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Abstract

Boron isotopes (5!''B) records from tropical ocean corals have been used to
reconstruct paleo-pH of ocean for the past several decades to few centuries which are
comparable to the resolution of instrumental records. In most of the studies, attempts
have been made to decipher the role of anthropogenic CO: forcing to recent trend of
ocean acidification based on §''B derived paleo-pH records. However, such attempts
in past were often hindered by limited knowledge of oceanographic factors that
contributed to past pH variability and changes. In this study, we have evaluated pH
records reconstructed using §''B records from the Pacific and the Atlantic Oceans
corals and investigated major forcing factors that contributed to sub annual-decadal
scale pH variability and changes since the industrial era ~1850 AD.

To the best of our knowledge, total eight 8B records from the Pacific and two
from the Atlantic Oceans are available in published literatures. The compilations of
these records show large variability; range between 26.27 - 20.82 %o, which
corresponds to pH range 8.40 - 7.63 respectively. Our investigation of pH records from
the Pacific ocean based on principal component analysis (PCA) reveals that
atmospheric CO2 can explains maximum up to ~26% of the total pH variability during
1950 — 2004 AD, followed by the ocean-climate oscillations (i.e. ENSO and PDO)
driven oceanographic factors up to ~17%. The remaining large variability (~57%) could
not be explained by above forcing factors and hence we invoke possible influence of
metabolic processes of corals and/or changes in micro-environments within the reefs
which are often neglected in interpreting paleo-pH records. Therefore, we highlight the

need for detailed investigation in future studies to understand about the exact
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mechanism, processes/factors that controlled boron isotope fractionations in coral reef
environments. Further, our investigation reveals that amplitude of the ENSO driven pH
variability shows fivefold increase during 1980 — 2000 AD compared to the previous
three decades (1950 — 1980 AD). This observation is consistent with the historical
records of global coral bleaching events and therefore underscores role of ENSO
driven environmental stress responsible for coral bleaching events. Considering model
based projections of increasing frequency and amplitude of extreme ENSO events in
the backdrop of recent global warming, bleaching events are likely to increase in the

next decades/centuries.

Key words
Anthropocene; Boron Isotope; Paleo-pH; Ocean acidification
Key points
e Coral 8''B records show discernable trend since industrial era ~1850 AD with
more rapid declining trend since 1970.
¢ Atmospheric CO:2 together with ocean-climate oscillations driven oceanographic
factors can explain maximum upto 43% of the total pH variability in the Pacific.
e Atmospheric CO2 rise contributed to 0.05 unit reduction in pH in the Pacific
Ocean during 1950 — 2004 AD.
¢ ENSO driven pH variability increased by fivefold during the last three decades.
e Coral bleaching events are likely to increase more in the next

decades/centuries
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1 Introduction

Increasing atmospheric CO2 at unprecedented rate since the industrial revolution, AD
~1850 and its consequences in terms of lowering of ocean pH called “Ocean
acidification” has become a growing threat to many calcifying marine organisms
(Doney et al., 2009; Hoegh-Guldberg et al., 2007). OA reduces carbonate saturation of
seawater (Feely et al., 2004; Hoegh-Guldberg et al., 2007; Langdon and Atkinson,
2005; Orr et al.,, 2005) which has adverse effects on calcifying marine organisms
(Langdon and Atkinson, 2005). Atmosphere CO2 has increased from ca. 280 ppm
(Petit et al., 1999) since the beginning of industrial revolution (AD 1850) to ca. 410
ppm at present (https://www.esrl.noaa.gov/gmd/ccgg/trends/). About 20-30% of the
anthropogenic CO2 has been absorbed by ocean during the last century which
resulted decrease in ocean pH by ca. 0.1 unit (Raven et al., 2005; Sabine et al., 2004).
Model predictions shows that ocean pH is expected to reduce further by 0.2 to 0.3 unit
by end of the 215t century, however, these predictions are associated with large
uncertainties (Caldeira and Wickett, 2003; IPCC, 2007; Orr et al., 2001). In order to
improve our current understanding about OA process and its future trend, it is
important to have knowledge on spatio-temporal evolution of ocean pH. The longest
instrumental records of past pH are available only from two stations i.e. Hawaiian
Ocean Time Series (HOTS) (Dore et al., 2009) and Bermuda Atlantic Time Series
(BATS) (Bates, 2007) stations in the Pacific and the Atlantic oceans respectively.
However, these records are available only for the past three decades since AD 1984.
Therefore, to have the records of ocean pH beyond the instrumental era, we have to

rely on proxy records. Boron isotopes (5''B) measured in marine carbonates show

4
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promise as a reliable proxy for paleo-ocean pH (Foster and Rae, 2016; Honisch et al.,
2004; Trotter et al., 2011). Further, boron isotopes of corals provide pH records
comparable to the resolution of instrumental records of the past few decades to
several centuries.

