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Abstract. Data on carbon and carbon-relevant hydrographic and hydrochemical parameters from 1.88 pre-
viously non-publicly available cruise data sets in the Artic Mediterranean Seas (AMS), Atlantic Ocean and
Southern Ocean have been retrieved and merged to a new database: CARINA (CARbon IN the Atlantic Ocean).

These data have gone through rigorous quality control (QC) procedures to assure the highest possible quality
and consistency. The data for most of the measured parameters in the CARINA database were objectively
examined in order to quantify systematid¢tdrences in the reported values. Systematic biases found in the
data have been corrected in the data products, three merged data files with measured, calculated and interpo-
lated data for each of the three CARINA regions; AMS, Atlantic Ocean and Southern Ocean. Out of a total of
188 cruise entries in the CARINA database, 59 reported pH measured values. All reported pH data have been
unified to the Sea-Water Scale (SWS) at€5

Here we present details of the secondary QC of pH in the CARINA database and the scale unification to SWS
at 25°C. The pH scale has been converted for 36 cruises. Procedures of quality control, including crossover
analysis between cruises and inversion analysis are described. Adjustments were applied to the pH values for
21 of the cruises in the CARINA dataset. With these adjustments the CARINA database is consistent both
internally as well as with the GLODAP data, an oceanographic data set based on the World Hydragraphic
Program in the 1990s. Based on our analysis we estimate the internal consistency of the CARINA pH data
to be 0.005 pH units. The CARINA data are now suitable for accurate assessments of, for example, oceanic
carbon inventories and uptake rates, for ocean acidification assessment and for model validation.
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Data Product Data Product Exchange File Exchange File Units
Parameter Name  Flag Name Parameter Name  Flag Name

station STANBR

day DATE

month DATE

year DATE

latitude LATITUDE decimal degree
longitude LONGITUDE decimal degree
cruiseno

depth meter
temperature CTDTMP °C

salinity sf SALNTY SALNTY_FLAG.W

pressure CTDPRS decibar
phsws25 phsws25f PIBWS PHSWSFLAG W

For an introduction to this work and a complete list of parameters in the CARINA data base, see Key et al. (2010) and Tanhua et al. (2009).
Note the dfferent names for the parameters in the Exchange files (the individual cruise files) and the merged data product.

1 Introduction sphere can incur changes in pH, but the carbonafiie g

acts to stabilize these changes by consumption of carbonate
Carbon-related data from both historical and recent hydro-ons present in the seawater, and ultimately by taking carbon-
graphic cruises in the Arctic Mediterranean Seas (AMS, in-ate ions through dissolution of Cag&ediments, shifting the
cludes Arctic Ocean and Nordic Seas), Atlantic and South-equilibrium.
ern Oceans have been brought together to form the CARINA
database. The major aim of this project was to produce an in-

ternally consistent dataset of carbon-related parameters théll'f2 Distribution

can be used to assess and quantify carbon uptake and storagge primary factors governing the spatial and temporal dis-
in these regions. Focus was placed not only on the collectribution of ocean pH are temperature, because of the de-
tion of relevant data but also ensuring quality. The CARINA pendence of the dissociation constant on this parameter, and
working group has performed both primary and secondarypartial pressure of CE(pCO), total alkalinity (Ar) and total
quality control (QC). This reportis a summary of the pH data carbon (G), due to carbonate equilibrium. Surface ocean pH
in the CARINA data set and describes the data ConsistenC}g main|y dfected by temperature' bio|ogy' uptaj@ease of
analysis (secondary QC) and scale conversions undertakego, from/to atmosphere, and uptakelease of C@from/to
For an introduction to and overview of the work done in the deeper waters by upwe“ing or Sinking_ There are Changes
CARINA project see Key et al. (2010), Tanhua et al. (2010) and cycles that contribute to fluctuations in the surface ocean
as well as the other more specialized papers of this specigdH, on timescales of days to years and including seasons
issue. (Raven et al., 2005; Wootton et al., 2008). It is estimated
that the global surface ocean has already acidified by roughly
0.1 pH units (from 8.2 to 8.1 in SWS scale at°Zj since
pre-industrial times (Caldeira and Wickett, 2003; Olafsson
pH is one of the four parameters that define the carbonatét al., 2009; Orr et al., 2005; Raven et al., 2005) due to an-
system in sea water. The term pH describes the acidity othropogenic C@ emission, and its uptake by the ocean. In
a liquid and it is defined as: pH-logyo [H*]. The pH of  the deep oceans, the GConcentration increases by decom-
seawater has become a valuable oceanographic paramet@gsition of organic matter that sinks, and these additions of
particularly since problems with its measurement and inter-CO, cause its pH to decrease, but because GaS@bun-
pretation have been resolved through the development of radant in sediments, the pH of the deep oceans is very stable,
tional pH scales (Dickson, 1993), photometric measuremeng@nd changes are minimal even on timescales of 10000 years
methods (Clayton and Byrne, 1993) and reliable pHfdsu  (Raven et al., 2005).
standards of seawater (Dickson, 1993; Millero et al., 1993).

Oceanic pH reflects the therm.odynamics state of 'Fhe agid1_3 Different pH scales
base system in seawater, especially of the geochemically im-
portant carbonate system. The equilibrium between carbonThe first pH definition (pH:=—logye [H*]) from Sgrensen
ate species and GQthe carbonate litering, helps to mit-  (1909) presents some operational problems since free pro-
igate to a large extent the changes that can be induced twns [H'] do not exist in any significant amount in aque-
seawater pH by several causes (Millero, 2007; Raven et al.ous solutions. Thus, the symbol *Hrepresents hydrate
2005; Wootton et al., 2008). Uptake of G®om the atmo-  complexes rather than the concentration of free hydrogen

1.1 Description of parameter (pH)
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Table 1. pH scales used on seawater measurements, definitions, and relationships (Dickson, 1993; Dickson et al., 2007; Millero, 2007).

