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 A B S T R A C T

In the first part of this study, we determined a fit function which allows the calculation of the total pH 
(pHT) value of an artificial seawater/2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) buffer, extrapolated 
to 0mol kg−1 H2O TRIS molality (i.e. to a true pHT scale), in terms of temperature and practical salinity. In 
this second part, we present a method to quantify the uncertainty of that function. The uncertainty plays 
an important role in the characterization of the indicator dye used for the routine spectrophotometric pHT
measurement in seawater. However, it has not been determined previously. We assigned uncertainties to 
measured input quantities, and propagated them through the calculation steps described in the first part. Both, 
analytical uncertainty calculation and Monte Carlo simulations have been applied to adequately consider the 
various steps of the procedure needed to calculate pHT values of artificial seawater. The combined standard 
uncertainty of pHT(𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) for artificial seawater/TRIS buffers was 0.0011 over the 
practical salinity range 5 to 40 and temperature range 5 ◦C to 40 ◦C. This uncertainty can now be used to 
determine, the uncertainties of the characterization of the indicator dye used for seawater pHT measurements.
. Introduction

In part 1 of this study (Capitaine et al., 2025), we presented pHT pri-
ary measurements of artificial seawater (ASW)/2-amino-2-(hydroxy-
ethyl)-1,3-propanediol (TRIS) buffers in the nominal practical salinity 
 range from 5 to 40 and temperature 𝑇  range from 5 ◦C to 40 ◦C. The 
esults were used as a basis to fit a function describing the dependence 
f pHT on temperature and salinity in artificial seawater. This function 
an be used for the characterization of meta-Cresol Purple, an indicator 
ye for seawater pHT measurements. With the uncertainties associated 
ith the pHT reference material used for the characterization, uncer-
ainties can be propagated to the final pHT measurements of seawater. 
his topic is of interest because anthropogenic emissions of CO2 de-
rease the pH value of the ocean (Calvin et al., 2023; Friedlingstein 
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et al., 2023) which needs to be monitored. Reliable measurements 
with adequately determined measurement uncertainties are essential to 
accurately assess ocean acidification (Newton et al., 2015).

The Harned cell measurement of pHT in artificial seawater at dif-
ferent temperatures 𝑇  and salinities 𝑆 with a TRIS buffer of molality 
𝑏(TRIS) (see Buck et al., 2002 for detailed information on primary pH 
measurements), and the determination of the fit function involve a 
variety of measurements and calculation steps. This makes the determi-
nation of appropriate uncertainties a difficult and complex task. In this 
part 2, we demonstrate and discuss in detail how the uncertainties of 
the measured pHT values were quantified and how these uncertainties 
are considered to assign an uncertainty to the fit function. In the future, 
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Table 1
Overview of the key packages and package bundles used in R with their version number and respective main use. A full list of 
package versions is included with the code (doi:10.5281/zenodo.14964817).
 Package Use Version Citation  
 MASS stepwise model selection by AICa 7.3.65 Venables and Ripley (2002) 
 metafor uncertainty of extrapolations 4.8.0 Viechtbauer (2010)  
 metRology uncertainties following (BIPM 

et al., 2008a)
0.9.29.2 Ellison (2018)  

 mltools weighted RMSEb 0.3.5 Gorman (2018)  
 tidymodels bundle leave-one-out cross-validation 1.3.0 Kuhn and Wickham (2020)  
 tidyverse bundle data processing 2.0.0 Wickham et al. (2019)  
a AIC – Akaike Information Criterion.
b RMSE – root-mean-squared error.
those uncertainties can be used to determine the uncertainties in the 
characterization of the indicator dye meta-Cresol Purple (specifically 
the uncertainty of p𝐾𝑇

2 𝑒2) which is used in seawater pHT measure-
ments. As far as we are aware, the uncertainty of the fit function 
was not available previously thus interrupting the uncertainty prop-
agation for spectrophotometric seawater pHT measurements. As such 
the uncertainty value presented in this work, constitutes an important 
step on the way to establishing full metrological traceability for those 
measurements.

The complete model to determine the fit function from the measured 
input quantities involved a variety of steps. While the uncertainties of 
some of the intermediate results were better calculated by uncertainty 
propagation according to the ‘‘Guide of the expression of uncertainty in 
measurement’’ (GUM) (BIPM et al., 2008a), the use of a Monte Carlo 
approach (BIPM et al., 2008b) was more suitable for others, i.e., the 
involved fitting procedures. The main challenges to address were: (i) 
the determination of reasonable uncertainties of extrapolated values; 
and (ii) the determination of the uncertainty of a pHT value at a specific 
temperature and salinity calculated from the fit function. To tackle 
these challenges, we have employed a step-wise approach in which 
we calculated the uncertainties of each step individually by different 
methods. This approach combined analytical and numerical methods 
from the GUM and its supplements.

2. Uncertainty of primary pHT(𝑺, 𝑻 , 𝒃(TRIS)) values of ASW/TRIS 
buffers

The measurement model used to determine the fit function
pHT(𝑆, 𝑇 , 𝑏(TRIS)) has been detailed in part 1 (Capitaine et al., 2025). 
From that model, the pHT(𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) value of a 
given artificial seawater standard at nominal practical salinity 𝑆 and 
temperature 𝑇 , referred to a TRIS molality of 0mol kg−1 H2O, was 
calculated. In summary, the model involved the following fundamental 
steps:

1. calculation of water mass fraction, 𝜔H2O, of the buffer and 
equimolal TRIS and TRIS hydrochloride (TRIS.HCl) molality, 
𝑏(TRIS), in water,

2. determination of the standard potential, 𝐸0∗, of the silver-silver 
chloride electrodes in artificial seawater media,

3. calculation of the ASW/TRIS buffer pHT(𝑆, 𝑇 , 𝑏(TRIS)) value and
4. fitting of the function.

