( R h
anomalies)Panels (a)f) show ¥ ( ﬁ anomalies for SF2289 (diamonds), SF2293 (circles), SP033
(squares), and SP053 (triangles) as a function of salinity {colied) relative to a zero anomaly (solid black
line) and the GOAON weatheilevel pH data quality threshold (+0.02 pH; dashed black lifespanel (a),

the YD ( i " 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 CrRlgdse see Tabl&s3 and
F.4 in AppendixF for descriptions of the comparisons.
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Figure 4.18: Corrected tank test bottle pH anomaly tirseries betweerD ( and D ( h8 (YD ( i h

anomalies)Panels (a)f) show ¥D ( i " anomalies for SF2289 (diamonds), SF2293 (circles), SP033

(squares), and SP053 (triangles) as a function of salinity {colbed) relative to a zero anomaly (solid black
line) and the GOAON weatheilevel pH data quality threshold (+0.02 pH; dashed black lifespanel (a),

the YD ( i " 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 CrRlgdse see Tabl&s3 and
F.4 in Appendix F for descriptions of the comparisons.



After correction correctedYD ( h YD ( ﬁ " anomaliesfor

SF2289 and SF229Figure 418 (see previous pagand TableF.3) and SP033 and
SPO053(Figure 4.18 and Table F.4) substantiallyimprove This also removedhe
exponential nature of theirrelationships with time. After correction, 100% of

b( " anomalies for all four sensors between Hours 0 and 6 on Dayend

4-6 are< +0.02 pH and meet the GOAN weatheflevel pH data quality threshold.
On Day 6, howeverYD ( i " anomalies (that were not corrected and are the
same as YD ( i h ) were already< #0.02 pH for all four sensors.

YD ( i " and YD ( i " anomaliesare the same on Day Because no

correction waspossibledue equilibration issues between the electrode surfaces and
overlying waters with lovbuffering capacity at salinity ~1.3B39
4.6.53 ¥ EM IR AAnomalies

Uncorrected YD ( "oV ( ; " anomalies for SF2289 and

SF2293 (Figure 4.19 and Tahite5) and SP033 and SP053 (Figure 4.19 and Table

F.6) exhibit varying trends with time/b ( ﬁ h anomaliesfor all four sensors

approach a zero anomaby Hour 6on all days after sensor calibration using the

discrete water samples (described in secti@4). The increasing and decreasing

trends in and the exponential nature of the relationships betWBegn i d

anomalies and time indicate dynamic errors in electrode response to nevesainuit

the subsequent electrode equilibration period ed&ul respond to them (discussed in

further detail in section 8.7.2). YD ( ﬁ " anomdies were larger for SF2289

and SF2293 andmallerfor SP033 and SP053. Dynamic errors in electrode response
were greaterdr the SeaFET V2 sensors while the SeapHOx sensorsistently

achieved a fastnd accurate sponse to new salinities across all six days of testing.
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Figure 4.19: Uncorrectedtank test bottle pH anomaly tirseries betweer ( and b ( *}3 YB( h

anomalies)Panels (alf) show YD ( i " anomalies for SF2289 (diamonds), SF2293 (circles), SP033

(squares), and SP053 (triangles) as a function of salinity {colied) relative to a zero anomaly (solid black
line) and the GOAON weatheilevel pH data quality threshold (+0.02 pH; dashed black lines. In panel (a), the

b ( i " 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 D&Jehse see Tables F.5 and F.6 in
Appendix F for descriptions of the comparisons.



Dynamic errors in electrode response are greatest at Hour O when

YD ( i " anomalies are greatest and range betw@€841 and +0.1349 pH for

SF2289 and SF2293. In contra¥® ( i " anomalies at Hour 0 only range

between0.0309 and +0.0156 pH ar@.0224 and +0.0414 pH for SP033 and SP053,

respectively. After removing the Day 3 data, the HouVE( i h anomaly

rangesdecreaseo between0.0176 and +0.0156 pH and 0.0048 a@d224 pH for

SP033 and SP053, respectively. The Houlf ( i h anomaly ranges for

SF2289 and SF2293 remain unaffected if Day 3 data were removed. Because of this,
the Hour 0YD ( i " anomalies for SF2289 and SF2293 are still > £0.02 pH.
Therefore, whether the responsedisf CI-ISE and ISFET are split out and isolated
using the halcell reaction approach or are combined using the complete cell reaction
approach, dynamic errors in electrode responsedsitié substantial pH measurement
inaccuracies for the SeaFET V2 sensors directly following large ragiithity

changes.