Scale pH definition

NBS pHes = —log a,

Free pH =-log [H*]¢

Total pHr = —log[H"]r = —log([H"]¢ - (1 + [SO}1/Ks)) » ~log([H* ] + [HSO;])

Seawater  pllvs=-log[H*]sws=~1og([H"]¢ - (1 +[SO; 1/Ks + [F1/KF)) = ~log([H*]¢ + [HSO,] + [HF])

ions. The first operational definition was the NBS pH scalel1.4 Methodology of pH measurements
(Bates and Vijh, 1973). NBS pH scale is defined by a serie
of standard bffer solutions with assigned pH values close
to the best estimates of the proton activity:(p so that

pHnes=-log a4+ . The reference state for pigs scale is

the indefinitely diluted solution, which is very useful in di-
lute natural waters such as rivers and lakes. However, this

scale is not recommended for seawater because of its lar ) . :
ionic strength (Dickson, 1984: Millero et al., 1993). requirements on equipment, but is prone to problems due

In addition to the NBS pH scale, three other scales have® electrode drift, susceptibility to electromagnetic interfer-
been suggested for seawater, thé free hydrogen ion sca nces or problems with reference eIec_trodes(Dickson, 1_993).
(pHe), the total hydrogen ion scale (pMand the seawater he accuracy of the measurement relies on the preparation of
scale,(préws). The reason for the existence of four simul- the calibration bffers. These, together with the preci§ion of
taneous pH scales is primarily historical. They reflect thethetemperatu_rg pontrol, are commaon sources of p‘ias.
gradual refinement of the experimentally determined pH inThe reprodumblh_ty of t_he potentiometric method is no better
seawater. The definitions of thefidirent scales are summa- than=0.02 pH units (chkson, 1993).

Spectophotometric methods are based on the absorbance

rized in Table 1. f a pH indicator, thus eliminating problem iated with
The free pH scale is conceptually the clearest being exX'ap cator, thus & aing probiems assoclare

plicitly defined only by the Fl concentration. The drawback bgfg?rt:r:?p;;tltsg ggr?t::)?rg:]ng'e Fl;r:th;:m;);g, s;jorbs du;nto
is that the H cannot be directly measured. This operational P peratu partially redu y using

inconvenience is resolved with the total and seawater scale%'ggi?g:e(gﬁ tat‘;getsog)cjsr;:eén:ﬁﬁteogczgﬁi 'tSHp};n\éaltL;z
The total pH scale (Hansson, 1973) accounts for the disso: yp 9 PH,

ciation of HSQ fon (including SG i its calibration solu- cPerature dependence follows hat of pH along this range
tions), avoiding the definition of the H§Qlissociation con- ((j ayton anc byrme, » FTIS et al., )- € repro-
o o ucibility with this method can reach t©0.0004 pH units

stant whose accurate value igfdiult to obtain in seawater. (Clayton and Byrne, 1993)
The seawater scale (Dickson and Riley, 1979) includes be* y yrme, '
sides bisulphate, the dissociation reaction for hydrogen flu-
oride. The diferences between the total and the seawate? Data
scales thus arise from the fact whether the medium in which
the scale is based includes fluoride or not. However, this dif-The pH data included in the CARINA dataset comes from a
ference is numerically small (abou.01 pH units at salinity recompilation of cruise data from a multitude of international
35) because the concentration of HSI® much larger than research groups until 2005. The data includes measurements
that of HF in the seawater. Contrarily, the pH reported onobtained using both the potentiometric and spectrophotomet-
the free scale is about 0.11 and 0.12 pH units higher than ofic methods. Totalizing, CARINA dataset has pH data from
the total and the seawater scale (Zeebe and Wolf-Gladrow3761 stations on 59 cruises, resulting in 49 915 pH measure-
2001). These dierences are much larger than the presentments. Figure 1 shows the location of the stations with pH
precision achieved in the pH measurements, which is on thélata in CARINA (all ATL, SO and AMS datasets joined).
order of+0.0004—-0.001 pH units (Clayton and Byrne, 1993).

Confusion may arise when the pH scale is not explicitly 3 Conversions to pH SWS 25 °C
stated, and significant errors can be introduced in the calcu-
lation of the carbonic acid speciation because the first andAs a first step, all pH values were converted to the seawa-
second dissociation constant of€0; are defined for a spe- ter scale at 25C (SWS 25). The conversion was done by
cific pH scale; thus, if the pH scale is ignored, serious errorsusing the CO2SYS (Lewis et al., 1998) routines coverted to
in the pCO, calculation can occur that can reach 1@6m, MATLAB code (van Heuven et al., 2009). This toolbox can
specially whenever pH is a master variable of the carbonicbe accessed &ttp;/cdiac.ornl.goyoceango2rprt.htmland
system. does all calculations needed to get the full solution of the

S'I'Wo analysis techniques are routinely used to get precise
measurements of pH in seawater. These are potentiomet-
ric methods with electrodes, and spectophotometric methods
with an indicator.

The potentiometric method is based on the hydrogen ion
ensitivity of an electrode (Dickson, 1993). It has fewer
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Figure 1. Map of stations with pH data in the full CARINA dataset (ATL, AMS and SO merged).

Table 2. Equations used by CO2SYS matlab software routines for pCO,) to the_ OUtpL%t temperature of 2_6 (still on the total
conversion on pH scales. The routines use Total Scale internally fofC@l€)- This is achieved by recalculating the constants, solv-

CO, calculations. ing the system, and calculating the pH again.
As the last step, these values are used to calculate the pH
Equations used for pH scale conversion on the other three scales. The output inspidis calculated

from pHr by reversing the first equation in Table 2:
pHr = pHsws—10g((1+Sr/Ks)/(1+S7/Ks+Fr/KE))
pHr = pH—1log(1+Sr/Ks)

