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ABSTRACT

Presently available direct pH measurements do av¢ h sufficient data density in
space or time in order to determine long-term tsesctoss wider geographic regions, limiting
our ability to assess the magnitude and impacteeén acidification. We overcome this

limitation by using the much more frequently measiuiugacity of CQ (fCOy), as

synthesized in the SOCAT data product, from whiehcalculate pH using algorithms for

alkalinity based on temperature and salinity. &smated pH at 25°C, i.epH>< has a

Sws

calculation error of 0.0033+£0.0003, and evaluatismg co-located pH observations yields a

RMSE of 0.010 and a non-significant bias of 0.00%e estimategpHZ< is rather sensitive

SWS
to uncertainties and biases in fE@hile uncertainties in alkalinity, temperaturedaalinity
matter much less. The high precision and low bfake computed pH permits us to apply

this method to data from the North Atlantic Subp@gre, for which we find a statistically

significant trend in surface oceg! " of -0.0022+0.0004 ytover the period 1981 to 2007.

This long-term trend in pH is nearly entirely dmvBy the long-term trend in surface ocean
fCOz, while the impact of temperature is negligiblehisTpH trend is very close to that
expected based on the assumption of thermodynayuitilzium of CQ between the

atmosphere and the surface ocean.
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1. INTRODUCTION

Approximately 30 % of the human-induced £€missions have been taken up by the
ocean so far (Sabine et al., 2004; Khatiwala efall3; IPCC, 2013), having led to a long-
term decrease in pH and in the saturation statenegard to mineral calcium carbonates — a
process that is commonly referred to as oceanfmetion. Despite the growing recognition
of the potential consequences of this pH decreasearine organisms and ecosystemg. (
Doney et al., 2007; Gattuso and Hansson, 2011knee long-term trends of pH for just a
handful of time-series stationad. Bates, 2007; Gonzalez-Davila et al., 2010; Santana
Casiano et al., 2007; Leinweber and Gruber, 20M83.0bserved trends vary between 0.002
and 0.004 yt, largely consistent with the expected trends baseithe assumption that the
perturbation of the surface ocean’s carbonate cteyrfollows that of the C&concentration
in the overlying atmosphere (Sarmiento and Gru@06). It is not unreasonable to assume
that this is the case also over wider geograplgiones, but no observation-based estimate of
such trends is currently available to test thisiaggion. This is mainly because surface ocean
pH is rarely measured directly owing to the laclaaystem for continuous measurements
(Byrne and Co-Authors, 2010). Efforts are beingleneo develop and implements such
systemsé.g. Rerolle et al., 2012), but these have not beerlyidsed yet, so the spatial
coverage of surface ocean pH measurements remaansTus, currently the only way to
analyze long-term trends in pH based on obsenaimto calculate it using two other
measured ocean carbon system parameters.

For the first carbon system parameter, the €Qacity (fCQ) is an ideal candidate,
as it has been extensively measured across alhdi@sans and over several decades with

relatively high precision and accuracy (Byrne amdAlithors, 2010). Furthermore the
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Surface Ocean CAtlas (SOCAT) effort has synthesized most of thalsgervations into a
comprehensive data base with more than 6.3 mitheasurements (Pfeil et al., 2013). For the
second carbon chemistry parameter we chose allyalgince several algorithms are available
to estimate this from salinity and temperature (eeal., 2006; Millero et al., 1998; Nondal et
al., 2009). Furthermore, alkalinity does not regptmthe invasion of anthropogenic €0

from the atmosphere, so that its long-term tremdsrauch smaller than those of dissolved
inorganic carbon (DIC). Finally, the computatidipél from fCQO, and alkalinity has a much
smaller uncertainty than that from fe@nd DIC given typical measurement precisions for
these parameters (Dickson and Riley, 1978; Zeebé&\tif-Gladrow, 2001).