After correction correctedYD ( h YD ( ﬁ " anomalies for

SF2289 and SF2293 (Figure 4.20d TableF.5) and SP033 and SP0O5Bigure 4.20
and TableF.6) substantially improve angemove theirexponential relationships with
time. After correction, 100% ofD ( " anomalies for all four sensors between
Hours 0 and 6 on Days2 and 46 are< +0.02 pH and meet the GOAN weather
level pH data quality threshold. Fortunatelyhetherb ( is calculated using the

half-cell or complete cell reaction approacheg can still be corrected

YD ( ﬁ " and ¥b ( 5 " anomalies are the same on Day 3 and were not

corrected for any sensor becatisere was nealearexponential relationship that could

18¢
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Figure 4.20: Corrected tank test bottle pH anomaly tisexies betweerD ( and B ( YB( i

anomalies) Panels (a)f) show¥D ( " anomalies for SF2289 (diamonds), SF2293 (circles), SP033

(squares), and SP053 (triangles) as a function of salinity {colbed) relative to a zero anomaly (solid black
line) and the GOAON weatheilevel pH data quality threshold (+0.02 pH; dashed black lifespanel (a),

the ¥D ( i " 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 D@lease see Tables F.5 and F.6 in
Appendix F for descriptions of the comparisons.



be useddue to the equilibration issues between the electrode surfaces and overlying

waters with low buffering capacity at salinity ~1-B&9.

4.6.6 Connectingyl & A Hid ¥ g HH KHomalies
An unanticipatedbenefit ofthe pH correctionghat minimized the anomalies

betweenb ( and b ( (or YD ( anomalies)is that they alsoin turn,
reduceYD ( anomaliesFor exampleconside® (  j andb ( ﬁﬁ
and a largeuncorrected electrode pH anomalgefined in equations 4.141.16 in

section 45.6) between them¥b ( i o pH correctionsusing B ( are

=<

employed for bothB ( and b ( , then this minimizes both the

Y(  and YD( " anomalies This, in turn, minimizes the
YD ( ﬁ h anomaly since now both (  ; andb ( ﬁﬁ are now accurate
relative tob (. Therefore YD ( and YD ( anomalies are related
to the¥D ( anomaly via:
b ( b ( YD ( h 8 p
which holds true for altank tes® ( andb ( y timeseries.
Example series for these calculations for thé andb (

timeseries measured by SF2289 on Day 4 when increasing salinity from 1.39 to 12.05
are given in Figures.2l, 422, and 423. In retrospect, it is not surprising that
equation 4.21 holds true for the tank tektta This is because the respective
calibration constants for each reference electrode that were applied were determined
from D ( of the same discrete water sangplélowever, a more systematic
compilation and review of field data collected to date are needed to confirm that
equation 4.21 remainbroadly applicable in other settings and applications. It is

important to note, however, that the 1 ( anomalies calculateflom field

18t
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Figure 4.21: pH correction timeseries forb ( andb ( " measured by SeaFBE2 2289 on Day 4 when increasing
salinity from ~1.39 to ~12.05. Panels (a) and (b) showtiw@rrectecaindcorrected ( (solid dark green)
andb ( h (solid sienna), respectively, relative fio( (open black circles). Panels (c) and (d) show the
uncorrectedand correctedbottle pH anomalies betwed ( andb ( (YD ( ; solid dark green)
and b ( and b ( h (YD ( h - solid sienna), respectively, relative to a zero anomaly (dashed
black line). Panels (e) and (f) show tirecorrectecandcorrectecelectrode pH anomalies betweBr( and

p( " (IP( "+ solid salmon) and anomalies betwedtb ( and YD ( d

(YD ( n ; solid blue), respectively, relative to a zero anomaly (dashed black line).
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Figure 4.23: pH correction timeseries fob ( " andb ( " measured by SeaFB12 2289 on Day 4 when increasing

salinity from ~1.39 to ~12.05. Panels (a) and (b) showtterrectedand correctedd ( h (solid sienna

andb ( h (solid dark blue), respectively, relative fibo( (open black circles). Panels (c) and (d) show
the uncorrectedand correctedbottle pH anomalies betweed ( and b ( h (YD ( h ; solid
sienna andb ( andb ( h (YD ( h ; solid dark blue), respectively, relative to a zero anomaly
(dashed black line). Panels (e) and (f) showuheorrectedand correctedelectrode pH anomalies between
p( " adb( " ¥B( " " ; solid salmon) and anomalies betwed® ( " and

b ( h (YD ( n ; solid blue), respectively, relative to a zero anon{dbshed
black line).