1+
pHr = pHyes—(log(1+Sr/Ks)+log(fw)) PHsws=pHr + Iog[%] @
1+ Ks + Ke

Where: § is the Total Sulfate, calculated with the equa-
tions from Morris and Riley (1966),Hs the Total Fluorine,
carbonate system in seawater. The code calculates the pH italculated with the equations from Riley (1965) K the
all of the four scales used in seawater, and allows the user thisulfate ion dissociation constant, from Dickson (1990, K
choose which set of constants to use for the carbonate anid the hydrogen fluoride dissociation constant, from Dickson
sulfate systems. (1979), andfy is the activity coéficient of hydrogen ion in
Additional parameters required for these calculations areseawater (Brez and Fraga, 1987), calculated according to
pressure, salinity, silicate, phosphate, and alkalinity. For theTakahashi et al. equations (1982).
conversions, the following constants were used: Mehrbach Table 3 shows the cruises identified to be in a scafeli
refitted by Dickson and Millero (Dickson and Millero, 1987; ent than SWS at 28C. Original scale is noted in the second
Mehrbach et al., 1973) for carbonate, and Dickson (Dicksoncolumn and the reported temperature in the third.
1990) for sulphate. The matlab routine converts all pH values
to t.he t(_)tal scale using the equations.sgrnmarized in Table_24 Methods
which, in turn, are based on the definitions summarized in

Table 1. The methods and techniques for the quality control are de-
The next step taken by the CO2SYS routines is to calcuscribed in detail in the methods paper of this special issue
late all four parameters of the GBystem (G, At, pH and  (Tanhua et al., 2010). This secondary quality control (2nd
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Table 3. Scale conversions. Note for cruise 165: Temperature spec 2 g
ified for each sample, between 16.42 and 22@4Note for cruise 2l
187: data quality low.

Additative offsst
Max distancs [k 222

weightsd oftsst  0.01265
weighted stddew 000722
# salfple= 1 (blusy 70

Cruise ID  Cruise Expocode Scale Temperataf) ( L #saMples G2 () 38
# =ltionz C1 (blue’ "
3 06AQ19960712 T 15 . “mczim] €
20 06MT19990610 T 22 =% |b
21 06MT19990711 T 22 SEECPYA T RET e O
23 06MT20010507 T 21 phsws25 740119970807 — 740119980426
25 06MT20010717 T 21 e 77 s g 008 o oo
30 06MT20030723 T 21 456} '. 458
51 29CS19771007  NBS 15 .
52 29CS19930510 NBS 15 r
58 29HE19951203 NBS 15 . .
59 29HE19960117 NBS 15 .
61 29HE20010305 T 25
62 29HE20020304 T 25 ol A .
84 33LK19960415 T in situ /P ?l:
92 35A320010203 T 25 5 le
93 35A320010322 T 25 @ y sl
95 35LU19950909 T in situ/P ERN
99 35MF19990104 T insituT
107 35TH20010823 T 25 o]+ TADISSIOBOY| - el
108 35TH20020611 T 25 ‘
109 35TH20040604 T 25
110 49HH19941213  NBS 25 ns . s
115 497519921203 NBS insituT
119 58AA19950217 T 15
141 58JH19970414 T 15 Figure 2. Crossover made with Running-Cluster Routines.
142 58JH19980801 T 15
148 58LA19860719 T 25
160 74AB19910501  NBS 15 — Inversions: Weighted and Weighted Damped Least
163 74AB20020301 T 25 Squares (WLSQ and WDLSQ) procedure. It uses the
165 74DI19890511  SWS lab collection of dfsets and their uncertainties as input,
12; ;ig:iggggﬁg NTBS 2255 and calculates the optimal corrections for the individual
170 24DI19900612 NBS 5 cruise files needed in order to minimize thiésets.
179 77DN20020420 T 15 — Corrections: The value of correction for each cruise di-
182 90Av20041104 T 25 rectly returned by the inversions.
183 91AA19971204 T 15
187 OMEXINA NBS in situ T — Minimum adjustment: Not all corrections proposed by

the inversions were applied. A minimum threshold was
defined for each parameter. Below this limit, no adjust-
ment was performed.

QC) starts after the unification of the pH data to SWS scale
at 25°C for all cruises. Next, an overview of the terminology
is presented for improved readability.

— Adjustments: Final adjustment value applied to the
cruise. The correction given by inversions was taken as
reference, but manual supervision and agreement was

— Crossover: Comparison of any parameter between a done by the CARINA group for each adjustment.

pair of cruises (A and B) located near or that cross each
other. The comparison is done by station profiles. 4.1 Crossovers (offsets)

) . The secondary QC procedure starts with comparisons of data
— Offset: The numeric result of the crossover. Can be ady pairs of cruises that are either co-located or “near” each
ditive or multiplicative, and represents the quantity that

. o . other. Only data that were flagged “good” during the primary
cruise B data is biased ffset) from cruise A data. The_ C procedure (Key et al., 2010) were considered.
crossover procedure returns also a statistical uncertaint

for the dfset.
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Figure 3. Crossover made with cnaX routines.

The application of various software packages (Tanhua et al.grder to ensure quality. Only “good” quality crossovers were
2010) generated statistical and objective information abouselected, and those results were used for subsequent cruise
the diferences between pairs of cruises, as well as the graphzorrection calculations. Good crossovers were the ones with
ics needed to visually verify the computer determined dif- enough samples to produce reasonably uniform data profiles
ferences. Each crossover analysis established ffexetice  over the entire area included in the crossover. As additive
(i.e. the dfset) between station profiles of two cruises that offsets were being used for pH analysis, care was taken to
were located close to each other (2 degrees of Latitude waserify that the profiles of both cruises flowed in parallel, so
the typical distance). Only samples deeper than 1500 m weréhat the d¢fset could be determined. Uncertainty as standard
considered. The code returned the value of tfiged as well  deviation was also used to provide more information about
as its uncertainty, and the number of contributing stations anarossover quality.
samples. In Figs. 2 and 3, two examples of pH crossovers are
In this work, manual, running-cluster and cnaX crossovershown; Fig. 2 was produced by Running Cluster routines,
procedures were applied on all possible pairs of CARINA and Fig. 3 was produced by cnaX routines (Tanhua et al.,
cruises. Next, the crossover results were visually inspected i2010).
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4.2 Inversions (cruise corrections) o1