In order to assess the usefulness of any pH tremgbated from fC@and alkalinity,
we first determine the calculation errors and as#®sir sources in detail. We then test the
precision, accuracy, and robustness of the esttnatieagainst direct observations. Since
there are no measurements of pH andsf@@ilable in the SOCAT data base from the same
water sample, we use measurements of in situ pi fhe CARINA data base that are
located reasonably close in space and time. Aetgrgoconvinced of the robustness of our
estimated pH, we use it to identify its long-temenid in the North Atlantic Subpolar Gyre,
and determine what drives its changes.

The North Atlantic Subpolar Gyre is a particulariyeresting region in this regard
since several studies have found significant chaingéhe surface ocean carbon chemistry
(e.g. Corbiereet al., 2007; Schustet al., 2009; Metzl et al., 2010), but what hasnba®ving
these changes and whether they are short-terntisasar long-term trends are still active

areas of researck.¢. Levine et al., 2011; McGrath et al., 2012).

2. DATA AND METHODS



80 We focus our analyses on the North Atlantic SulbpGhzre region (Fig. 1), whose

81 area is roughly equivalent to the subpolar seabos@btified (SPSS) biome in Fay and

82 McKinley (2013) but cut off at the Greenland-ScotaRidge. The boundaries were

83 determined using a self-organizing map methodustel data with similar characteristics in

84 sea-surface temperature (SST), sea-surface sgi8#$), mixed layer depth, and chlorophyill-

85 a(Lauvset et al., in prep).

86 The Surface Ocean G@tlas Version 1.5 (SOCATV1.5) data product (Péil.,

87 2013) represents the main source of the datantagts quality controlled and internally

88 homogenized direct measurements of surface ocebarcéCQ, largely from ships of

89 opportunity, as well as the associated sea susfagaty (SSS) and sea surface temperature

90 (SST) measurements. Of the 1,071,669 f@@asurements contained in the data base within

91 the North Atlantic, only 444,000 have simultaneeogries of all three parameters. These

92 observations form the basis for our analyses.

93 We estimated alkalinity using the algorithms deped by Lee et al. (2006) and

94 Nondal et al. (2009). The former was used everyatexcept for the region north of 60°N in

95 the North Atlantic, were we employed the Nondale{2009) algorithms, as they were

96 specifically developed for this region. Surfaceat pH — at botm situ temperature and at

97 25°C — was then computed using CO2SYS (Lewis aalidde, 1998) using the measured

98 fCOz and the estimated alkalinity as input, and theatigtion constants from Mehrbach

99 (1973) refitted by Dickson and Millero (1987). ®eal other dissociation constants were
100 tried (e.g. Millero et al., 2002; Millero et al., 2010) butetlthoice of constants does not affect

101 the results presented in this paper.

102 Co-located surface alkalinity aptiz.. observationsi(e., shallower than 15 m)

103 available in the CARINA data product (Key et aD1P) were used to evaluate the estimated

25°C
HSWS

104  alkalinity andoH2>C. In CARINA, only direct measurements p were considered and

Sws



105 only those data that came from cruises for whickagjostments were made during tHé 2
106 quality control (http://carina.geomar.de/). Thdséa have an estimated accuracy of <0.005
107 pH units (Velo et al., 2010), derived using datarfrbelow 1500 m, but we assume that this
108 holds also for the surface layer. Similarly, theahnity observations in CARINA have an
109 estimated accuracy ofgénol kgt (Velo et al., 2009). To finally identify the codated

110 samples in the subset of the CARINA database thfit the above criteria, we searched for
111 pH (and alkalinity) observations that were takethi& same month and within an area of
112 1°x1°of any of the SOCAT fCOmeasurements. This resulted in the identificatib@6 data
113 points in the CARINA data product that could bedus® the evaluation. For all these data

114 points the carbon system had been over-determireednre than two out of the four

115 parameters were measured) revealing an internaistency inpH>< of ~0.0036. As

Sws

116 shown later (Sect. 3.1) this is approximately thens as our calculation error. The evaluation

25°C
HSWS

117 of the estimated alkalinity angd against the direct measurements was done usiegaev

118 statistical tests (Table 1), including tests formality, equal variance, and equal

119 mean/median (Stow et al. 2009).