Boron has two naturally occurring stable isotopes, °B and !B with relative
abundance of 20% and 80% respectively. In seawater column, B behaves as a
conservative element with an average concentration of 4.5 ppm (Lee et al., 2010).
Boron isotope ratio is expressed in the form of delta notation relative to NIST-SRM-

951 (Catanzaro et al., 1970)

6113 _ ( (uB/lOB)Sample
(118/1OB)Standard

- 1) x 1000 eq. (1)

Dissolved boron in seawater exists in the form of two compounds, boric acid (B(OH)s)
and borate ion (B(OH); ). The relative abundance of these two compounds critically
depends on ocean pH (Dickson, 1990). The &''B of these compounds varies as a
function of pH, which is recorded in marine carbonates at the time of calcification
(Hemming and Hanson, 1992; Vengosh et al., 1991). When calcifying marine
organisms form their shells, they preferentially incorporate B(OH); and hence the §'B
of the carbonates is similar to that of the B(OH); in ambient seawater (Hemming and
Hanson, 1992). Following is the empirical relation to reconstruct pH of seawater using
3B measured in marine carbonates, provided that there is no vital effect (species

related variations) (Zeebe and Wolf-Gladrow, 2001)

pH

611BSW - 611BBorate ) eq (2)

= pK; — log| —
Pie g( 8 By — 119K, x 8 Bporare — 1000 (110K, — 1)
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Here, 5''Bsw represents delta value of seawater (39.61%o; Foster et al. (2010)), pKg is
dissociation constant of boric acid (8.597 at 25°C and 35 PSU salinity; Dickson
(1990)), 11°K is fractionation factor between B(OH); and B(OH)s (1.0272; Klochko et
al. (2006)) and 3*'Beorate represents delta value of the sample.

Most of the earlier studies have focused on the reconstruction of paleo-pH
during the Quaternary glacial-interglacial periods and the Late Cenozoic era using ''B
records of foraminifera (Honisch and Hemming, 2005; Martinez-Boti et al., 2015;
Pearson and Palmer, 1999; Sanyal et al., 1997; Sanyal et al., 1995). However, similar
studies on shorter time scale (annual-decadal scale) based on coral records
particularly in the time scale of the Anthropocene are sparse. Boron isotopes have
been studied in corals from the Pacific and the Atlantic oceans (D'Olivo et al., 2015;
Fowell et al., 2018; Goodkin et al., 2015; Kubota et al., 2017; Liu et al., 2014; Pelejero
et al., 2005; Shinjo et al., 2013; Wei et al., 2009; Wei et al., 2015; Wu et al., 2018) to
reconstruct pH records of the past few decades to several centuries. In most of these
studies, it has been suggested that pH variability is mostly controlled by various
oceanographic factors such as upwelling, ocean circulation, river run-off and
productivity and therefore, making difficult to deconvolute the contribution of
anthropogenic pCO:2 forcing in modulating ocean pH. Further, several oceanographic
factors and their contributions are highly variable in space and time. In order to
improve our current understanding about recent trend of OA caused by anthropogenic
COz2 during the past two centuries, it is important to have the knowledge on past pH

variability driven by oceanographic factors and their contributions.
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In this study, we have made a comprehensive assessment of pH records
reconstructed using 3B of corals from the Pacific and the Atlantic oceans and

investigated forcing factors and their contributions to pH variability.

2. pH records from the Pacific and the Atlantic Ocean corals

We have compiled boron isotope (5''B) derived pH records from the Pacific and
Atlantic oceans. In addition, we have also adopted a new approach to reconstruct pH
record based on theoretical calculation of the past records of carbonate system
parameters (pCOz, total alkalinity (TA), sea surface temperature (SST) and salinity
(SSS)) from the same corals and using them into the CO2SYS program. In the
following sections, we have discussed about the pH records reconstructed using two

independent methods.