0,08 + Before adjustments
A weighted damped least squares inversion procedure, . | . o < eradusiments
(WDLSQ) was applied to the collection of accepted £ o2t - ol = .
crossover fisets and their uncertainties, to get the the so-
lution of cruise corrections that would minimize th&sets
(Gouretski and Jancke, 2001; Johnson et al., 2001). Uncel
tainties were used as weighting factors or data covarianci
matrix in this procedure. In order to ensure the highest qual-

ity results from the inversion and to get a more accurate andrigure 4. Crossover pH fisets obtained with original database and
consistent solution, a small subset of cruises were a priori deafter adjustments were applied.

fined as “core”, giving to them a weighting factor of 2 in the

inversion. These were chosen according to their geographi- . )

cal extent (i.e. covering a large distance) and expected high’as performed for all cruises in CARINA database. Some
data quality (i.e. WOCELIVAR quality), and were agreed additional regression analyses and st_atlstlcal chec!<s were
upon by the CARINA Atlantic group. @sets that involve al_so_ done_ in or_der to ensure the con5|st_ency of cruise data
“core” cruises received a higher weighting (double if only within their reglo_n and. the mternal consstgncy of carpon
one cruise is “core”, and four times if both are “core”) in the Parameters. During this analysis, two Nordic Seas cruises,
inversion (Tanhua et al., 2010). not previously adjusted by the crossover exercise because of

A second round of quality control was carried out by cal- too fe_w data, evid_ently needed adjustments based on regional
culating pH from G and Ay for cruises with no pH mea- consistency and internal _carbon consistency, so adjustments
sured, and including them into the crossover and inversionVere calculated and applied to these data.
procedures. This was done to improve the confidence of
corrections for cruises without so many crossovers, as pHb Assessment of applied adjustments
data are sparse in some areas. An accuracyx®006
in calculated pH is accomplished from typical accuracies!n this section, an assessment and description of the ad-
in on-boat measurement analysis#8—4umol kgt in At justments applied to cruises for CARINA database is made.
and +2umolkg in Cr (Millero, 2007; Zeebe and Wolf- CARINA identifiers for the cruises are the numbers inside
Gladrow, 2001). The expected error in CARINA dataset isthe parentheses (see below). Exact data locations can be
about+6umol kgt in At and+4pmol kg in Cr, so calcu-  found at the CARINA websitehttpy/cdiac.ornl.goyoceans
lated pH accuracy could be lower thaf.006 here. CARINA/Carinainv.html.

A total of 217 crossovers were used as input for the inver- A set of figures and comments are presented for each
sion procedure when using 0n|y measured pH data, and 31§ruise SUmmariZing all crossoveffsets and their standard
when using also calculated pH fronyAnd Gr. deviation. Each figure shows the following information:

Figure 4 shows the pHifsets for all individual crossovers
before any adjustment (red dots), and after applying the full
inversion solution to all cruises (i.e all the corrections). As
can be shown, after applying the corrections, tiisais are
lower, and most of them fit between th®.005 pH units
boundary.

-0,02

-0,04
-0,06
-0,08

pH crossover offsets

50 100 150 200 250 300 350

Crossover number

— Green dots: “@sets”. These values are théfsets
taken directly from each selected crossover. The stan-
dard deviation is shown as error bars on these dots.
Mixed crossovers from running-cluster, cnax, and man-
ual crossovers have been used here

— Yellow line indicates the additive correction for the
4.3 Adjustments cruise calculated by WDLSQ inversion. Note that the

. ] ] correction and fisets are of opposite sign.
A minimum threshold of 0.005 pH units was defined and

only corrections greater than this value has been taken into — Black stars indicate the correction calculated by
account by the CARINA group to decide the final adjust- WDLSQ inversion for the other cruises that intersect
ments for the cruises. this cruise.

Corrections proposed by WDLSQ inversion of running-
cluster, cnaX and manual crossovdfsets have been ana-
lyzed by the CARINA group to get an agreement upon the
value of adjustment proposed and applied to the cruises.

— Blue squares: “Predictedfiset” shows the calculated
offset that would be obtained by applying all inversion
corrections to the cruises.

— Red dots: These are the residuals between thes&ds”
4.4 Quality control (Green dots) and “Predictedf®ets” (Blue squares)

Once the adjustments were determined and applied for all — ¢ sufix in the upper x-axis labels stands for Core
analyzed parameters, a final crossover and inversion analysis  Cruises.
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Figure 5. Cruise crossover information plot for 06MT19960910 (15).

— d sufix in the upper x-axis labels stands for cruises with 139 stations sampled with a 22 position rosette system. The

pH derived from A and G. analysis of pH was done using spectrophotometric method
with precision of+0.002 and a standard deviation of repli-
5.1 Cruise 06MT19960910 (15) (Fig. 5) cates 0f+0.0009, given an estimated uncertainty+6f.002.

Original data were reported on the Total pH scale at@1
This is the so called M36 cruise, carried out on board\R  The cruise has 16 crossovers. The inversion suggests a cor-
Meteor, in the North Atlantic. It has 62 stations sampled with rection of —0.005+ 0.001. Except for two crossovers, all
a 24 position rosette system. The cruise has 12 crossovergesiduals are very low and fit inside0.003 after the full so-
The inversion suggests a correction-§.007+0.001. Ex-  |ytion of the inversion is applied. Very good fit exists with
ceptone, all residuals are very low and fit insi003 after  foyr core cruises and two GLODAP cruises (317519930704

the full solution of the inversion is applied. Very good fit zng 06MT20030723). Based on this evidence, an adjustment
exists with 5 core cruises. Based on this evidence, an adjuskf —0.005 was applied to the pH data.

ment of—0.007 was applied to the pH data.