120 Commonly error propagation calculations are maden@arizing non-linear functions
121 using a Taylor series expansion, but since theglelutation from fCQ and alkalinity is a

122 series of non-linear equations, this method sigaifily underestimates the total error. We

123  have therefore determined the calculation errgpief s using the full carbon chemistry

124  equations in CO2SYS. In eight different calculasiove calculategpHZ>< for

sws
125 alkalinity+oak, fCOxt0ico2, SSTH0sst, and SSSdasssseparately. The total error was then
126 computed by summing the square of the error inttedby the uncertainty in each of the
127 four parametersoak is the root mean square deviation or standard efrcalculation

128 published with the different algorithms (Lee et 2D06; Nondal et al., 2009), ranging from
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6.4-9.7umol kg?; orcoz is the measurement error ofidtm; osstis the instrument

uncertainty of 0.001 °C; arakssis the instrument uncertainty of 0.@&co2, Osst, and0sss
were taken from the meta-data available with th€80v1.5 data product. Asstof only
0.001 °C in SST is very low so the effect on thalterror of increasing this to 0.1 °C has also
been calculated. The RMSE of our calculated alkglicompared to measured alkalinity is
8.1umol kg (Table 2), which is in the middle of the rangepablished uncertainties. We
take this to indicate that using the root mean sgdaviation as a measure of uncertainty in
the estimated alkalinity is robust. We limited #reor analysis to that of pH on the seawater
scale at a constant temperature of 2536°) as all the observations available for

25C
sws "

validation are alspH

For the trend analysis, pH iatsitu temperaturesgH">™) was calculated, so that the

SwWs

potential influence of changes in SST is includ&te long-term trend in the estimated

pHI*"was determined using an ordinary least squares @i regression, after first

deseasonalizing the data following the method d&dahashi et al. (2009). To test the
robustness of this method, we determined the tadéswlfrom the linear portion of a fit that
contains a harmonic plus a linear trend following method of Fay and McKinley (2013).
Specifically, we fitted a function of the form y=aix+c*cos(2x+d), where x is the decimal
year minus the initial year, and where b is thepeater of interest,e., the long-term rate of

change.

3. RESULTS AND DISCUSSION

3.1 Calculation error
The mean calculation error of our estimapdf.- in the North Atlantic of

0.0033+0.0003 is somewhat larger, but comparabilee¢walue of 0.0021 calculated by Zeebe
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and Wolf-Gladrow (2001) for the same parameter. pgor comparison, the calculation error

25°C
SWs

for pHZ,. < estimated using observations of alkalinity and ©rt2n the CARINA data product

is considerably larger, i.e., 0.0073+0.0015, conifivg our choice of the fC&alkalinity pair
as the better choice for computing pH. Our caleoheérror of pH is about three times larger
than the estimated precision of pH measured dyresihg the spectrophotometric method
(e.0. (Rerolle et al., 2012)). Our calculation errorhiswever, relatively small compared to the
long-term trend of mean surface ocean pH of ~0y932i.e., after two years, the change
exceeds the calculation uncertainty.

The calculation error is dominated by the uncetyaim fCO, while the error due to
uncertainties in SST and SSS are negligibly snka&dj. 2). For SST this is largely due to the

assumed small instrument uncertainty. If we inseelathe uncertainty for SST to 0.1 °C, the

25C
Sws

error due SST irpHS, . would increase to that due to the uncertaintylkalaity (not

shown), while the overall calculation error incresi®nly marginally to 0.0037+0.0003. The
direct error introduced by SSS is very small (~0@A Fig. 2), however, correct SSS values
are vital in order to calculate unbiased alkali@ihd therefore important also in the pH

calculation.