Each step required a specific approach to determine the associated 
uncertainties which are needed to propagate the uncertainties of the 
measured input quantities to the combined uncertainty of pHT(𝑆, 𝑇 ). In 
the following section, the uncertainty calculation and data processing 
are described and discussed for each step to determine the primary 
pHT(𝑆, 𝑇 , 𝑏(TRIS)) value of the ASW/TRIS buffer. The next section 
describes the uncertainty determination for the last step, the fitting of 
the function.

Calculations were done in R version 4.3.2 (R Core Team, 2023). 
Table  1 lists key packages with their versions. The data and code can 
2

be found in doi:10.5281/zenodo.14964822 and doi:10.5281/zenodo.
14964817, respectively. Additionally, a custom R package was devel-
oped to combine many of the main functions needed. It is available as 
part of the code.

2.1. Uncertainties of ASW/TRIS buffer preparation

Stock solutions for ASW/TRIS buffer and HCl solutions were pre-
pared gravimetrically at the Physikalisch-Technische Bundesanstalt 
(PTB, Germany). The purities of all salts were measured by coulometric 
titration at the Slovak Institute of Metrology (purities are shown in 
Table  2). The HCl solutions were characterized with coulometry at the 
Danish National Metrology Institute (under DANAK accreditation reg. 
No. 255). The ASW/TRIS buffer solutions were prepared at PTB, while 
the ASW/HCl solutions needed to determine the standard potential of 
the silver-silver chloride electrodes in artificial seawater, 𝐸0∗, were 
prepared from the stock solutions by Instituto Português da Qualidade 
(IPQ, Portugal), Laboratoire National de Métrologie et d’Essais (LNE, 
France) and PTB individually. The measured masses were corrected 
for air buoyancy (for details see Supplementary Material 1). The water 
mass fraction, 𝜔H2O, was calculated from the nominal practical salinity, 
𝑆, as defined in part 1 section 2.3 (Capitaine et al., 2025) with 
𝜔H2O = 1 − 0.0010047 ⋅ 𝑆 (1)

(Clegg et al., 2022). This was used to convert from the molality-
based to the amount-content-based pHT scale based on the reference 
composition of seawater and its practical salinity. The factor with the 
value of 0.0010047 was established by Clegg et al. (2022) (as opposed 
to 0.00106 used by DelValls and Dickson (1998)). The uncertainty of 
the nominal practical salinity was calculated as the combined uncer-
tainty of the mass measurements needed for the preparation of stock 
solutions and subsequent preparation of ASW/TRIS buffers, as well as 
the difference between the measured mass and the target mass of the 
artificial seawater recipe (for details see Supplementary Material 2). 
The uncertainties of the TRIS molality were determined from the 
uncertainties of the measured masses and their impurities. Propagation 
of uncertainties was performed within the GUM (BIPM et al., 2008a) 
framework, using the metRology package (Ellison, 2018) with the 
uncertainties of the molar masses assumed to be 0 kg mol−1 (Meija 
et al., 2016).

Table  3 shows an example uncertainty budget for a nominal practi-
cal salinity of 35. The main uncertainty contributors were the molalities 
of NaCl and MgCl2. A visual summary of the uncertainty calculation 
and the relative contribute of the different components is given in 
Supplementary Material 3.

2.2. Uncertainties of potential and temperature measurements

At IPQ, the potential difference between the electrodes was mea-
sured using a Keithley 2700 digital multimeter (Keithley Instruments, 
Solon, United States) and recorded with XLinx software. Measurements 
were recorded every minute. pH  calculations were based on the mean 
T
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Table 2
Characterization of salts and solutions by the Slovak Institute of Metrology and the Danish 
National Metrology Institute.
(a) Purity characterizations of salts and solutions with their absolute standard uncertainty.

 Substance Purity / Standard uncertainty /  
 % %  
 KCl 99.880 0.018  
 NaCl 99.842 0.018  
 Na2SO4 99.999 0.0135  
 TRIS 99.925 0.027  

(b) Amount contents of solutions.
 Substance Amount content / Standard uncertainty / 
 mol kg−1 mol kg−1  
 CaCl2 0.51586 0.00009  
 HCl 0.106494 0.000019  
 0.106470 0.000019  
 MgCl2 1.42292 0.00029  