5.2 Cruise 06MT20010507 (23) (Fig. 6) 54 Cruise 29C519930510 (52) (Fig. 8)

This is leg 1 of the experiment called SFB460 (VB car- This crui_se is called MORENA—I, ca}rried out on boa.rd
fied out on board R/ Meteor in the subpolar North At- R/V Cornide de Saavedra. It is a cruise along WOCE line
eARlGe. It has 92 stations sampled with a 24 position rosette

lantic. It has 53 stations sampled with a 24 position rosett .
system. The analysis of pH was done using Spectropho_system. Original data were reported on the NBS pH scale at

tometric method with precision a£0.002. Original data 15°C. The cruise has 8 crossovers. The inversion suggests a
were reported on the Total pH scale at°l The cruise correction of 0.01% 0.001. All residuals are very low and

has 7 crossovers. The inversion suggests a correction J]lt inside +£0.002 after the full solution of the inversion is ap-
—0.008+ 0.005. Except for two crossovers, all residuals areplied. Very good fit also exists with three core cruises. Based

very low and fit insidex0.005 after the full solution of the on this evidence, an adjustment of 0.017 was applied to the

inversion is applied. Very good fit also exists with two core pH data.
cruises. Based on this evidence, an adjustmen0d08 was
applied to the pH data. 5.5 Cruise 29GD19821110 (53) (Fig. 9)

This is the so called GALICIA-V cruise, carried out on board
R/V Garcia del Cid on Atlantic close to NW of Spain. It has
This is leg 4 of the experiment called SFB460 (M&Qcar- 19 stations sampled on hydrocasts with 5L Niskin bottles.
ried out on board R/ Meteor in the North Atlantic. It has The analysis of pH was done using potentiometric method

5.3 Cruise 06MT20010717 (25) (Fig. 7)
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Figure 6. Cruise crossover information plot for 06MT20010507 (23).
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Figure 7. Cruise crossover information plot for 06MT20010717 (25).

with a glass electrode. The claimed accuracy is

0.003. Th&.6 Cruise 29GD19840218 (55) (Fig. 10)

cruise has 7 crossovers. The inversion suggests a correction

of 0.024+ 0.002. Except one, all residuals are low and fit in-
side+0.005 after the full solution of the inversion is applied.
Good fit exits with 3 core cruises. Based on this evidence, a

adjustment of 0.024 was applied to the pH data.

www.earth-syst-sci-data.net/2/133/2010/

This is the so called GALICIA-VII cruise, carried out on
board RV Garcia del Cid on Atlantic close to NW of Spain.

"t has 33 stations sampled on hydrocasts with 1.7L Niskin
bottles. The analysis of pH was done using potentiomet-
ric method with a glass electrode. The claimed accuracy is
0.003. The cruise has 8 crossovers. The inversion suggests a
correction of 0.023 0.001. All residuals are low and fit in-
side+0.002 after the full solution of the inversion is applied.
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Figure 8. Cruise crossover information plot for 29CS19930510 (52).
[1000 * pH SWS 25°C] Data Offset 29GD19821110 (53): 23.6+1.8 pH SWS 25°C * 1000
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Figure 9. Cruise crossover information plot for 29GD19821110 (53).

Good fit exits with 3 core cruises. Based on this evidence, arD.003. The cruise has 8 crossovers. The inversion suggests
adjustment of 0.023 was applied to the pH data. a correction 0~0.017+ 0.002. Except one, all residuals are
low and fit inside+0.005 after the full solution of the in-
) ) version is applied. Good fit also exists with 3 core cruises.
5.7 Cruise 29GD19840711 (56) (Fig. 11) Based on this evidence, an adjustment@f017 was applied

This is the so called GALICIA-VIII cruise, carried out on to the pH data.

board RV Garcia del Cid on Atlantic close to NW of Spain.

It has 118 stations sampled on hydrocasts with 1.7L Niskin
bottles. The analysis of pH was done using potentiomet-
ric method with a glass electrode. The claimed accuracy is
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Figure 10. Cruise crossover information plot for 29GD19840218 (55).
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Figure 11. Cruise crossover information plot for 29GD19840711 (56).
5.8 Cruise 29GD19860904 (57) (Fig. 12) plied. Very good fit also exists with 3 core cruises. Based on
this evidence, an adjustment of 0.032 was applied to the pH

This is the so called GALICIA-IX cruise, carried out on data.

board RV Garcia del Cid on Atlantic close to NW of Spain.

It has 50 stations sampled on hydrocasts with 1.7L Nisking g9 cryise 29HE20010305 (61) (Fig. 13)

bottles. The analysis of pH was done using potentiomet-

ric method with a glass electrode. The claimed accuracy isThis is the so called FICARAM Il cruise, carried out on
0.003. The cruise has 7 crossovers. The inversion suggestmoard RV Hesperides along WOCE section A17 in the west-
a correction of 0.032 0.001. All residuals are very low and ern South Atlantic. It has 29 full depth stations sampled
fit inside £0.005 after the full solution of the inversion is ap- with a 24 position rosette system. The analysis of pH was
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Figure 12. Cruise crossover information plot for 29GD19860904 (57).
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Figure 13. Cruise crossover information plot for 29HE20010305 (61).

done using spectrophotometric method. CRM batch 41 and.10 Cruise 33LK19960415 (84) (Fig. 14)
51 were used, with an uncertainty of 0.002. Original data

were reported on the Total pH scale at°€5 The cruise his is the so called ETAMBOT?2 cruise, carried out on

hgsog;rrgségreré' Trt\e |nver|T|on _EUQ?EStS Ia corr(ejcft_[{o_n oard RV Edwin Link along WOCE section ARO4h, in
+9.0Uox .00 Except one, allresiduals aré low and it in- ., o -y ¢ equatorial Atlantic, near Brazil. It has 94 sta-

S|deio.005_ after thg full splu'uon of the_ Inversion IS appl!ed. tions sampled with a 24 position rosette system. The anal-
Very good fit also exists with 5 core cruises. Based on this ev-

: . . ysis of pH was done using the potentiometric method with
idence, an adjustment e0.005 was applied to the pH data. a standard deviation of replicates of 0.003. Original data

were reported on the Total pH scale at in-situ conditions
of temperature and pressure. Data were measured°&t.25
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Figure 14. Cruise crossover information plot for 33LK19960415 (84).
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Figure 15. Cruise crossover information plot for 35LU19890509 (94).