2.1 8B derived pH records

We have compiled all the !B records of corals from the Pacific and the Atlantic
oceans. To the best of our knowledge, total ten records with resolution of 1 — 5 years
are available in literature; however, no such record exists for the Indian Ocean (Fig. 1;
Table 1). For these records, boron isotope measurements in corals were performed
either by TIMS or MC-ICPMS instruments with analytical uncertainty better than +
0.34%o (£ 20 SD) which corresponds to the pH uncertainty of ~0.05. For all the records
compiled in this study, pH of the calcifying fluid (pHcr) was calculated using equation

2. The values of 3''Bsw (39.6%o; Foster et al. (2010)) and dissociation constants pKy
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(8.597 at 25°C and 35 PSU salinity; Dickson (1990)), 1°%Ks (1.0272; Klochko et al.
(2006)) are used in equation 2. In order to compare these records, pH of the seawater
(pHsw, total scale) for all the records was calculated using the calibration equation for
the coral species, Porites cylindrica, pHsw = (pHcr - 4.72)/0.466 (Fowell et al., 2018;
Liu et al., 2014; McCulloch et al., 2012; Trotter et al., 2011) (see the supplementary
data). The compilation of ten 5''B records from the Pacific and the Atlantic Oceans
shows large variability; range between 26.27 - 20.82 %o which corresponds to pHsw
range 8.40 - 7.63 (Figs. 2, 3 & Table 1). A LOESS fit (non-parametric fit) of these 5''B
records which is independent of data density show discernible decreasing trend since
the beginning of industrial era ~1850 AD, however, rapid declining trend was observed
since ~1970 AD (Fig. 2). Since !B is linearly related to pH, decrease in §''B (Fig. 2)
corresponds to decrease in ocean pH.

In order to understand past ocean pH variability on a regional scale, 5B
derived pH are grouped into four oceanic sectors (Fig. 1 & 3) based on the proximity of
these coral records i.e. Great Barrier Reef (GBR), South China Sea (SCS), North-
West Pacific and North-West Atlantic (Fig. 1 & 3). Four 3B derived pH records are
available from the South-West Pacific (GBR) (Fig. 3a) i.e. two are from the GBR
(D'Olivo et al., 2015; Wei et al., 2009) and another two from the Flinders reef (Pelejero
et al., 2005) and New Caledonia reef (Wu et al., 2018). The 8B records from the
GBR vary from 26.27 to 21.06 %o and its corresponding pH ranges from 8.40 to 7.67
(Fig. 3a). The 8B records from the SCS (Fig. 3b) vary from 26.00 to 20.82 %. and
corresponding pH ranges from 8.37 to 7.63 (Liu et al., 2014; Wei et al., 2015). The

records of 8B from the north-west Pacific varies from 25.02 to 22.10 %o and its
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corresponding pH ranges from 8.23 to 7.82 (Fig. 3c) (Kubota et al., 2017; Shinjo et al.,
2013). To the best of our knowledge, only two pH records are available from the
Sargasso Sea and the Mesoamerican Barrier Reef System (MBRS) in the Atlantic
Ocean (Fowell et al., 2018; Goodkin et al., 2015) of which !B ranges from 25.36 to

22.70 %o and its corresponding pH ranges from 8.28 to 7.91 (Fig. 3d).

2.2 Reconstruction of pH records using carbonate system parameters in
CO2SYS program

We have adopted a novel approach to reconstruct paleo-pH of ocean based on the
past records of carbonate system parameters (hereafter, theoretical pH). Carbonate
system comprises of six parameters (pH, CO2, [CO3~], [HCO3], TA and DIC) (Dickson
et al., 2007; Millero, 2006; Zeebe and Wolf-Gladrow, 2001). At any given two known
carbonate system parameters along with SST and SSS, we can theoretically calculate
other parameters. We have reconstructed theoretical pH using Matlab based CO2SYS
program (Van Heuven et al., 2011). For theoretical pH reconstruction, we have used
past records of SST, SSS, TA and pCO2. Past SST and SSS were reconstructed
based on proxy records of Sr/Ca, Mg/Ca and §'80 from the same corals in which &''B
records are available. The details of the past SST, SSS and TA reconstructions are
provided in supplementary material (section S1 & Table S1). Such coral records are
available only from three sites i.e. GBR (Wei et al., 2009), SCS (Wei et al., 2015) and
Sargasso Sea (Goodkin et al., 2015). The reconstructed theoretical pH ranges from
8.05 - 8.16 in the GBR, 8.16 - 8.04 in the SCS and 8.19 - 8.09 in the Sargasso Sea.