3.2 Evaluation using observed pH

Before testing our computed pH with the 66 co-ledaCARINA measurements, we
need to ensure that the two data sets have meabaredme water masses. To this end, we
first check the consistency of the SST, SSS, aaliaity data. The strong correlation with a
slope of very nearly one between the temperatuwlesalinity data in the SOCATv1.5 and
CARINA data products (Fig. 3) show that we are edleomparing the same water masses
and conditions, despite our generous definitiofcoflocation”,i.e., that the samples have

been taken within the same month and within a 18gliare. A more thorough statistical
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comparison also shows that these data compardTaddle 2). It needs to be noted that while
there is a biad.e. a difference in the median values) these aretatisscally significant
differences given the range and variability in ta¢a. These differences are still of interest to
this analysis as it points to how variability iretata affects the final results, and by what
means. Analyzing these differences also allow® @nsure that errors are not accumulated
in the two-step calculation of pH.

The mean difference between the two sources ofaeatyre is -0.012+0.3 °C, thus
reflecting no systematic offset (Table 2). In cast, there is a difference in salinity between
the two data sets, with CARINA salinity being higlg 0.14+0.10 relative to SOCAT
salinity. Salinity is a secondary parameter inS@CAT data product since it does not affect
fCO. greatly, while salinity is a primary parametethie CARINA data product. So the mean
difference between the data products is likely ulesser instrument calibration and quality
control on the salinity data in SOCAT, but it coaldo be an artifact of the relatively few
data points used for validation. The differencenveen the two sources of salinity is not
statistically significant, but it leads to a medkadéinity difference which disappears when the

salinity difference is corrected before calculatadralkalinity (Table 2).

The meanpHZ>¢ difference between the two data sets amount@?#0+0.0022,

with SOCAT suggesting more alkaline conditions tRa&RINA, but this difference is not
statistically significant. The mean salinity-inguaicoffset of alkalinity is not the cause, as this
difference increases to 0.0046+0.0098 when theigaliifference is removed before
calculation. As this pH difference is equivalem&t2.9+1.61atm difference in fC@and the

measurement uncertainty of @ £2patm, it is instead more likely that differences@O-

25C
ws "

are the most likely cause of difference This is supported by the calculation error in

the estimatepH>>" being most sensitive to f{GOHowever, there are no independent

SwWs

observations of fC@available to test this.
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In addition to the correlation analysis and staigdtevaluation a Brown-Forsythe’s
test for equal variance and a Mann-Whitney U tesefjual medians (Table 1) confirm that

there is no statistically significant differencetlve distribution, variance, and median of the

25°C

25°C
H SWs

SWs

estimatedp compared to the availablgH;, . observations in CARINA. We are thus

confident that the SOCATV1.5 data compare welhio€CARINA data and that any
differences that exist in the temperatures andisials do not significantly affect the pH

calculation.

3.3 Decadal change and variability
The ordinary least squares regression analyslsedhree decades of data reveal
substantial long-term trends in surface ocean ptHerNorth Atlantic Subpolar Gyre. A

situ

linear regression of the deseasonalip#t{>"" data over the three decades shows a
statistically significant trend (with a 95% confit interval) of -0.0022+0.0004 ¥rwith a

standard error of 0.0002 and &rof 0.61 (Fig. 4a). The trend ipH2>C is very similar,

Sws

permitting us to focus on the biologically and loghemically more relevapH™™ .

sws
This trend is only moderately sensitive to the thet the data density is much smaller
in the 1980s (Fig. 1) when there are only two yedidata. Excluding the 1980s from the
regression the trend becomes -0.0027+0.0006wyd the ¥ decrease (Fig. 4a). However,
within the confidence intervals these two trendsraot significantly different from each
other. This is consistent with the findings in Moley et al. (2011), where their 1993-2005
trend in fCQ is larger than their 1981-2009 trend, but withféetence that is not statistically
significant. The trend is also not impacted bysgilde inhomogeneities in the data, as the
three decades of data have distributions with ainvidriances and similar spatial
distributions. Finally, the trend is also robusthwegard to the method to determine it. The

long-term trend found by the second trend detertiinanethod, i.e., where we fitted the data

9
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by a function containing a harmonic and a lineandrpart, turns out to not be significantly

different from the one found using the OLS regmssnethod.