The cruise has 3 crossovers. The inversion suggests a cob-11 Cruise 35LU19890509 (94) (Fig. 15)
rection of —0.018+ 0.003. All residuals are very low and
fit inside +0.005 after the full solution of the inversion is
applied. Good fit also exists with one GLODAP cruise

(323019940104). Based on this evidence, an adjustment o?f the Iberian Peninsula. It has 47 full depth stations sam-
~0.018 was applied to the pH data ' pled with a rosette system. The cruise has 6 crossovers. The

inversion suggests a correction of 0.62@.002. Very good
fit also exists with 4 core cruises. Based on this evidence, an
adjustment of 0.024 was applied to the pH data.

This is the so called BORDEST-3 cruise carried out on board
R/V “Le Noroit”, on a rectangular grid in the Atlantic west
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[1000 * pH SWS 25°C] Data Offset 35LU19950909 (95): -27.8+2.5 pH SWS 25°C * 1000
(t tpdf: 0.0025927) (t 10 tpdf: 0.0062543)
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Figure 16. Cruise crossover information plot for 35LU19950909 (95).
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Figure 17. Cruise crossover information plot for 35TH19990712 (106).
5.12 Cruise 35LU19950909 (95) (Fig. 16) cruise has 3 crossovers. The inversion suggests a correc-

tion of —0.028+0.003. All residuals are very low and fit

This is the so called ETAMBOT1 cruise, carried out on board in_side +0.005 after_ the .fuII solution O,f the inversion is ap-
R/V “Le Noroit” along WOCE section ARO4g, in the west- pI|eq. Based on this evidence, an adjustment@028 was
ern equatorial Atlantic, near Brazil. It has 85 full depth sta- 2PPlied to the pH data.

tions sampled with a 24 position rosette system. The analy-

ses of pH were done using the potentiometric method with & 13 cryise 35TH19990712 (106) (Fig. 17)

standard deviation of replicates of 0.002. Original data were

reported on the Total pH scale at in-situ conditions for tem-This is the so called EQUALANT99 cruise, carried out on
perature and pressure. Data were measured &€ 2%he board RV “Thalassa” in the equatorial Atlantic. It has 102
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Figure 18. Cruise crossover information plot for 74AB19910501 (160).

stations sampled with a 24 position rosette system. The anakln adjustment, but a comparison with Greenland Sea deep
ysis of pH was done using the potentiometric method withwaters suggested a need of a correctior@025. Compar-
a standard deviation of replicates of 0.003. Original dataison with pH calculated from adjustedrAand G supports
were reported on the Total pH scale at in-situ conditions ofthis adjustment, and so does the MLR analysis (see below)
temperature and pressure. Samples were measured@t 25 Based on this evidence, an adjustment of 0.025 was applied
The cruise has 5 crossovers. The inversion suggests a cote the pH data.
rection of—0.008+ 0.001. All residuals are very low and fit
inside £0.003 after the full solution of the inversion is ap-
plied. Very good fit also exists with two GLODAP cruises
(33RO20030604 and 33RO20030111). Based on this eviThis is the so called 58JH9808 cruise, carried out on board
dence, an adjustment e0.008 was applied to the pH data. R/V “Johan Hjort” in the Nordic Seas. It has 49 stations sam-
pled with a 12 position rosette system. The analysis of pH
514 Cruise 58AA19950217 (119) was .dpne using spectrophotomgtric mgt_hod, with a reported
precision of about0.005 pH units. Original data were re-
This is the so called 58AA9502 cruise carried out on boardported on the Total pH scale at 6. Not enough crossovers
R/V Haakon Mosby in the Nordic Seas. It has 34 stationswith other cruises were found to support an adjustment, but
sampled with a 12 position rosette system. The analysis o comparison with Greenland Sea deep waters suggested a
pH was done using spectrophotometric method, with a re-need of a correction 6f0.020. Intercomparison with pH cal-
ported accuracy 0£0.002 and a precision of 0.001. The culated from adjusted -Aand G supports this adjustment,
analysis of the data showed that the scatter on pH is highand so does the MLR analysis (see below). Based on this
The cruise has only a few pH data, so decision here was t@vidence, an adjustment of 0.020 was applied to the pH data.
flag the measured pH data as questionable, and not include

them in the data product. 517 Cruise 74AB19910501 (160) (Fig. 18)

5.16 Cruise 58JH19980801 (142)

515 Cruise 58JH19970414 (141) This cruise is the so called_VivaIdi expedition, _carried out
on board RV Charles Darwin. It has 614 stations, from
This is the so called 58JH9704 cruise, carried out on boardvhich only 34 are deep stations. The stations were sam-
R/V “Johan Hijort” in the Nordic Seas. It has 135 stations pled with a 24 position rosette system. Original data
sampled with a 12 position rosette system. The analysisvere reported on the NBS pH scale at°@5 This cruise
of pH was done using spectrophotometric method. Origi-has 15 crossovers, and the inversion suggests a correc-
nal data were reported on the Total pH scale atd5Not  tion of 0.022+0.001. All residuals after the full solution
enough crossovers with other cruises were found to supporf the inversion have been applied are very low and fit
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[1000 * pH SWS 25°C] Data Offset 74DI19970807 (171): -5.2+0.7 pH SWS 25°C * 1000

t tpdf: 5.8062e-07, t 10 tpdf: 1.3643e-06
{ 'student P ) { ‘student P )
cd cd d [ [ c c
40 T 1 2 T T T T T T T T T
30— +
]
. . ' :
*
* ¥ -
20— ®
=
8 1o~ . L] i
o * L]
% ° ° . = . * * * *
@ o . O | ° * ° °
% ® . . o
I e x
e
8 0
z 10 ;
20—
®  Offsets & t0/2
B Ppredicted Offset
8011 ® Residuals
Cruise correction
¥ Offset2™ cruise
40 T T 1 L L | 1 L 1 1 1 L 1 1 1 L L 1
S N W > N N o & & v N N N S s & < SE
Q"@ &g’ &o" Q:{"\\ Q:"& QPS\ an@ 0@‘0 O:\GO @dﬁ q"& q“’°b ® o &9% o"eh Q”é e\@ @\Q
S S S S S & & S & S S S S & S 5 & 5 S
S - G S I A RS G AP SO
A ® A @ @ @ @ & & & & & ® k2 ® ks * & N