Since the reconstructed parameters (SST, SSS and TA) are associated with
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uncertainties, hence we did error propagation and estimated net uncertainty
associated with the theoretical pH (gray shade, Fig. 3) using Monte-Carlo error
propagation method in MATLAB (Wagener et al., 2001) (see supplementary material,
Section S2). We also performed sensitivity analysis of the parameters i.e. temperature,
salinity, pCO2 and total alkalinity to the error associated with the pH reconstruction
using CO2SYS program (See supplementary material, Fig.S2).

Theoretical pH records show monotonic decreasing trend since ~ 1850 AD
which is consistent with that of atmospheric CO: forcing since the beginning of the
industrial era (Fig. 3). Variability in 8''B derived pH records is larger than theoretical
pH in case of Pacific Ocean, whereas in case of Atlantic they mostly fall within the
error envelops (Fig. 3). This clearly indicates that contribution of atmospheric CO2 and
physical parameters (SST and SSS) to the total pH variability are much lower
compared to other factors in the coral reef environments which are highly variable from
one reef to another in the Pacific. However, it is noteworthy to mention that in spite of
lower contribution of atmospheric CO2 to pH, it shows discernable decreasing trend in
most of the records since ~1850 AD. We have compared theoretical pH and §''B
derived pH records with model derived pH projections (Hartin et al., 2016) for the lower
latitude (<55° Latitude) for various representative concentration pathway (RCP)
scenarios. This shows that the theoretical pH records overall follow the historic record;
decrease in the ocean pH will be more severe in coming decades/century (Fig. 3e). It
is important to mention here that neither such proxy records nor long-term instrumental

records of ocean pH are available from the Indian Ocean.

10
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3. Discussion
Ocean pH is influenced by multiple factors such as temperature (Dissard et al., 2012;
Reynaud et al., 2004), upwelling (Wei et al., 2015), ocean circulation (Pelejero et al.,
2005; Wei et al., 2009), precipitation (Deng et al., 2013; Liu et al., 2014), run off
(D'Olivo et al., 2015), nutrients supply and productivity (Bates et al., 2010; Goodkin et
al., 2015). Therefore, the knowledge on spatio-temporal evolution of ocean pH and its
link to ocean-climate oscillations are important for recognizing individual factors and
their relative contribution. To identify the regions that come under the influence of
known ocean-climate oscillations, spatial correlation of temperature and precipitation
were performed with the indices of dominant climate oscillations ((El-Nifio southern
oscillation (ENSO) and Pacific decadal oscillation (PDO)) using online software
“climate analyzer” (http://cci-reanalyzer.org/reanalysis/monthly_correl/). The regions of
significant (90% significance level) correlations are highlighted in color bands (Fig. 4(1)
a, b, ¢ & d). Similarly, spatial correlation analysis was performed with Atlantic multi-
decadal oscillation (AMO) and North Atlantic Oscillation (NAO) which are known as
dominant oscillations in the Atlantic (Fig. 4(ll) a, b, ¢ & d). Overall, we observe that all
the coral sites in this study come under the influence of ENSO and PDO in the Pacific
and AMO and NAO in the Atlantic though the modulation of SST, precipitations, run-off
and oceanographic parameters nutrient supply, upwelling and circulations and
therefore responsible for changes in ocean pH.

As 8B variability is the direct response of ocean pH and therefore,
periodicities determined based on power spectrum analysis of 8B records enable us

to establish linkages between the pH variability and the specific oscillations i.e. ENSO

11
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and PDO in the Pacific and AMO and NAO in the Atlantic. Further, wavelet analyses of
these records decompose the 8B time series into time and frequency space and
highlights in color bands (Fig. 4(l) & 4(l1)). All the periodicities observed in §!'B records
and ocean-climate indices are listed in table 2 including the climate indices
(supplementary Fig. S3). In the following sections we have discussed about the

specific oscillation that registered in the 5'!B records and how they evolved in the past.