data may not equate to |oMD ( 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 discussisnund the role o¥D ( anomaliesn

data quality control and reporting for field data as more work is undartaktéhe

future.

4.6.7 Why are Electrodes Responses between Sensor Models so Different?

Here, he notable contrast between the responses of the electrodes integrated
with the SeaFET V2 and SeapHOx sensors over large safirdty changes is both
surprising and unexpected. Based on the 1¥Dé 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 eapddaccurateesponse.

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/AgCI reference electrode are driven by liquid junction potentials
(Gonskiet al.,2023). The internal Ag/AgCI reference is a Ag wire that is surrounded
by a 4.5 M KCI reference gel that exchanges ions with overlying waters through a
liquid junction. With a ~30 fold change in salinity astl] during the tank tests, the
saturated KCI reference gel must establish and maintain equilibrium exchatde of
(and+ ) ions with the overlying waters across the liquid junction as salinity changes
each day to preserve its Nernstian responsg to lon exchange is driven by and

responds to the chemical potential gradient across the liquid junction between the



saturated KCI reference gel and the overlying waters that scales directly to the
difference in # 1 of the two reservoirs. Therefore, as salinity a#id decrease on
Days 13, an increasingchemical potential gradieritetweenthe overlying waters in
the tanks (lower# 1) from the reference gel (highet# 1 ) forms and vice versa on
Days 46 when increasing salinity ang | .

Under these conditions, the saturated KCI reference gel relgdsess into
the overlying waters across the liquid junction on Dayg&vithen decreasing salinity
and # 1, and then# | ions transit from the overlying waters across the liquid
junction to the KCI reference gel when increasing salinity ahd on Days 46.
Throughout this process, if equilibriuth1 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
describedandcan be reconstructed using sensor calibration constants calculated using

b (

4.6.7.1.1 SeaFETV2 Sensors

The presence and impacts of liquid junction potentials are easily demonstrated
in the calibration constants for the internal Ag/AgCl reference for a SedREEnsor
(E ; defined in equation 4.4 in section34£.1) at its common reference
temperature of @ (SeaFETV2 2293 used as an examplBigure 424) 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 & would be expected to be relatively tirmerariable,

19C



and the sixhour voltage ranges following salinity changes each day would be
expected to approximatetween 0.69 and 1.4V (or the voltage equivalerdf 0.02

+ 0.0072 pHat (°C); these valuesire the GOA-ON weatheflevel pH data quality
threshold of0.02 pH and the maximum propagated uncertainty (Q) of the discrete
samples of +0.0072 pH calculated from equation 4.10 in sectidrb 4and
summarized in Table 4.4 irestion 46.1), respectively. However, this is clearly not

the case for all six days of testing.
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The same exponential trends exhibited by ¥Be( anomalies with
time (described in section®5.1) also manifest in relationships betwden and
time as exceptionally demonstrated Days 24. Increasing or decreasing trendse
on Days 35 indicate dynamic errors in the response of the internal Ag/AgCI
referenceHere, calibrating the SeaFB2 pH data to the Hour 6 values &f IS
justified since the values & stabilize and levebut by Hour 6 each daye(g, the
electrodes have finally equilibrated to new environmental conditions).sikHgour
voltage ranges forkE for SF2293 on Days-2 and 6 were< 2.07 mV, and
reasonably approximate what is expected based the-GRAveathetlevel pH data
quality threshold. On the other hand,-Bioxur voltage ranges & ranged between
4.22 and 10.75 mV on Days53¥or SF2293though an equilibration issue between the
electrode surfaces and overlying watersoof buffering capacityikely contributes to
this on Day 3. Moreover, larger shour voltage ranges fdf also correspond to
larger¥D (| anomalies for the SeaFBJ2 sensors (shown in Figure 4.15 in
section 46.5.1). Therefore, liquid junction potentials led to greater pH inaccuracies
directly following salinity changes on Daysb3elative to Days-P and 6.Thisis also
supported by temporal trendstime ¥B ( anomalies Eigure 4.15 in section
46.5.1).