Cruise expocode

Figure 19. Cruise crossover information plot for 74DI119970807 (171).
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(L qent tPAF: 6.667e-17) (tgpugent 10 tPAI: 5.4202e-10)
0 d c cd cd d cd c c d c c c d
4 T T T T T T T T T T T T T T T T T T T T T
30—
*x
20— *
g
S 10—
o * *
Q ! * % * ' * x * x * % ° ° °
o o x . . ° 9®  x . * L]
2 . x 4 | TP
I H * .
z x 'y [ d
g o T - T - = -
5 Py f = = - e ° o g 8 & : u
: . ° s TT o 5 1}
20— ° L o =
’ . x -
® Offsets & 012 2 o
B Predicted Offset
-301 @ Residuals
Cruise correction
* Offset2™
w0 T O Y Y R IO N
o N Q > ® o KU ) R & N > o o N Q % &
<a°§, & /\QQ’B @bb @C’Q t@‘b QT & OP/\% %Q’Q %@& @@ & v ‘«P@ & /\\QQ 6‘\0
& & & & & & & F & & &S S S > & &
SRR R S S S S P USIIN UR U v e O & ¢ ¢ &8
I I I U S e T N A TN OO R S
B Al N A < P < < S m < o o < B o N A N B R

Cruise expocode

Figure 20. Cruise crossover information plot for 74D119980423 (172).

inside £0.005. Very good fit also exists with 5 GLODAP has 19 crossovers. The inversion suggests a correction of
cruises (74DI19970807, 06MT19941012, 317519930704-0.005+ 0.001. Except one, all residuals are low and fit in-
316N19971006 and 316N19961102). Based on this eviside+0.005 after the full solution of the inversion is applied.
dence, an adjustment of 0.022 was applied to the pH data. Very good fit also exists with 6 core cruises. Based on this ev-
idence, an adjustment f.005 was applied to the pH data.

5.18 Cruise 74DI19970807 (171) (Fig. 19)

o _ _ 5.19 Cruise 74D119980423 (172) (Fig. 20)
This is the so called FOUREX cruise (IGY section Four Re-

peat Experiment), carried out on board/@iscovery, along  This is a cruise on a meridional section along @0 from
the WOCE leg A25. It has 143 full depth stations. The cruise20° N to 65° N, carried out on board /R Discovery. It has
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Figure 21. Cruise crossover information plot for 91AA19971204 (183).
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Figure 22. Cruise crossover information plot for 316N19970717.

44 full depth stations sampled with a 24 position rosette sys5.20 Cruise 91AA19971204 (183) (Fig. 21)
tem. The cruise has 22 crossovers. The inversion suggests a

correction of 0.01& 0.001. Except two, all residuals are low This is the so called SWEDARP 1997 expedition, carried out

and fit inside+0.005 after the full solution of the inversion is

on board S.A Agulhas on a meridional section aloAde6

applieq. Good fit aIsp exists with 8 core cruise;. Based ONyith 40 stations. The analysis of pH was done using spec-
this evidence, an adjustment of 0.018 was applied to the pH,,hotometric method. Original data were reported on the

data.

www.earth-syst-sci-data.net/2/133/2010/

Total pH scale at 15C. The cruise has only 2 crossovers.
The inversion suggests a correction of 0.82L005. All
residuals fit inside0.010 after the full solution of the in-
version is applied. Based on this evidence, an adjustment of
0.021 was applied to the pH data.
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Figure 23. Cruise crossover information plot for 316N19970815.
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Figure 24. Cruise crossover information plot for 323019940104.
5.21 Cruise 316N19970717 (Fig. 22) two GLODAP cruises (32019940104 and 33R019980123).

Based on this evidence, an adjustment0f009 was applied

This is a cruise carried out on boardMRKnorr along WOCE to the pH data.

section A20 in the North Atlantic. It has 95 stations sampled

with a 36 position rosette system. The analysis of pH wass 25 cryise 316N19970815 (Fig. 23)

done using the potentiometric method. CRM batch 33, 36

and 37 were used. The cruise has 6 crossovers. The invefFhis is a cruise carried out on boargMRKnorr along WOCE
sion suggests a correction-60.009+ 0.003. Except two, all  section A22 in the North Atlantic. It has 7 stations sampled
residuals are very low and fit insid®.005 after the full solu-  with a 36 position rosette system. The analysis of pH was
tion of the inversion is applied. Very good fit also exists with done using the potentiometric method. CRM batch 33, 36
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Figure 25. Cruise crossover information plot for 90MS198110089.

a.nd 37 were used. The_ cruise has 3 crossovers. The,'nverr'able 4. Adjustments applied to individual cruise files. “P” or “S”
sion suggests a correction €0.010+0.001. Very good fit  5re acronyms for pH measurement method, and refer to Potentio-
also exists with two core cruises and one GLODAP cruisemetric or Spectophotometric techniques respectively.
(33R0O19980123). Based on this evidence, an adjustment of

—0.010 was applied to the pH data.