Our pH™"trend in the subpolar North Atlantic is of the sam&gnitude as the trends

Sws

of -0.0017+0.0003 y and -0.0017+0.0005 yrfound at the BATS and ESTOC time series
(Bates, 2007; Gonzalez-Davila et al., 2010; San@asiano et al., 2007), and the ~-0.002 yr
(0.038-0.0041 over 19 years) found by McGrath et24112) in the Rockall Trough. Similar
rates of pH change have also been observed inati@dPOcean€.g. Byrne et al., 2010).

This confirms model predictions and theoreticalsiderations that suggest very little spatial
variability in the ocean acidification induced tdeim surface ocean phte.§. IPCC, 2013).

An OLS regression of the underlying drivers of pld, fCO,, alkalinity, SSS and SST

reveals that the long-term trend > between 1981 and 2007 in the subpolar North

Atlantic is almost entirely driven by the long-tetrand in surface ocean fGOf 2.0+0.38
patm yr® (Fig. 5). This is because there is no statidticaignificant trend in either alkalinity,
SSS, or SST between 1981 and 2007 in our datalbetrate of increase in surface ocean
fCO, of 2.0patm yrtis slightly larger, but not significantly differefrom that of atmospheric
fCO. over this period, consistent with the expectatiat the surface ocean has remained in
thermodynamic equilibrium with the atmospheric pdyation. Our findings for fC@are also
consistent with those of Fay and McKinley (2013)tfeeir spatially more extensive North
Atlantic Subpolar seasonally stratified biome,lssytalso identified no significant trend in
the air-sea difference of fGOFinally, our findings that trends in pH are largbbing driven
by changes in surface water chemistry supportabelts of McGrath et al. (2012) from the
Rockall Trough, where they also primarily linkee tthecrease in pH to the observed increase

in dissolved inorganic carbon driven by uptake G@om the atmosphere.

4. CONCLUSIONS

10
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With atmospheric C®bound to increase further, surface ocean acidiificas
virtually certain to aggravate. It is importanttave a good knowledge of the present trends
in the most important ocean acidification relevaauitameters, such as pH, so as to be able to
put future trends into the right context. Howeverttil direct pH measurements have a good

enough data density for long-term trend analygtsgrodata sources must be used. Here we

have shown that the SOCAT data product can be tosestimatepHZ> < with a calculation

error of 0.0033+0.0003. This confirms previouslfings that the fC@and alkalinity
parameter pair is the more precise and thus therltoice for computing pH — compared to
e.g. alkalinity and dissolved inorganic carbon pairnerethough alkalinity has to be

estimated using empirical algorithms based on teatpee and salinity. The difference in the

25°C
SWs

calculatedpH,. to the co-located measurements from CARINA isqaatsed by the

systematic differences in salinity and alkalinltyt is most likely due to the strong sensitivity

25C
Sws

of pHZ . to both the uncertainty and the variance in #CSince our calculation error is

smaller than the expected trend in surface oceaov@imost of the ocean over two years,

25°C
HSWS

we conclude that oup estimates are suitable for long-term regressiotyaisa We

identify a trend of -0.0022+0.0004 ¥between 1981 and 2007 in the North Atlantic Suépol
Gyre, which is of the same magnitude as the tré®RAdS and ESTOC (-
0.0017+0.0003/0.0005 ¥y and in the Rockall Trough (-0.002Yr This is an important first
step in assessing global ocean acidification dweipist few decades. Future efforts need to
ensure adequate sampling of pH and other paranwdtererest for ocean acidification such
that solid records of these parameters are in @adecan be used to assess the causes and

consequences of future biogeochemical and ecologfiemges.
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FIGURES AND TABLES

Figure 1. Map of the North Atlantic showing Subpo&r Gyre region for which the regression analysis wa
performed. The black dots show data in the 1980the blue dots show data in the 1990s, and the redt$
show data in the 2000s.

