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Atmospheric CO2 over the past 800,000 years

(NOAA/ESRL)

Feb 2022: 419.28 ppm

(Tans and Keeling, 2022)



Changing climate and ocean

(Friedlingstein et al 2021; Global Carbon Budget 2021)

18.6 GtCO2/yr

48%

11.2 GtCO2/yr

29%

10.2 GtCO2/yr

26%

Sinks

34.8 GtCO2/yr

89%

4.1 GtCO2/yr

11%

Sources

• (Climate.gov)

• (NOAA/PMEL)



(Lauvset et al. 2021) 

From observations to mitigations & adaptions



DATA STANDARDS
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(Joyce and Corry, 1994;  
Swift and Diggs, 2008)

(Credit: https://exchange-format.readthedocs.io/en/latest/index.html)

CCHDO WHP 
Exchange format
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Drivers of this new column header standard
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1. Old technology & suboptimal headers 
o SALNTY – Salinity 
o NITRAT    – Nitrate
o TCARBN – Total dissolved inorganic carbon content
o ALKALI   – Total alkalinity content
o BIONBR – Sample identification number used by the 

Bedford Institute of Oceanography (BIO). 
o REVPRS – Sea water pressure as determined via a 

pair of reversing thermometers.

III. Lack of broader 
international usage
o Need to publish the 

standards on a peer-
reviewed paper

o Promote international 
usage



Abbreviation
[unit]

Full unit Decimal 
places Description Exchange format

DIC
[umol/kg] 10-6 mol kg–1 1 Total dissolved inorganic carbon content TCARBN (UMOL/KG)

DIC_flag N/A N/A Quality control flag for DIC (see Table 2) TCARBN_FLAG_W

TA
[umol/kg] 10-6 mol kg–1 1 Total alkalinity content ALKALI

(UMOL/KG)

TA_flag N/A N/A Quality control flag for TA ALKALI_FLAG_W

pH_T_measured N/A 4 pH measured on Total Scale (T) at measurement temperature PH_TOT

TEMP_pH
[deg_C] degree Celsius 2 Temperature at which the pH_T_measured value is measured PH_TMP

(DEG_C)

pH_flag N/A N/A Quality control flag for pH_T_measured. PH_TOT_FLAG_W

Carbonate_measured
[umol/kg] µmol kg–1 1

Dissolved carbonate ion content ([CO3
2-]) at measurement

temperature
N/A

TEMP_Carbonate
[deg_C] degree Celsius 2 Temperature at which the Carbonate_measured value is 

measured N/A

Carbonate_flag N/A N/A Quality control flag for Carbonate_measured N/A

New Column Header standards



3 sets of WOCE QC flags

Flag Meaning

1 Bottle information unavailable

2 No problems noted

3 Leaking

4 Did not trip correctly

5 Not reported

6
Significant discrepancy in 
measured values between Gerard 
and Niskin bottles

7 Unknown problem

8 Pair did not trip correctly. 

9
Samples not drawn from this 
bottle

Niskin bottles

Flag Meaning

1
Sample was drawn but analysis 
not received. 

2 Acceptable measurement
3 Questionable measurement
4 Bad measurement
5 Not reported
6 Mean of replicate measurements

7
Manual chromatographic peak 
measurement

8
Irregular digital chromatographic 
peak integration

9
Sample not drawn for this 
measurement

Discrete water samples

Flag Meaning

1 Not calibrated

2 Acceptable measurement

3 Questionable measurement

4 Bad measurement

5 Not reported

6 Interpolated over >2 dbar interval

7 Despiked

8 Not assigned for CTD data

9 Not sampled

Sensor measurements

Joyce and Corry (1994) 10



New consolidated QC flags

Flag Meaning

2 Acceptable
3 Questionable
4 Known bad
6 Median of replicates
9 Missing value

11



TEOS-10
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o 1980 International Equation of State of Seawater (EOS-80) standard 
(Millero et al., 1980; Millero and Poisson, 1981). 

o In June 2009, the IOC, SCOR, and IAPSO adopted International 
Thermodynamic Equations of Seawater 2010 (TEOS-10) as a new 
standard for calculation of the thermodynamic properties of seawater. 

o Absolute Salinity SA (mass fraction of salt in seawater, unit: g/kg) as 
opposed to Practical Salinity SP (a measure of the conductivity of 
seawater, unitless) to describe the salt content of seawater. Ocean 
salinities now have units of.

o Conservative Temperature Θ in place of potential temperature θ.



GSW_Sys
[A new tool for TEOS-10 related calculations]

o Depth from pressure,  
o Absolute salinity, 
o Conservative temperature, 

o Density anomaly,  
o AOU
o Oxygen saturation

13
(Pierrot et al, 2021)



fCO2_Calc
[A new tool to calculate fCO2 from xCO2]

pCO2_SW@TEMP_EQU = xCO2_EQU × (PRES_EQU – PH2O)

PH2O = exp[24.4543 − 67.4509 × (100/T) − 4.8489 × ln(T/100) − 0.000544 S] 

pCO2_SW@SST = pCO2_SW@TEMP_EQU × exp[0.0423 (SST − Teq)] 

fCO2_SW@SST = pCO2_SW@SST × 𝑒𝑥𝑝(
("!!# $ 𝝈!") × (#$%&#'()%*$

()$.+,-) × ../)
)