Two different batches of HCl were used.
Table 3
Example uncertainty budget for an ASW/TRIS buffer of nominal practical salinity 35 and 𝑏(TRIS) =
0.025mol kg−1 H2O, made from stock solutions (PTB). The uncertainty of the molality already includes both 
the weighing uncertainty and the component from the difference to target weight. The last column shows the 
individual uncertainty contributions to the combined standard uncertainty of the nominal practical salinity (in 
the last row). A visual summary of the uncertainties is given in Supplementary Material 3. For the equation to 
calculate the salinity, see Supplementary Material 2. The shown numbers were rounded for presentation. For 
precise numbers, please see the original calculations provided in doi:10.5281/zenodo.14964817.
 Substance Molality / Standard Sensitivity Uncertainty
 uncertainty / coefficient / contribution
 mol kg−1 H2O mol kg−1 H2O kgH2Omol−1  
 NaCl 0.40253 2.2⋅10−4 46.74431 0.010086  
 MgCl2 0.054736 3.0⋅10−5 140.2329 0.004182  
 Na2SO4 0.029262 1.5⋅10−5 140.23294 0.0021464 
 HCl 0.025097 4.2⋅10−5 46.74431 0.0019647 
 CaCl2 0.010501 5.7⋅10−6 140.23294 0.0008060 
 KCl 0.0105793 5.8⋅10−6 46.74431 0.0002701 
 combined standard uncertainty for the nominal practical salinity 0.011  
potential data collected over one hour, after reaching a stable potential 
(standard deviation below 5 ⋅ 10−5 V).

The potential difference between the electrodes at LNE was mea-
sured using an Agilent 34972A data acquisition system (Agilent, Santa 
Clara, United States) and recorded with Agilent Benchlink Data Logger 
software (Agilent, Santa Clara, United States). Measurement results 
were recorded every 2min. pHT calculations were made from the mean 
of potential data acquired over one hour with a stable potential signal 
(i.e., standard deviation below 2 ⋅ 10−5 V).

At PTB, the potential was measured with a digital multimeter 
(3458A, Agilent, Santa Clara, United States). The system was stabilized 
for 45min. The potential was recorded every five minutes and averaged 
over 50min once a stable potential (standard deviation below 5 ⋅10−5 V 
over 11 measurements) was reached.

Potentials were measured with a mean standard uncertainty of 5.4 ⋅
10−6 V (IPQ), 6.1 ⋅ 10−6 V (LNE) and 2 ⋅ 10−5 V (PTB) after the correction 
to a hydrogen pressure of 1 atm. The main uncertainty components 
were the uncertainty of the electrode potentials, the uncertainty of the 
multimeter and the repeatability of the measurement.

At IPQ, Harned cell measurements were performed at 20 ◦C, 25 ◦C, 
and 30 ◦C. The cells were placed in a Lauda Proline PV36 thermostatic 
bath with the temperature measured by three Pt100 probes.

Harned cell measurements at LNE were conducted at 15 ◦C, 25 ◦C, 
and 30 ◦C. Cells were placed in a TAMSON thermostatic bath with 
five Pt100 probes to measure temperature. Measurement results were 
recorded every 2min. The temperature was averaged within each con-
dition across the time the potential was measured and then averaged 
across the five temperature probes.
3

At PTB, temperature was measured with four PT100 temperature 
probes connected to a F250 MKII thermometer (Automatic Systems 
Laboratories (ASL), Sevenoaks, United Kingdom) evenly distributed in-
side the temperature bath. The temperature result was averaged within 
each condition across the time the potential was measured and then 
averaged across the four temperature probes. Calibration uncertainty 
and stability of the temperature measurement (standard deviation) had 
similar values of 0.0017K and 0.0014K. Their combined contribution 
was about one order of magnitude smaller (mean of 0.000692K) than 
the value of the temperature inhomogeneity within the bath (mean of 
0.00776K).

Temperatures were measured with a mean standard uncertainty of 
0.021 ◦C (IPQ), 0.011 ◦C (LNE) or 0.0045 ◦C (PTB).

As mentioned in part 1, the pHT values at a nominal practical 
salinity 20 were excluded from the analysis. As can bee seen in figure 
2 in part 1 especially for a TRIS molality of 0.025mol kg−1 H2O, they 
were lower compared to the values of the adjacent salinities. As a 
consequence, the residuals from the fit are likewise unusually large 
at nominal practical salinity 20. The deviation has been measured 
by PTB and LNE. Therefore, a defect of the measurement system can 
be excluded. However, a similar anomaly was not seen in the works 
of DelValls and Dickson (1998) and Müller et al. (2018). Therefore, 
and because PTB and LNE have measured samples from the same 
batch, it is much more likely that an unnoticed error occurred during 
the preparation of salinity 20 solutions than that an unusual physic-
ochemical effect caused the observed anomaly, for which there is no 
explanation. Therefore, we decided to exclude the values at nominal 
practical salinity 20. We have conducted repeated fits in which we 

https://doi.org/10.5281/zenodo.14964817
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Fig. 1. Example extrapolation of measured potentials (𝐸′, black points) to 
determine an extrapolated value for 𝑏(HCl) equal to zero (𝐸0∗, blue square) 
at 25 ◦C, nominal practical salinity 25 from measurements carried out at PTB. 
The thin black line shows the quadratic fit used to determine the extrapolated 
value.

have removed the data at a single condition to investigate the effect on 
the fit function. They showed that the fit was robust against removal, 
especially for salinities in the middle of the salinity range.

2.3. Uncertainties of the standard potential 𝐸0∗

𝐸0∗ values (see equations (7) and (8) in part 1) have been deter-
mined for each salinity and temperature condition from the potential 
measurements of the corresponding ASW/HCl solutions. They were 
calculated from a quadratic extrapolation of the measured potentials 
to 0mol kg−1 H2O HCl molality as in Dickson (1990) (see Fig.  1 as 
an example). The extrapolation and uncertainty of this extrapolated 
value were determined with the metafor::rma function (Viecht-
bauer, 2010). We chose this method because we wished to propa-
gate the uncertainties of the potential to the extrapolated value. The
metafor::rma function uses the covariance matrix the uncertainties 
of the input potentials to include them in the determination of the 
uncertainty at 0mol kg−1 H2O. The distribution of HCl molalities was 
chosen to minimize the expected uncertainty of the extrapolated value.