Liquid junction potentiad have not yet been documented in deployments of
Durafetbased pH sensors over narrow ranges of high salinity (> 30) in seawater in the
open oceanlt interesting to note that liquid junction potentials manifest without the
noticeable spikiness i (defined in equation 4.4 in section64.1; data not
shown) seen in field data (please see Figures25in section 2.2.1and Table 2.1 in

section 24.2.3 and last for several hours like on Days.3Further 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 chagges in and
changes in pHg.g, both increase or both decreas®hereast is desirable to produce

an identical liquidjunction potential across all sensor measurements regardless of
changes in environmental conditions (Matal, 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 KCI reference gel
(discussed in section 21.1) may also contribute here. However, past work
demonstrated that this thermal lag did not have a consistent substantial effect on
dynamic electrode responsaigcussed irGonskiet al, 2023 and section 24.2.2 in
Chapter 2 Moreover, he 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 @6 (Bresnaharet al, 2014; Foxet 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 handiguid junction potentials for the internal Ag/AgClI reference
in the SeapHOX sensors are either substantially reduced or not present at all based on

the values ofheir calibration constants at ttemmonreference temperature of 25
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(%  ; described in equation 2.1 in sectioB.2.1). Here, the voltage equivalent of
0.02 +£0.0072 pH is between 0.76 and 1.61 ra¥/2%C. When using%  for
SPO053 (Figure 45), the sixhour voltage ranges of the equilibration periods following
the salinity changes each day only rashgetween 0.20 and 2.50 mV over all six days.
This demonstratethe rapid and accurate response of the internal Ag/AgCI reference
for the SP053 directly followinghe salinity changes at all salinities over all days
makethe SeapHOxpH data directly comparable to the SeaP#X pH data, the same

calibration method €.9., calibrating sensemeasured pH to the Hour 6 values of

% ) was alsasedfor SP033 and SP053.
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4.6.7.2 Dynamic Errors in CI-ISE Response
The CHSE is AgClwith small amounts of C3that is compressed into a solid
pellet whose solid surface is exposed directly to the overlying waters during
measurement (Martzt al, 2010). With a ~3dold change in salinity and# | during
the tank tests, the solid AgCIl surface of thelSE must establish and maintain
equilibrium exchange of lions with the overlying waters as salinity changes each
day to preserve its Nernstian response#tb. Under large rapid salinity changes,
dynamic errors in electrode response for thdSH are driven by (1) the initial
electrode reaction that occurs on the solid AgCl surface of tRESECIdirectly
following the change in salinity ané¢ 1 expressed via:
lc#0 Af 1 @ #I1h 18 C
and subsequent equilibration with AgCI between th¢SEl and theoverlying waters
via:
| C#1! C #18 18 O
On Days 13, as salinity and# | decreases in the tank waters, the initial
electrode reaction (egtion 4.22) proceeds in the forward direction a#d ions must
dissolve off the solid AgCI surface of the-ISE into the overlying waters to restore
equilibrium ion exchange. Then, on Days 4s salinity and# | increases in the
tank waters, the initial electrode reacti¢eouation 4.22) proceeds in the reverse
direction and# | ions must come out of the tank waters andaecentrate on the
solid AgCl surface of the @E to restore equilibrium ion exchandels important to
note that some amount bf C ions will alsodissolve off and r&oncentrate onto the
AgCl surface of the CISE on Days 43 and Days b, respectively, as salinity
changes. However, this C ion exchange is insignificant relative b1 since the