Cruise  Cruise expocode Is Core pH Adjustment
) ) ID Cruise  measurement Applied
5.23 Cruise 323019940104 (Fig. 24) method

This is the so called CITHER 2 cruise carried out on board 15  06MT19960910 P -0.007
R/V Maurice Ewing, along WOCE section A17 in the west- 23 06MT20010507 S —0.008
ern South Atlantic. It has 235 stations sampled with a 32 po- 25 06MT20010717 S ~0.005

I ) X ) 52 29CS19930510 P 0.017

sition rosette system. The analysis of pH was done using po- 53  296D19821110 p 0.024

tentiometric method with stated overall precision=@.003. 55 29GD19840218 P 0.023
Original data were reported on the NBS scale at@5The 56 29GD19840711 P -0.017

cruise has 10 crossovers. The inversion suggests a correc- 57 29GD19860904 P 0.032

tion of —0.009+ 0.001. All residuals are low and fit inside 61 29HE20010305 S 0.005
+0.005 after the full solution of the inversion is applied. Ver 34 33LK19960415 P -0.018

EUUL o U S ) pplied. Very o4 35119890509 P 0.024
good fit also exists with 3 GLODAP cruises (316N19970717, g5 351 U19950909 p —0.028
GEOSECSATLANTIC and SAVE). Based on this evidence, 106  35TH19990712 P -0.008

an adjustment 0£0.009 was applied to the pH data. 119 58AA19950217 S Flagged 3

141 58JH19970414 S 0.025

142 58JH19980801 S 0.02

5.24 Cruise 90MS19811009 (Fig. 25) 160 74AB19910501 P 0.022
171  74DI19970807 Y S -0.005

This is the so called Weddell Polynya Expedition 81 (WE- 172 74DI19980423 Y S 0.018

POLEX 81) cruise carried out on boargd\RMikhail Somov 183 91AA19971204 S 0.021
in the Wedell Sea. It has 24 stations sampled with a 12 po- — 323019940104 ¥ P —0.009
sition rosette system. The analysis of pH was done usin ~ S0MS19811009 P ~0.034
_ > System. y P 9 _  316N19970717 Y P ~0.009
potentiometric method. The cruise has only 2 crossovers. _ 316N19970815 v p _0.01

The inversion suggests a correction-€3.034+ 0.001. All
residuals are very low and fit insid€.002 after the full so-
lution of the inversion is applied. Based on this evidence, an
adjustment 0f0.034 was applied to the pH data.
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6 Results pwsws25
015

Results are summarized in Table 4. This table shows the WM = 0.0051 pH units
cruises in the three CARINA datasets (ATL, AMS and SO) 01l F-80%

for which pH adjustments have been applied. The following Lo 217

data is presented in the table: 0.05

— Cruise ID: CARINA assigned identification number for
the cruise.

b
i = TS Tu__
— Cruise Expocode: String that identifies the cruise. Itis _00551- .

composed of a country code (two numbers), vessel code
(two characters or numbers) and the departure date in
year, month, day format (YYYYMMDD)

offsat
[=]

— Indicator for cruises used as “Core Cruises” in the
crossover analysis.

0 50 100 150 200

— pH analysis method: Potentiometric (P) or Spectropho-Figure 26. Sorted disets calculated for the crossovers in the CA-
tometric (S) RINA data after adjustments have been applied. WL: the weighted

mean of the fisets (see text)F: the percentage offfsets in-
— Adjustment: Adjustments applied for the cruises in the distinguishable from 0 within their uncertainty; the number of
data products. All adjustments are fully supported by crossovers.
the CARINA group and no adjustments smaller than

0.005 pH units were applied. method facilitates a better assessment of scatter and biases in

the pH dataset, and even to test the applied adjustments. A
7 Data quality evaluation fact that has to be born in mind is that the MLR procedure
can transmit the measurement error of the explanatory vari-
ables to the pH residuals, so this result has to be analyzed

A new crossover analysis was performed for the final ad-Knowing its limitation.

justed CARINA data product, and the resulteftsets were In order to improve the quality of the evaluation, the
used to estimate the internal consistency of the pH dataMLR analysis was applied in four density layers. Density
Fig. 26. The weighted mean (WM) was calculated for pH by at 1000db ;) was used to divide the ocean in four layers.
using the absolute value of théset O) of the L crossovers  The upper thermocline was set by < 3225kgnt®. In-

7.1 Overall level of internal consistency

with the uncertainty): termediate waters (depths from about 1000 to 2000 m) were
defined by 325<= 0, <3239 kg nT3. Waters between ap-
i D(i)/o(i)? proximately 2000 to 3000 m were defined by 32<= o0 <
i=1 3253 kg nT3, which corresponds to North Atlantic Deep Wa-

WM= L o @ ters (NADW). And finally, a fourth layer that applies for
Ell/ (i) depths close to the bottom, where the presence of Antarc-

tic Bottom Waters (AABW) dominates. This last layer

Based on this analysis we have estimated the overall level O\f/vas defined byr; > 3253kgnt3. The surface layer with
internal consistency of the CARINA pH data to 0.005. depths< 200 m was not used in this evaluation.

Using the MLR analysis, pH residuals were calculated by

7.2 Overall evaluation the following equation:
To make an overall evaluation of the dataset quality, a Multi- 8
Linear Regression (MLR) was performed with potential tem- pHMLR:Ela*' X ?)

perature €), salinity, latitude, apparent oxygen utilisation
(AOU), nitrate, phosphate and silicate in order to remove as
much natural variability as possible. All of these parameterswhereX; stand for Theta, Salinity, Latitude, AOU, Nitrate,
were included knowing that interdependence exists betweeffhosphate, Silicate, and a constant term. This procedure
many of them. However, the goa| here is not to generate avas done with CARINA corrected database, and also for the
statistical model for pH, but rather a way of getting residualsdatabase without pH adjustments applied.

with natural variability removed to a large extent (adjusted

R-square for MLR with full pH adjusted dataset of 0.96), so

that they can be used to test the data quality. This analysis

p Hresidual§pHmeasured'pHMLR
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Figure 27. pH residuals obtained from the CARINA dataset by applying an MLR for pH data against Theta, Salinity, Latitude, AOU, Nitrate,

Phosphate and SilicatéA) to (D) are CARINA subsets for the indicated intervals, andE) is the combined residual for the full dataset.
Blue values are residuals with the original unadjusted pH values, and red values are the final adjusted pH values. Red lia€s02%® the

pH units used as lower limit for adjustments in the secondary QC.
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