The uncertainties of 𝐸0∗ and residuals of the fit did not vary 
significantly across measurement conditions. The average uncertainty 
was 2.9⋅10−5 V, and the root-mean-squared error (RMSE) of all residuals 
was 3.4⋅10−5 V. For the measurements at PTB, the RMSE of the residuals 
of the fit was always smaller compared to the uncertainty determined 
for 𝐸0∗. For the measurements at LNE and IPQ, the residuals were 
generally higher compared to the uncertainty, and also compared to the 
residuals of the PTB data (absolute residual up to 2.3 ⋅10−4 V compared 
to the maximum of 5.7 ⋅ 10−5 V in PTB measurements).

2.4. Uncertainties of measured pHT(𝑆, 𝑇 , 𝑏(TRIS)) values

Uncertainties of the measured pHT(𝑆, 𝑇 , 𝑏(TRIS)) values at nominal 
practical salinity 𝑆, temperature 𝑇  and TRIS molality 𝑏(TRIS) were 
calculated according to the GUM framework (BIPM et al., 2008a) by 
propagating the uncertainties of the above-mentioned input quantities 
through 

pHT = 𝐸 − 𝐸0∗

(𝑅 ⋅ 𝑇 ⋅ ln (10)) ⋅ 𝐹−1
+ log

(

𝑏(Cl−)
𝑏0

)

− log (𝜔H2O). (2)

𝐸 is the measured potential of the ASW/TRIS buffer corrected to 
1 atm H2 pressure, 𝑅 is the molar gas constant, 𝑇  is temperature in 
kelvin, 𝐹  is the Faraday constant, 𝑏(Cl−) is the molality of Cl− ions, 
𝑏  is the standard molality (𝑏 = 1mol kg−1 H O and 𝜔  is the 
4

0 0 2 H2O
water mass fraction (Clegg et al., 2022, equation 1). The metRology
package (Ellison, 2018) was used for the uncertainty propagation.

Table  4 shows an exemplary uncertainty budget of a
pHT(𝑆, 𝑇 , 𝑏(TRIS)) value. The uncertainty components with the highest 
contribution were those of 𝐸 and 𝐸0∗, followed by temperature, molal-
ity of Cl− and 𝜔H2O. A visual summary of the uncertainty calculation is 
given in Fig.  2 and the relative contribution of the different components 
is shown in Supplementary Material 3.

The uncertainty contribution of 𝐸 to pHT was almost constant 
across the temperature and salinity range with only a slight decrease 
at higher temperatures. The uncertainty contribution of 𝐸0∗ showed 
little variation but had some outliers with higher uncertainties at 
nominal practical salinity 5 and 30 and lower uncertainties at nominal 
practical salinity 35. The uncertainty contribution of the molality of Cl−
increased for all temperatures with increasing salinity from around 4.8 ⋅
10−5mol kg−1 H2O to 5.7 ⋅10−5mol kg−1 H2O. The uncertainty contribu-
tion of the temperature increased slightly with increasing temperature 
and decreasing salinity. And the uncertainty contribution of 𝜔H2O
was constant across temperatures but decreased with increasing salin-
ity. The combined uncertainty of pHT(𝑆, 𝑇 , 𝑏(TRIS)) values was stable 
across all conditions with a few outliers resulting from variations in the 
uncertainties of 𝐸0∗.

2.5. Uncertainties of consensus pHT(𝑆, 𝑇 , 𝑏(TRIS)) values

If measured pHT(𝑆, 𝑇 , 𝑏(TRIS)) values were provided by more than 
one institute for a combination of (nominal) salinity, temperature and 
TRIS molality, we calculated the weighted mean of the pHT(𝑆, 𝑇 , 𝑏
(TRIS)) results and their uncertainties using the Graybill-Deal estimator 
with dispersion (CCQM, 2013). We chose the uncertainty-weighted 
mean to account for different uncertainties of the individual measure-
ments and included dispersion correction to include interlaboratory 
differences. This step was not necessary and therefore skipped if the 
condition was measured by only one institute.

Fig.  3 illustrates the distribution of the standard uncertainties of 
the pHT(𝑆, 𝑇 , 𝑏(TRIS)) measurement results as a function of temperature 
and salinity. The uncertainty of pHT(𝑆, 𝑇 , 𝑏(TRIS)) for conditions where 
measurements were taken at more than one institution was between 
1.2 ⋅ 10−5 and 2 ⋅ 10−3 in pHT units. If only measurements from PTB 
were available, the uncertainties were between 2.8 ⋅ 10−4 and 1.6 ⋅ 10−3
in pHT units.

As uncertainties of the pHT values for TRIS buffer solutions have not 
been routinely determined previously, limited literature is available for 
comparison. The uncertainties for the measurements by Müller et al. 
(2018) were mostly in the range between 1 ⋅ 10−3 to 2.1 ⋅ 10−3 in pHT
units. Our maximum uncertainties had similar values. However, our 
minimum uncertainties were lower. This was caused by the combina-
tion of measurements from different institutes and, in the case of PTB, 
lower uncertainties of the determined 𝐸0∗.