# 1 in seawater (>0.5 mol K is several orders of magnitude greater thanth€

19t



in seawater (~18 pmol Kg. If the initial electrode reactiofequation 4.22) and the
subsequent equilibration with AgCIl between thelSE surface and overlying waters
(equation4.23) does not occur before the sensor measurement following the salinity
change each day, it is reflected in the voltages measured between-IBie &id
ISFET. This leads to the equilibration periodsat can be reconstructed using the
sensor calibration constardalculated using ( for the halfcell and complete cell

reaction approaches for pH calculation using théSEl as the reference electrode

4.6.7.2.1 SeaFETV2 Sensors

Equilibration issues with AgCl are easijemonstratecby the calibration
constants for the @SE ina SeaFETV2 sensor for the halfell %6 | f; defined in
equations 4.4.9 in section 48.2.3) and complete celE(  ; defined in equation 4.6
in section 43.2.2) reaction approaches$f equilibration issues with AgCIl were not
present for the GISE, then values d¥% 4 ; andE should be relatively time
invariable with sixhour voltage ranges that approximateange between 0.69 and
1.47 mV (or the voltage equivalenf 0.02 + 0.0072 pH at theommonreference
temperaturef 0°C) over the sixhour equilibration periods following salinity changes
each day. This, however, is not the case.

Consider% 4 5 and E for SF2293 (Figure 46); clear increasing
exponential relationships are present on Dagsahd 4 over sbhour voltage ranges
between 3.92 and 7.89 mV f&6 , ; and 3.97 and 7.93 mV f& . This clearly
indicates equilibration issues with AgCI for the-ISE on Days 2 and 4 wherg¢he
initial electrode reaction (equation 4.22) occurs at the Hour O point and then the
subsequent equilibration withgCl between the solid AgCI surface of thelSE and

the overlying waters (equation 4.23) occurs between Hour 0.5 and Hour 6. Here,
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calibrating the SeaFEV2 pH data to the Hour 6 values & 4  andE is
justified since values &% 4 ; andE stabilize and level out by Hour 6 each day
(e.g.,electrodes have finally equilibrated to new environmental conditions). Further
scrutiny of6 (defined in equation 4.6 in sectiorb4.2; data not shown) also
revealed that GISE response aligned with what is expected based on the salinity
changes each and the inverse relationship between char§es in and changes in

A (and salinity) €.g, 6 increases wheA (and salinity) decreases and vice
versa).Equilibration issues with AgCI for the 8Es integrated with the SeaFET V2
sensorsalso manifestd without the noticeable spikiness (defined in
equation 4 in section 46.5.2; data not shown) seen in field data (please see Figures
2.4-2.5 in section 2.2.1 and Table 2.1 in sectioM2.3).

On Day 3,% 4 j andE both exhibit substantial scatter with giour
voltage ranges of 2.80 mV and 2.75 mV, respectively. Hére,; ; andE 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 sectiort® in Chapter 3, calculating on the free scale in
molality (mol (kgH20)?') causesk on Day 3 at salinity ~1.38.39 to be
positively shifted relative to the data on Days-P and 46 at salinity> 9.6-9.7.

% 4 ; that is calculatedn the total scale in molinity (mol (kgpin)') does not
exhibit this shift Meanwhile, on Days-6 at salinity > 20, values % 4 ; and

E are relatively timevariable with sixhour voltage ranges between 0.49 and 1.05
mV and 0.71 and 1.05 mVespectively. On Days-6, the CHISE behaves as expected
and equilibration issues with AgCl are substantially minimized or not present at all.

Therefore, equilibration with AgCI between the solid AgCl surface of tH&Elard
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overlying waters took longer and drove greater pH inaccuracies on B2yand 4
while the opposite is true is Days65 thisis also supported bthe temporal trends in

Yo ( " and¥D( ; " anomalies shown in Figure 4.17 in sectiof .2

and Figure 4.19 in sectiont45.3, respectively.

4.6.7.2.2 SeapHOXx Sensors
Dynamic errors in CISE response for the C8Es in the SeapHOXx sensare

either substantially reduced or not present at all based on the values of their calibration

constants for the hatfell (%  j ; described in equation 3.27 in sectioB.2.2 and
equations 3.33.34 in section 3.2.4) and complete cell’§ ; ; described in
equation 3.2 in section 31) reaction approaches at the reference temperature of
25°C. When considerin@ 7 ; and%  for SP053 (Figure 47, the voltage
equivalent of 0.02 + 0.0072 pH is between 0.76 and 1.61 mV at the common reference
temperature of Z&. Here% and%  arerelatively timeinvariable with
six-hour voltage rangedetween 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 ~1.381.39, sixhour voltage ranges f@  ; and% j further decrease
to between 0.36 and 1.17 mV a0 andl1.40 mV, respectively, for SP053his
indicates equilibrationwith AgCl between the solid AgCl surface of the-ISE
integrated into SP0O53 and overlying watpreceeded rapidly on Days2land 46.