3.1 8'1B variability in the Pacific and Atlantic oceans and their link to ocean-

climate oscillations

The 8B records from the South China Sea (SCS) (Wei et al., 2015) and the Guam
Island in north-west Pacific (Shinjo et al., 2013) show dominant periodicities of ~3, ~6
and ~17 years (Fig. 4(l) e, f; Table 2). Though these two coral reefs represent different
oceanic environments (SCS represents coastal environment and the Guam Island
represents open ocean environment), they exhibit common periodicities of ~3 years
and ~6 years (Fig. 4(1) e, f). However, another record (1825 — 2000 AD) from the
proximity (Liu et al., 2014) in coastal region of SCS (Fig. 3b) does not show any
significant periodicity. This could be due to lower resolution (4 years) of this record and
hence, the high frequency oscillations do not get captured in the power spectrum
analysis. Two records from the central GBR in the South Pacific (D'Olivo et al., 2015;
Wei et al., 2009) have shown dominant periodicities of ~3, ~5, ~10 and ~23 years (Fig.
4(l) g & h; Table 2). Flinders reef in the south-western Pacific (Pelejero et al., 2005),
shows dominant periodicities of ~10, ~16 and ~50 years (Fig. 4(l) i). New Caledonia is

one of the longest records with annual resolution exhibits periodicities of ~5.4, ~7, ~13

12
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and ~30 years (Fig. 4(l) j). Most of the frequencies captured in the analysis fall within
the band of ENSO (2 — 8 years) and few of them are within the band of PDO (decadal
scale) respectively (Table 2). ENSO has strong influence on upwelling in the Pacific
(Inoue et al., 2001; Ishii et al., 2009; Sutton et al., 2014; Takahashi et al., 2003) and
nutrient supply to the coastal regions of the SCS through rivers run-off. The PDO,
another dominant ocean-climate mode is known to influence physical and
biogeochemical conditions and thereby influence ocean pH at decadal time scale
(D'Olivo et al., 2015; Pelejero et al., 2005; Wei et al., 2009; Wu et al., 2018).

The 8B record from the Sargasso Sea (Goodkin et al., 2015) shows dominant
periodicities of ~5, ~7, and ~14 years (Fig. 4(ll) e; Table 2). Further wavelet analysis
shows dominant periodicities at 4 - 8 year band throughout the last two centuries and
14 - 20 year band during AD 1870 - 1970. The §''B record from the MBRS shows
periodicities of ~7, ~17 and ~25 years (Fig. 4(ll) f, g). The lower periodicities less than
10 years are similar to that of NAO and therefore highlight the role of NAO in
modulating ocean pH at annual-decadal scale (Supplementary Fig. S3). The longer
periodicities at decadal scale (~10 years and 25 years) captured in the spectrum
analysis are similar to that of AMO and hence indicates its role in modulating ocean
pH (Supplementary Fig. S3).

In conclusion, our analysis clearly indicates that ocean pH is influenced by
oceanographic factors modulated by dominant ocean-climate modes i.e. ENSO and

PDO in the Pacific and NAO and AMO in the Atlantic oceans.

13



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-438
Manuscript under review for journal Biogeosciences
Discussion started: 15 October 2018

(© Author(s) 2018. CC BY 4.0 License.

291

292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312

313

3. Identification of forcing factors and their contribution to pH variability

Atmospheric CO2 and oceanographic factors driven by ocean-climate oscillations are
known to influence ocean pH, however, their relative contribution are not well
constrained. Therefore, it is indeed important to identify dominant factors and quantify
their relative role in controlling pH variability in the Pacific and the Atlantic oceans. For
this purpose, we have employed statistical method “Principal Component Analysis
(PCA)” to all the available 8B records using excel based XLSTAT® program
(https://iwww.xlIstat.com). For this analysis, at least four records are required for better
statistical control and therefore, we restricted this analysis up to the Pacific records
within the time slice 1950 — 2004 AD in which the highest numbers of records (Fig. 5a)
are available (Fig. 2). PCA is a statistical method which reduces multi-dimensional
complex dataset consisting of large number of inter-related variables into few simpler
variables without significant loss of original information (Abdi and Williams, 2010;
Meglen, 1992). Further, PCA also recognizes pattern and explain large dataset with
interrelated variables. The results obtained from the PCA analysis is shown in Fig. 5a,
b & c. The first (PC1) and second principal components (PC2) explain 26.2% and
16.7% of the total variability respectively (Fig. 5a).