In the data by Müller et al. (2018), a tendency for higher uncertain-
ties at higher temperatures and lower salinities can be observed. We 
did not observe this trend. This is likely due to improved temperature 
stability of the measurement set-up and the correction of the ASW/TRIS 
buffer composition.

3. Uncertainty of the fitted equation pHT,𝒄 (𝑺, 𝑻 , 𝒃(TRIS) = 𝟎
molkg−1H𝟐O)

3.1. Fitting procedure

We used the equation proposed by Müller et al. (2018) to cal-
culate a fit function describing the dependence of pHT on salinity, 
temperature and TRIS molality. However, since we have omitted the 
pH (𝑆, 𝑇 , 𝑏(TRIS)) results at TRIS molality 𝑏(TRIS) = 0.01mol kg−1 H O 
T 2
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Table 4
Example uncertainty budget for nominal practical salinity 35, temperature 25 ◦C and TRIS molality 0.025mol kg−1 H2O at PTB, 
before averaging. The last column shows the uncertainty contribution of the individual components to the combined uncertainty. 
A visual summary of the uncertainties is given in Fig.  2 with the relative contributions of each visualized in Supplementary 
Material 3. The shown numbers were rounded for presentation. For precise numbers, please see the original calculations provided 
in doi:10.5281/zenodo.14964817.
 Component Value Standard Sensitivity |Uncertainty
 uncertainty coefficient contribution|

 𝐸 0.738154V 2.0 ⋅ 10−5 V 16.902875V−1 3.38 ⋅ 10−4

 𝐸0∗ 0.245972V 2.0 ⋅ 10−5 V −16.902875V−1 3.377 ⋅ 10−4

 𝑇 298.16K (25.01 ◦C) 4.7 ⋅ 10−3 K −0.0279K−1 1 ⋅ 10−4

 𝑏(Cl−) 0.569177mol kg−1 H2O 7.7 ⋅ 10−5mol kg−1 H2O 0.763022 kgH2O mol−1 5.83 ⋅ 10−5

 𝜔H2O 0.964836 g/kg sol 1.1 ⋅ 10−5 g/kg sol −0.4501228 kg sol g−1 5.12 ⋅ 10−6

 combined standard uncertainty of the pHT value 4.993 ⋅ 10−4
Fig. 2. Contributions to the uncertainty of a single pHT value. Gray boxes indicate constants. The blue and green reference the corresponding contributions in 
Supplementary Material 3. The lighter the blue/purple, the larger the contribution.
and expected a linear relationship across TRIS molalities, we have 
considered only the linear term of TRIS molality in the equation: 

pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS)) = 𝑔 + ℎ1 ⋅ 𝑆 + ℎ2 ⋅ 𝑆
2 + ℎ3 ⋅ 𝑆

3 + 𝑖1 ⋅ 𝑇𝑑 + 𝑖2 ⋅ ln
(

𝑇𝑑
)

+ 𝑖3 ⋅
1
𝑇𝑑

+ 𝑗1 ⋅ 𝑆 ⋅ 𝑇𝑑 + 𝑗2 ⋅ 𝑆
2 ⋅ 𝑇𝑑 + 𝑗3 ⋅ 𝑆

3 ⋅ 𝑇𝑑

+ 𝑗4 ⋅ 𝑆 ⋅ ln
(

𝑇𝑑
)

+ 𝑗5 ⋅ 𝑆
2 ⋅ ln

(

𝑇𝑑
)

+ 𝑗6 ⋅ 𝑆
3 ⋅ ln

(

𝑇𝑑
)

+ 𝑘1 ⋅ 𝑆 ⋅
1
𝑇𝑑

+ 𝑘2 ⋅ 𝑆
2 ⋅

1
𝑇𝑑

+ 𝑘3 ⋅ 𝑆
3 ⋅

1
𝑇𝑑

+ 𝑙1 ⋅ 𝑏𝑑 (TRIS) + 𝑙2 ⋅ 𝑏𝑑 (TRIS) ⋅ 𝑆
+ 𝑙3 ⋅ 𝑏𝑑 (TRIS) ⋅ 𝑇𝑑 + 𝑙4 ⋅ 𝑏𝑑 (TRIS) ⋅ 𝑆 ⋅ 𝑇𝑑 ,

(3)

where temperature and TRIS molality are of dimension one, given as 

𝑇𝑑 = 𝑇
𝑇0

(4)

and 
𝑏𝑑 (TRIS) =

𝑏(TRIS)
𝑏0

(5)

and with nominal practical salinity 𝑆, temperature 𝑇  in kelvin, stan-
dard temperature 𝑇 = 1K, TRIS molality 𝑏(TRIS) in mol kg−1 H O and 
5

0 2
standard molality 𝑏0 = 1mol kg−1 H2O. We have fitted the equation to 
the dataset with TRIS molalities of 0.025 and 0.04mol kg−1 H2O. The 
pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS)) value of artificial seawater at 0mol kg−1 H2O TRIS 
molality was then calculated by inserting 𝑏(TRIS) = 0mol kg−1 H2O.