Figure 2. Figure showing the median of the totalalculation error for pH, the error in pH due to
uncertainty in alkalinity, the error in pH due to uncertainty in fCO2, the error in pH due to uncertainty in
SST, and the error in pH due to uncertainty in SSS.The total calculation error for pH is the squaredsum
of the individual errors. The box shows the meanrad the upper and lower quartile of the data, the gay
points are outliers (defined as data outside of +2g).

Figure 3. Evaluation of SOCAT derived estimates i measurements from CARINA. Shown are the
correlation of (a) SST which has a slope of 0.98 dran r? of 0.99, (b) SSS which has a slope of 0.92 and an
r2 of 0.97, (c) pH which has a slope of 0.96 and ahaf 0.98, and (d) alkalinity which has a slope of.87

and an r? of 0.98. For all variables SOCAT-derived estimateon the y-axis and the CARINA
measurements on the x-axis. Monthly averages for ¢hsame year in 1°x1° grids are compared. The black
points show data that have not been corrected foht salinity bias and the gray plusses show data aft

the bias has been corrected for. Note that for plieemoving the salinity bias does not change the dato
there are no gray plusses. The solid black line tee 1:1 line. See Table 2 for further statisticeomparing
the SOCAT-derived estimates with the CARINA measurments.

Figure 4a. Timeseries of surface ocean (aH"™" and (b) pH>° in the North Atlantic Subpolar Gyre.

The grey dots are the measured data and the blackrcles are the monthly deseasonalized data. The
ordinary least squares (OLS) linear regression lindor the full period (1981-2007) is shown as a sdlblack
line and its equation is given in black. The dasfikline shows the OLS linear regression line for thperiod
1990-2007 with its equation in grey. F and p-valuare the F-statistic and its p-value respectivelyFor
details on the deseasonalization and the regressiamethod see Sect. 2.

Figure 5. Timeseries of (a) SST, (b) alkalinityand (c) fCOz in the North Atlantic Subpolar Gyre. The
grey dots are the measured data and the black cires are the monthly deseasonalized data. The OLS
linear regression line for the full period (1981-207) is shown as a solid black line while the dashdide
shows the OLS linear regression for the 1990-200&pod. For fCO: the regression equation is given in
black for the full period and in grey for the shorter period. SST and alkalinity does not have a sigficant
trend so no equation is given. F and p-value atbe F-statistic and its p-value respectively. Fodetails on
the deseasonalization and the regression method sgect. 2.

Table 1. Names and descriptions of the statisticéésts used. For all these tests the null hypothess
rejected if the resulting p-value is less than 0.05

Name of test Null hypothesis  Alternative hypothesis  Usage Reference
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430
431
432
433
434

435
436

Data are normally

Jarque-Bera distributed
Brown-Forsythe  0%=0%=0%,
Mann-Whitney  ni=nz=nn
Kruskal-Walli®  ni=n2=nn

Data are not normally
distributed

At least oneo? is different
At least one is different

At least one is different

Use when the variances
are equal

(Jarque and Bera,
1980)

(Brown and
Forsythe, 1974)

(Wilcoxon, 1945)

Use when variances are (Kruskal and

not equal

Wallis, 1952)

ag? is the variance
b is the median

Table 2. Table showing the statistical comparisoabservations and estimates. All statistical testssed in
this study are fully explained in (Stow et al., 20®), and the reader is referred there for detalils.

Calculated Alkalinity calculated

Name of test pH alkalinity without the SSS bhias SST SSS
Model efficiency 0.98 0.93 0.97 1.00 0.92
Cost function 0.021 0.072 0.036 0.00340.076
Bias 0.0040 -5.5 0.45 -0.012  -0.14
Absolute average error 0.0081 6.5 4.4 0.20 0.1
Correlation coefficient (r) 0.99 0.98 0.99 0.99 99.
RMSE 0.010 8.1 5.7 0.30 0.18
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