The overall trend of the PC1 is consistent with the increasing trend of
atmospheric COz2; (Fig. 5b). Hence, we recognize PC1 as a factor that representing
atmospheric COz forcing. In earlier studies, it has been reported that atmospheric CO2
forcing contributes less than 10% of the total pH variability in the Atlantic (Goodkin et
al., 2015), which is lower than the estimate (~26%) in the Pacific Ocean. Power
spectrum analysis of the PC2 shows significant periodicities of ~20 and ~4.5 years

14
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which are similar to that of PDO and ENSO respectively and therefore we recognize
PC2 as an oceanographic factor. In conclusion, our investigation reveals that
atmospheric CO:2 forcing together with oceanographic factors (ENSO and PDO driven
changes) can explain maximum up to 43% of the total pH variability in the Pacific. It is
noteworthy to highlight here that remaining variability of 57% could not be explained by
the forcing factors mentioned above. Hence, we invoke metabolic processes of corals
and changes in micro-environment within the corals reefs might play an important role
on boron isotope fractionation, and therefore, highlights the need for further
investigation. Few laboratory experiments and field studies have suggested that micro-
environment in corals reefs and metabolic processes play an important role in
regulating pH of the calcifying fluid (CF) (McCulloch et al., 2012; Wall et al., 2016).
Corals elevate pH of the CF region to facilitate calcification, called pH-upregulation (Al-
Horani et al., 2003; Gattuso et al., 1999; McConnaughey and Whelan, 1997,
McCulloch et al., 2012; Wall et al., 2016) and hence record the pH of the CF region
rather than the ambient seawater (Allison et al., 2010; Anagnostou et al., 2012;
McCulloch et al., 2017). Therefore, the species specific pH-upregulation is one of the
important caveats that need to be considered while reconstructing ocean pH using
3B records. To circumvent this problem, species specific calibration is indeed
important for pH reconstruction using §''B records (McCulloch et al., 2012; Trotter et
al., 2011).

We compared PC1 with the instrumental record of annual mean ocean pH from
the HOTS time series station in the Pacific which is available since 1988. Overall, they

follow similar trend (Fig. 6a), however, scatter plot shows two distinct trends

15
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compatible with linear fits (Fig. 6b). This indicates two dominant processes that control
pH variability at HOTS station. We have reconstructed two pH records corresponding
to the PC1 using these regressions equations. The PC1 derived pH record (blue
curve) follow closely with the trend of theoretical pH curve whereas other (red-curve)
shows large off-set. Therefore, the PC1 derived blue curve corresponds to the pH
curve due to changes in atmospheric COaz.

PC2 is a factor that represents the Pacific oscillations i.e. ENSO and PDO as
discussed above. It is important to understand how ENSO and PDO individually
contributed to the pH variability. To infer about how these two modes individually
influenced pH variability in the Pacific Ocean, we have deconvolute the signals of
ENSO and PDO from the PC2 time series by filtering them at 4-5 years and 18-20
years bands respectively (Fig. 7b, & c). It is noteworthy to observe that PC2 at ENSO
band shows higher amplitude variability after ~1970 AD whereas at PDO band does
not show any discernable changes. To quantify ENSO driven pH variability, we have
estimated scaled average variance which shows almost fivefold increase during 1980
— 2004 compared to that of previous decades 1950 — 1980 (Fig. 7b). Since many of
the historical coral bleaching events are often associated with extreme EI-Nifio events
(Hoegh-Guldberg, 1999; Hughes et al., 2018; Kelmo et al., 2014), we have compared
ENSO signal with the reported global coral bleaching events (Hughes et al., 2018) .
The trend of the coral bleaching events follows almost similar to the trend of the
variance of ENSO signal (Fig.7 b & d). This indicates that large pH variability and
some of extensive corals bleaching events are associated with extreme ENSO events.