We used a generalized linear model with the glm function (R Core 
Team, 2023) to fit the data and weighted them with the uncertainty of 
the pHT(𝑆, 𝑇 , 𝑏(TRIS)) values: 1

𝑢(pHT)2
. The stepAIC function was used 

to perform a stepwise model selection based on the Akaike Information 
Criterion (AIC) (Venables and Ripley, 2002). The numbers of relevant 
digits of the coefficients were determined by checking with how many 
digits the calculated pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS)) value of the function stabilized 
compared to the standard uncertainty.

3.2. Uncertainty determination

The uncertainty of pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) was deter-
mined from the weighted RMSE of the fit (𝑢𝑅𝑀𝑆𝐸) and from the varia-
tion of the pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS)) values at 0mol kg−1 H2O TRIS molality 
in three Monte Carlo simulations (𝑢𝑀𝐶 ). This combination allowed us 
to consider the goodness of fit and the robustness of the extrapolation 
with respect to uncertainty.

https://doi.org/10.5281/zenodo.14964817


Marine Chemistry 273 (2025) 104573R. Schäfer et al.
Fig. 3. Standard uncertainties of the pHT(𝑆, 𝑇 , 𝑏(TRIS)) values calculated from the measurements of the individual institutes. The differently colored shapes 
indicate how many institutes (𝑛(Inst.)) measured under the specific condition. The two TRIS molalities did overall not differ in their uncertainties significantly 
and are not distinguished here, therefore, there are two points for each salinity-temperature combination (though sometimes so similar in value that they are 
indistinguishable). Each plot shows the data for the temperature indicated at the top.
The weighted RMSE of the fit was calculated with the
mltools::rmse function (Gorman, 2018). The weights were the 
same as for the fit: 1

𝑢(pHT)2
. The weighing of the RMSE with uncertainties 

meant that values with a higher uncertainty contributed less to the 
RMSE. This was chosen to adequately account for the different levels 
of confidence in the values as indicated by the uncertainties.

In each Monte Carlo simulation run, a new dataset was generated by 
random draws from the measurement value distributions of pHT, tem-
perature, salinity and TRIS molality data. The starting points of the sim-
ulations were pHT data at 0.025mol kg−1 H2O and 0.04mol kg−1 H2O 
TRIS molality, with their respective temperature, salinity and TRIS 
molality data. We assumed normal distributions for all input data. 
Since the main contribution to uncertainties of the pHT(𝑆, 𝑇 , 𝑏(TRIS))
values are the statistical variation of the potential measurements and 
the interlaboratory reproducibility, correlation of the input data have 
not been considered in the determination of the uncertainty of the fit.

We used the function coefficients from the stepwise selected model 
of the original fit in the Monte Carlo simulation. It was fitted in 
each run to the generated dataset. Using the fit function of a single 
run, the pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) values for all nomi-
nal temperatures and salinities were calculated and saved. For each 
combination of temperature and salinity, the standard deviation of 
the pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) values was finally calculated 
across all runs. A Monte Carlo simulation involved 30,000 runs, which 
was sufficient to let the standard deviations of the three independent 
simulations converge. The uncertainty component 𝑢𝑀𝐶 for the variation 
of pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) was calculated as the average 
standard deviation from three independent Monte Carlo simulations.

The combined uncertainty 𝑢𝑐 was then calculated as 

𝑢𝑐 =
√

𝑢2𝑅𝑀𝑆𝐸 + 𝑢2𝑀𝐶 . (6)

𝑢𝑐 estimates the uncertainty of the pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0
mol kg−1 H2O) value of an artificial seawater standard at a given 
salinity and temperature.
6

3.3. Uncertainty of pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O)

We have presented the fit function describing pHT depending on 
salinity and temperature in part 1 (Capitaine et al., 2025). Fig.  4 
visualizes the fit function with the uncertainty. The two uncertainty 
contributions had values in the same order of magnitude: 0.00042 from 
the RMSE of the fit (𝑢𝑅𝑀𝑆𝐸) and 0.00099 from the variation of the 
extrapolated values in the Monte Carlo simulation (𝑢𝑀𝐶 ; the variations 
for other molalities up to 0.04mol kg−1 H2O were smaller than this 
value for 0mol kg−1 H2O). 𝑢𝑅𝑀𝑆𝐸 is smaller than the goodness-of-fit 
value reported by DelValls and Dickson (1998) which was 0.00071. 
As the RMSE is calculated across the whole salinity, temperature and 
TRIS molality range and the extrapolated values did not show a rel-
evant pattern across all conditions either, we have decided to use a 
single uncertainty estimate for pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) for 
all temperature and salinity conditions. Thus, the combined standard 
uncertainty of the pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS)) value at 0mol kg−1 H2O TRIS 
molality (𝑢𝑐) is 0.0011 in pHT units.

To assess the quality of the fit function, we have applied a leave-one-
out cross-validation, which showed less variation (maximum: 0.00011) 
than the uncertainty we have assigned to pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0
mol kg−1 H2O) (Fig.  5). This demonstrates the stability of the fit. It 
further justifies that leaving out the results at salinity 20 for the reason 
mentioned in part 1 (see section 2.6.1) has little effect on the reliability 
of the fit function.