B11 = −1636.75 + 12.0408 T − 0.0327957 T2 + 3.16528 × 10−5 T3) 

𝜎12 = 57.7 − 0.118 T

(Pierrot et al, 2021)



• #  1 = Total Alkalinity

• #  2 = Dissolved inorganic carbon
• #  3 = pH
• #  4 = partial pressure (pCO2)
• #  5 = fugacity (fCO2)

• #  ? = carbonate ion ([CO32-]) 
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Ocean carbon system 
parameters

(Lewis and Wallace, 1998)



Upgraded CO2SYS and seacarb

Platform Program Version
New input 
variables

Link Reference

MS Excel
CO2SYS_v3.0

_Err.xlsm
3.0 [CO32–]

https://github.com/dpierrot/co2
sys_xl

Pierrot, 2021

MATLAB/
Octave

CO2SYS.m, 
errors.m

3.1.1
[CO32–], [HCO3–], 

[CO2*]
http://doi.org/10.5281/zenodo.

3950562
Sharp et al.,  2021

Python PyCO2SYS 1.8.0
[CO32–], [HCO3–], 

[CO2*], xCO2

https://PyCO2SYS.readthedocs
.io 

Humphreys et al., 
2021, 2022 

R seacarb 3.2.13
[CO32–], [HCO3–], 

[CO2*]
https://CRAN.R-project.or

g/package=seacarb
Gattuso et al., 

2021



17

K1 and K2 dissociation constants of the ocean carbon system:
1  = Roy, 1993                                            T:    0-45  S:  5-45. Total scale. Artificial seawater.
2  = Goyet & Poisson                               T:   -1-40  S: 10-50. Seaw. scale. Artificial seawater.
3  = HANSSON   T:    2-35  S: 20-40. Seaw. scale. 
4  = MEHRBACH                                      T:    2-35  S: 20-40. Seaw. scale. 
5  = HANSSON and MEHRBACH          T:    2-35  S: 20-40. Seaw. scale. 
6  = GEOSECS (i.e., original Mehrbach) T:    2-35  S: 19-43. NBS scale.   Real seawater.
7  = Peng T:    2-35  S: 19-43. NBS scale.   Real seawater.
8  = Millero, 1979, FOR PURE WATER T:    0-50  S:     0. 
9  = Cai and Wang, 1998                         T:    2-35  S:  0-49. NBS scale.   Real and artificial seawater.
10 = Lueker et al, 2000                             T:    2-35  S: 19-43. Total scale. Real seawater.
11 = Mojica Prieto and Millero, 2002       T:    0-45  S:  5-42. Seaw. scale. Real seawater
12 = Millero et al, 2002                             T: -1.6-35  S: 34-37. Seaw. scale. Field measurements.
13 = Millero et al, 2006                              T:    0-50  S:  1-50. Seaw. scale. Real seawater.
14 = Millero 2010                               T:    0-50  S:  1-50. Seaw. scale. Real seawater.
15 = Waters, Millero, & Woosley 2014  T:    0-50  S:  1-50. Seaw. scale. Real seawater.
16 = Sulpis et al, 2020                             T: -1.7-32  S: 31-38. Total scale. Field measurements.

Choice of dissociation constants



Recommended CO2SYS constants
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Dissociation constants of carbonic acid: 
• Lueker et al. (2000) [SP: 19-43, and temperature (T): 2-35°C], 
• Waters et al. (2014) [SP: 1-50,  T: 0-50°C]. 

The boron-salinity (B/SP) ratio: 
• Lee et al. (2010) is recommended over that of Uppström (1974).

Dissociation constants of bisulfate (HSO4–)
• Dickson (1990) is recommended over Khoo et al. (1977).

Dissociation constants of hydrofluoric acid (HF), 
• Perez and Fraga (1987) is recommended over Dickson and Riley (1979).
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International Union of Pure and Applied Chemistry 
(IUPAC) Gold book

o Concentration: Quantities 
characterizing the composition of a 
mixture with respect to the 
volume of the mixture (doi: 
10.1351/goldbook.C01222)

o Content: Amount-of-substance of 
a component divided by the mass
of the system (doi: 
10.1351/goldbook.S06073)
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“Content” vs. “Concentration”

o Use of “content” (i.e., per kg-seawater), instead of 
“concentration” (i.e., per liter) for mass-based 
measurements.

o E.g., “nitrate content” or “substance content of 
nitrate”

o Variable (per kg SW) = Variable (per L) / Density (kg L-1)



o Sample_ID uniquely identifies a row of data during the 
subsequent QC and interpretation process 

o Sample_ID = Station_ID× 10000 + Cast_number× 100         
+ Rosette_position

o As an example, at station 15, the 2nd cast, a Rosette_position
of 3 will have a Sample_ID of 150203. 

21

Sample ID



o Yearday refers to the day number in an annual cycle:
Yearday = datefun(Y, M, D) - datefun(Y, 1, 1) + Time + 1 

o Yearday is often incorrectly called Julian Day by 
oceanographers and meteorologists. 

o Julian Day is the count starting from noon on January 1, 
4713 BC (UTC), and starts with 0, instead of 1. 

o As an example, January 5, 2021 has a Yearday_UTC of 5, 
but a Julian Day of 2,459,220. 

22

Yearday vs. Julian Day
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Missing value indicator

“-999” or “NaN”
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