Still, on Day 3%  thatis calculated on the free scale in molality (mokde®)™?)

is positively shifted at salinity ~1.3B.39 relative to thé6  data on Days-2 and
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4-6 at salinity> 9.69.7.% 4 ; that is calculatedn the total scale imolinity (mol
(kg-soln)!) does not exhibit this shift. To make the SeapH@% data directly
comparable to the SeaFEVR pH data, the same calibration methadg(, calibrating

sensommeasured pH to the Hour 6 values®%f ; ; and% ) was alsasedfor

SP033 and SP053.

4.6.7.3 Differences Between SeaFEV?2 and SeapHOxSensorConfigurations

The reproducible exponential nature of the observed relationships between
YO ( anomaliesand time(and sensor calibratiotonstantsaand time)for the
electrodes in the SeaFET V2 sensors suggests a systemasie of thie dynamic
errors in electrodeesponse This leadsto differences in how thealifferent sensor
modelsareconfiguredandprogrammed to operat&he SeapHOXx 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. Ircontrast here,the SeaFET V2 sensor is a passively flushed sensor
where tank waters passively driftroughthe biofouling guardsvhere 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 referencelectrodeonly 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
occursinasermncl osed environment that iis stildl
and voltages may be measured under flow as waters drift in and outSHaRETV2

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 awérlying tank waters andontributeto 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 caulsedhanges in the water flow rates
around the electrodesside the biofouling guardsduring measurement; otherwise
known as fistr eamietag202l).Howeavds it vould bB difficalttoa w
T (a) estimate a water flow rate through the Seabiouling guardsand (b) prove
the water flow rates were changing as tank waters were drained and then added and
mixed beforeand duringsensor measurements.

The CHSEs integrated into th8eaFET V2 andeapHOxsensorsoriginate
from different manufacturersbut they arestill chemically similar since both are
prepared by compressing and sealing solid peti@tsposedf AgCIl with some! C3
into a waterproof assembly. After direct exposure to the seawater,-tB& Qkes the
# 1 ions in seawater to establish its reference potential (Joleisain 2016). The Gl
| SEO6s r ef er en cstochande anshlinity anég t alsotchamgén esitu
(Martz et al, 2010). Over the ~3fbld changes in salinity and# | during the tank
tests,variation in the evolution and nature of the surface character of the different ClI
ISE types and across redundartl€Es 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 magnitude

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 ransubhbgesused in pH
calculation at each time point. The SeapHOx sensor uses an average of 20 voltages
collected over a E8econd measurement period at each time @diat pumped flow
ceasedor pH measuremenOn the other hand, the SeaFET V2 sensors use the final of
only four voltage measurements collected over ase&ond measurement period for
pH calculation at each time point; the same approach is also employed for the
thermistor vol tages used to <calculate te
internal thermistorsfor the SeaFET V2 sensorLlfarles Branham of Sdgird
Scientific, Personal Communication, Oct 2023).

Accordingly, the SeaFET V2 sensors measure five times fewer voltagea over
measurement period that is 32 times shorter than what is done with the SeapHOx
sensors. If the 0:5econd 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 sensasured pH we obserf@ the SeaFET
V2 sensorsTherapid response of the SeapHOXx sen¢thrat also use the Durafet and
a chemically similar GISE) where dynamic errors in electrode resporese
substantially minimized or not present at all further supports this assertion.

Therefore, the differences in the voltage measurement sequences between the
SeaFET V2 and SeapHOXx sensors causenidyer differences in electrode response

between the sensor models and the magnitude and duration of dynamic errors in
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electroderesponsefor the SeaFET V2 sensothat we observeEven thoughthe
voltage measurement sequence of the SeaFET V2 sevs®liscompatible wittand

not optimized forthe large rapidsalinity changeshere this can easily be addressed
and fixed by the sensor manufactutarthe enddynamic errors in electrode response
exhibited by the SeaFET V2 sensors were largely corrected for (as well as for the
SeapHOxsensorsalbeit, to a less extent) using secondary pH correctiatescribed