In this work, we have decided to fit a function through the mea-
sured pHT(𝑆, 𝑇 , 𝑏(TRIS)) values and calculate pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) =
0mol kg−1 H2O) at zero TRIS molality. Alternatively, it would have 
been possible to extrapolate pHT(𝑆, 𝑇 , 𝑏(TRIS)) for each temperature-
salinity combination to 0mol kg−1 H2O TRIS molality first, and use 
the extrapolated results to calculate the pHT at 0mol kg−1 H2O TRIS 
molality as a function of salinity and temperature. The weighted RMSE 
was 0.0014. However, even though that function did represent the 
extrapolated values well the dependence on salinity and tempera-
ture seen at 0.025mol kg−1 H2O and 0.04mol kg−1 H2O TRIS molality 
was not well reflected. This was due to variations in the measure-
ment data that were amplified in the extrapolation to 0mol kg−1 H O 
2
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Fig. 4. Fit function at 0mol kg−1 H2O TRIS molality with uncertainty. The lines show the fit function at 0mol kg−1 H2O TRIS molality, the shaded area is the 
expanded uncertainty (𝑘 = 2). Each plot shows the data for the temperature indicated at the top. Note that the y-axis ranges are different between the individual 
plots.
TRIS molality. Locally extrapolated values amplified the effect of 
the measurement variation on the extrapolation, while global ex-
trapolation smoothed local variations. For example, in some cases 
the pHT(𝑆, 𝑇 , 𝑏(TRIS)) value for 0.04mol kg−1 H2O TRIS molality was 
lower than for 0.025mol kg−1 H2O, which does not comply with the 
expectation that it should be the other way round (Clegg et al., 2022). 
As a consequence, the fit function was distorted to some extent. In 
contrast, the fit presented in this work smoothed such irregularities 
and did not affect the dependence on salinity and temperature seen at 
0.025mol kg−1 H2O and 0.04mol kg−1 H2O TRIS molality significantly.

4. Role of ASW/TRIS buffer standards for the characterization of 
the indicator dye meta-Cresol Purple and its uncertainty

We have described the uncertainty of the pHT value of ASW/TRIS 
buffers, having a nominal practical salinity between 5 and 40, a tem-
perature between 5 ◦C and 40 ◦C and for 𝑏(TRIS) = 0mol kg−1 H2O. 
Currently, such ASW/TRIS buffers are used to characterize the p𝐾𝑇

2 𝑒2
value of the indicator dye meta-Cresol Purple (Liu et al., 2011; Müller 
7

and Rehder, 2018). This characterization is essential for conducting 
spectrophotometric pHT measurements. Traceability of spectrophoto-
metric pHT measurement is basically given through published p𝐾𝑇

2 𝑒2
values of meta-Cresol Purple, or rather through a function of p𝐾𝑇

2 𝑒2
depending salinity and temperature. The uncertainties described here 
can henceforth be used to also assign uncertainties to the p𝐾𝑇

2 𝑒2
values of the indicator dye, which was not possible before because the 
uncertainty of the pHT(𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) was not known. 
This is needed to establish, by propagation, a complete uncertainty 
budget of the spectrophotometric measurement of pHT for a seawater 
sample.

Due to the time-consuming experimental process, p𝐾𝑇
2 𝑒2 values 

are currently not determined for each new batch of meta-Cresol Pur-
ple, instead, published values are used for each batch, independently 
from the actual provider. Therefore, uncertainties in the replicability, 
mainly because of varying unknown impurities, increase the uncer-
tainty of the assigned p𝐾𝑇

2 𝑒2 values and, consequently, of subsequent 
pHT measurements to an unknown extent. Ideally, each new batch 
of meta-Cresol Purple should be calibrated by measuring the pH  of 
T
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Fig. 5. Mean residuals under each condition from the leave-one-out cross-validation. Each point represents the mean of the results from the 124 runs (triangular 
for 0.025mol kg−1 H2O and round for 0.04mol kg−1 H2O). Standard deviations were below 1.15⋅10−4 in pHT units and are not shown here. The dotted line indicates 
a difference of 0 in pHT units. Each plot shows the data for one temperature shown in the bottom left.
certified ASW/TRIS buffer standards with a spectrophotometer. The 
p𝐾𝑇

2 𝑒2 can be calculated from the spectrophotometrical measurement 
of an ASW/TRIS buffer standard, its certified pHT value, and the tem-
perature measurement following the procedure in Müller and Rehder 
(2018). The fit function pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) presented 
here can be used to calculate the pHT value of the reference material 
(i.e., ASW/TRIS buffer standard) and its uncertainty directly impacts 
the uncertainty the determined p𝐾𝑇

2 𝑒2.
Ideally, each batch of meta-Cresol Purple should be accompanied 

with a certificate stating its p𝐾𝑇
2 𝑒2 value and its uncertainty for a range 

of salinity and temperature relevant for oceanographic measurements. 
In this way, batch to batch variations due to impurities could be com-
pensated for. Such a certified meta-Cresol Purple can then be used by 
oceanographers to do their measurements on unknown samples, with 
adequate uncertainty calculations. However, such certification of meta-
Cresol Purple demands time and resources as ASW/TRIS buffers over a 
wide range of salinity need to be analyzed by spectrophotometry for a 
wide range of temperature. Alternatively, it could be recommended for 
meta-Cresol Purple producers to determine p𝐾𝑇

2 𝑒2 at a specific salinity 
(i.e., for only one ASW/TRIS buffer) and temperature. This would allow 
a limited quantification of the variations due to impurities.

The uncertainty goal for seawater pHT measurements is a standard 
uncertainty of 0.003 for climate research (Newton et al., 2015). The 
standard uncertainty of 0.0011 for artificial seawater presented here, 
is a valuable step towards this goal. It provides important insight into 
the attainable accuracy of spectrophotometric pHT measurements. The 
uncertainty of the p𝐾𝑇

2 𝑒2 term, as well as other terms coming from 
the characterization of the molar extinction coefficients of the dye, still 
need to be assessed.

However, the uncertainty of the function presented here applies 
only if the uncertainties of salinity and temperature from the original 
measurements (the electrochemical measurements of the artificial sea-
water) are achieved in the calibration measurements. If that is not the 
case, these uncertainties should be considered in the calculation. This 
could, for example, be done by propagating them through the functions. 
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In essence, this would lead to an additional uncertainty contribution 
𝑢𝑇𝑆 of
𝑢𝑇𝑆

=

√

( 𝜕pHT,𝑐(𝑆, 𝑇 , 𝑏(TRIS))
𝜕𝑇

)2

⋅ 𝑢(𝑇 )2 +
( 𝜕pHT,𝑐(𝑆, 𝑇 , 𝑏(TRIS)

𝜕𝑆

)2

⋅ 𝑢(𝑆)2.

(7)
The uncertainty of temperature has a much larger effect on the 

combined uncertainty compared to the uncertainty of salinity since 
the sensitivity of pHT on temperature is higher. An increase of the 
uncertainty of temperature by 0.01 ◦C results in an increase of the 
uncertainty of pHT by about 0.00004 (at 25 ◦C and nominal practical 
salinity 35) while the effect of a salinity uncertainty increase of 0.01 is 
about two orders of magnitude lower. Sensitivity is somewhat affected 
by temperature and salinity, but the overall pattern remains. We esti-
mate that uncertainties in temperature below 0.015 ◦C and in salinity 
below 0.1 are negligible. Fig.  6 shows how much the uncertainty of 
pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) is affected by the uncertainty of 
salinity and temperature for one example condition.

This is in agreement with the results from the sensitivity analysis 
method where we found that the primary source of uncertainty was 
the uncertainty of the temperature with more than 99% of the value of 
the combined uncertainty. In this method the minimum and maximum 
value of salinity, temperature and TRIS molality are calculated based 
on their uncertainties (value minus or plus the uncertainty) (Bernardini 
et al., 2024). We used the fitted coefficients to calculate a pHT value 
at zero TRIS molality for those conditions, and then estimated an 
uncertainty from the resulting variation of the result. The resulting 
standard uncertainties for pHT,𝑐 (𝑆, 𝑇 , 𝑏(TRIS) = 0mol kg−1 H2O) were 
between 0.00020 and 0.00028 in pHT units if the mean uncertainties 
for all three input quantities were used. Which is lower than the 
uncertainty we propose because only the effect of input uncertainties 
is determined and not the effect of the fitting. However, it does reveal 
the sensitivity of the function towards temperature.

While our measurements covered most of the oceanographically 
relevant temperature and salinity range, we were unable to measure 
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Fig. 6. Dependence of the combined uncertainty of pHT on the uncertainties of temperature (𝑢(𝑇 )) and practical salinity (𝑢(𝑆)) (𝑆 = 35 and 𝑇 = 25 ◦C). In the 
calibration where the ASW/TRIS buffer is used, temperature and salinity might be known with a larger uncertainty than in our measurements. The effect of a 
larger temperature uncertainty is higher than a larger salinity uncertainty. The plot gives an indication how high the uncertainty of the calculated pHT value of 
the ASW/TRIS buffer is when the uncertainty of the temperature increases. It also shows that the effect of an increase in salinity uncertainty has a smaller effect 
(though for a given buffer the salinity should be known from the preparation).
at 0 ◦C due to technical constraints. Application of the results to values 
below 5 ◦C should therefore be carefully considered and the extrapo-
lation added in the uncertainty budget. Similar caution should apply 
to higher temperatures and salinities outside the range covered by our 
measurements.

As discussed in part 1, the artificial seawater is the best approxi-
mation of the acid-base equilibria in natural seawater available for the 
measurements. Even so, artificial seawater does not exactly represent 
the behavior of acid-base equilibria in natural seawater and this should 
be taken into account when determining the uncertainty of a measure-
ment of natural seawater when the calibration was done with artificial 
seawater.

5. Conclusion

After determining the fit function to describe the pHT value of an 
ASW/TRIS buffer at 𝑏(TRIS) = 0mol kg−1 H2O in a practical salinity 
range from 5 to 40 and temperature range from 5 ◦C to 40 ◦C in Cap-
itaine et al. (2025), this study added the uncertainty determination 
for the final values. This value is an important step towards traceable 
spectrophotometric pHT measurements of seawater because with it, the 
indicator dye can be characterized with uncertainties. We determined 
that the combined standard uncertainty is 0.0011 in pHT units with 
analytical procedures following GUM (BIPM et al., 2008a) and a Monte 
Carlo simulation (BIPM et al., 2008b). This is an important step towards 
the climate measurement objective established by Newton et al. (2015).

The main open questions regarding the uncertainty of spectropho-
tometric pHT seawater measurements remain in the context of the 
uncertainties related to the impurities in meta-Cresol Purple and the 
effect of practical salinity not being traceable to the International Sys-
tem of Units (SI) (Seitz et al., 2011). However, the results in this paper 
present a first step towards fully traceable seawater pHT measurements.
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