in sections 4.7 and 46.3 that wereapplied 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 Durafdiased pH sensors is needed. In thiwk, 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
20°C. Here, high pH and low pHgenerally coincided with high salinity and low
salinity, respectively. Therefore, future work should offset salinity andepéd figh
salinity with low pH and vice versand the changes in thetm a greater extent and
include finer incrementation in salinity changes between salinity 1 and 10 to improve
assessments of reference electrode respongd tand ISFET response {0 . Since
DI water with lower TA pH, DIC, andpCQ; relative to naturafreshwaters was used
to decrease salinity on Days3] tank waters on those days likely had lower TA and
buffering capacities relative to natural waters of the same salegy ¢n Day 3 tank
waters had TA < 125mol kg? at salinity < 1.5 whee natural waters in the Murderkill
Estuary watershedave TA between 200 and 708mol kg! at salinity < 0.1
(unpublisheddatg 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 addee.d, using carbonate or
bicarbonatecontaining 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 respbesese 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.§, DIC < 102 umol kg' and TA< 125 pmol
kgt at salinity < 1.5 on Day 3) that are benchmarked against seawater TA and DIC
standards€.g, Certified Reference Materials (CRMs) from A. G. Dickson of Scripps
Institution of OceanographyHere, using DI water for salinity dilution also posed
analytical challenges for the spectrophotomdi¢  analyses using purified mCP
indicator dye on Day 3 since the pH of the TRIS buffers used to develop mCP dye
characterization equations of Mullemd Rehder(2018) at salinity < 5 is not
accurately known(Muller et al, 2018) and mCP is notommonly used for pH
measurement at pH < 7.2 (Les al, 2011).

This work utilized a 3dninute measurement frequency across all four sensors
so dynamic electrode response can be assessed over a wider range of measurement
frequencies in future workFurther work to optimize the voltage measurement
sequence of the SeaFET V2 sengqposmake it longer tha®©.5 secondsjor large
rapid salinity changes (like thosseen hergis needed. Oncthis is donetank tests
like those described herein can then be repeated. Future work can also assess and

compare dynamic electrode response between different SeaFET V2 sidoyzd
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in both their passively flushed (dsne hergand actively flushed configuratioifsan
external pump is available to renew the waters around the electrodes in the sensor flow
housing during each sampling cycléinally, as logistics available resourcesand

water budgetpermit, 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/AgCI reference) and pos$actory added external (I8E) 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 (designeahd assemblelly SeaBird Scientific (Bellevue, WA, USAwere
assessed over ranges of salinity and pH between 1 and 31 and 6.9 and 8.1,
respectively, over a siday 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 betwddn2l and
+10.66 (0.5 h)%. Coincident rates of temperature chanvgeied between-0.9 and
+1.44°C (0.5 h)! over a narrow range of high temperatures betweéari 32C.

Rather than employing the standard sensor calibration approach of minimizing
the anomaly betweeld (  andDb ( , we instead, partition all sensoreasurd pH

timeseriesaccording to salinitypetween Days 1 and 6 and calibrate them using the
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Hour 6 discrete watesamples collected each day. By doing this, anomalies between
b( andb( are forced t@approactzero(and the two pH to approach parityy
Hour 6 each day. This allowed us to recon:
new salinites following the salinity change each day; the presence of this
equilibration period indicates dynamic errors in electrode response.caftbration
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 SeapHOXx seldgoesnic error
in electrode response drove substantial pH measurement inaccuracies for the SeaFET
V2 sensors directly following large rapghlinity changes thamanifested asarge
Hour O £+0.1 pH)3D ( anomalies for all thre® ( timeseries
investigated. Moreover, largeb ( anomalies remained >+0.02 pH (or the
GOA-ON weatheiflevel pH data quality threshold) for multiple hours after the salinity

changeacrossseveral days of testingt is interesting to note that dynamic errors in

=52 ¢

electrode response persist ©r( F‘ﬁ andb ( where the response of

the CHSE and ISFET are separated out and combined, respectively. On the other
hand, dynamic errors in electrode response were substantially minimizesteonot
present forthe SeapHOxsensors thereby indicating that its electrodes responded
rapidly and accuratelp new salinities.

Here dynamic errors in electrodeesponsewere caused by issues with
equilibrium ion exchange between the electrode surfaces and the overlying tank waters
as salinity and# 1 change. Equilibrium ion exchange issues for the internal Ag/AgCl

referencewere driven by liquid junction potentials while theyvere driven by























































































































































































































































