Modeling studies suggested that in the backdrop of the increasing greenhouse
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360 warming, frequencies and amplitude of ENSO and associated extreme events are
361 expected to increase in the next decades (Cai et al., 2014; Cai et al., 2012), therefore,
362 frequency of coral bleaching events and its magnitude particularly in the Pacific Ocean
363 are also expected to increase in future decades/centuries (Ainsworth et al., 2016;

364  Kwiatkowski et al., 2015).
365 4. Conclusions

366 In this study, we have assessed published high resolution records of 3B
367 derived pH from the Pacific and the Atlantic Ocean corals to decipher the contribution
368 of atmospheric CO2 forcing vis-a-vis oceanographic factors to pH variability and
369 changes during the past two centuries. This study based on the large data sets
370 provide a holistic picture of the pH variability and relative role of individual forcing
371 factors in the Pacific and the Atlantic oceans. Our specific observations and findings

372 are concluded below

373 i. Compilation of 3''B records shows overall decreasing trend during the past two
374 centuries with more rapid decrease since ~1970 AD. This observation is
375 consistent with the concomitant rise of atmospheric CO2 since the industrial
376 revolution ~1850 AD.

377 i.  pH variability in the Pacific ocean is larger than that of the Atlantic ocean which
378 suggests dominant role of ENSO and PDO in modulating ocean pH.

379 ii.  Our investigations based on principal component analysis of the §''B derived
380 pH records reveals ~26% and ~17% variability in the Pacific ocean pH are
381 explained by atmospheric CO2 and Pacific ocean-climate oscillations
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Vi.

respectively. Remaining large unexplained variability (57%) might be related to
metabolic processes and micro-environmental changes of the corals reefs.
Therefore, we highlight the need for more detailed investigation of boron
isotope fractions and its relations to specific metabolic processes and micro-
environmental changes based on laboratory experiments and field studies in
the corals reefs.

We have estimated pH reduction in the Pacific Ocean by 0.5 unit due to
anthropogenic CO:2 forcing; rise of atmospheric COz from 310 to 380 ppm
during 1950 — 2004.

ENSO driven pH variability shows large increase during 1980 — 2004 compared
to previous decades (1950 — 1980). This observation is consistent with the
reported global coral bleaching events. This indicates thermal stress associated
with extreme ENSO events could be responsible for coral bleaching events.
Considering the model based prediction of the extreme events associated with
ENSO in the backdrop of the increasing global warming, coral bleaching events

are likely to increase in future decades/centuries.
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405 Figure 1: Location of the coral reefs from where §''B records are available (shown in red circle). Square show in-situ pH time series stations i.e.

406 HOTS in the Pacific and BATS in the Atlantic. Color band represent pH of the surface ocean from Takahashi et al. (2014).
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408  Figure 2: The 8B records from the Pacific and the Atlantic Ocean corals. The black line represent the LOESS fit of all the data. Dashed red line represent
409  the 95 percent confidence interval of the fit. Confidence band of the LOESS fit was determined using bootstrap in Matlab. The lower panel represents data

410  density; the number of 5!!B data points for each year.
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413 Figure 3: The 8B derived pH records from the Pacific: (a) GBR, (b) SCS, (c) North-West Pacific and

414  from the Atlantic: (d) North West Atlantic. Red color solid curves represent theoretical pH for the sites

415  GBR, SCS and North-West Atlantic. Reconstruction of theoretical pH is discussed in section 2.2. Gray

416 envelops represents uncertainty in the theoretical pH reconstruction. 3*'B derived pH records and

417  theoretical pH are compared with the Hector model derived pH projections (Hartin et al., 2016) of low

418 latitude (<55° Latitude) for various representative concentration pathway (RCP) scenarios.
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Figure 4(l): Spatial correlation between records of (a) SST and Nifio 3.4, (b) SST and PDO, (c)
precipitation and Nifio 3.4, (d) precipitation and PDO indices. Reanalysis ERA-Interim data of SST
and precipitation records are used in the spatial correlation analysis. The regions of significant
correlation are highlighted in color code at 90% significance level. Spatial correlation plot was

generated from Climate Reanalyzer (http://cci-reanalyzer.org). Red colour square indicates the

locations of the coral sites in the Pacific Ocean. The 8'B records and their spectral and wavelet
analysis from the sites: (e) SCS (Wei et al., 2015), (f) Guam Island (Shinjo et al., 2013), (g) GBR
(D'Olivo et al., 2015), (h) GBR (Wei et al., 2009), (i) Flinders Reef (Pelejero et al., 2005) and (j) New
Caledonia (Wu et al., 2018). Spectrum analysis were performed using MATLAB based Redfit program
(Schulz and Mudelsee, 2002). Wavelet analysis decomposes time series in time and frequency
space. Thick contour represents 5% significance level against red noise. The thin solid lines represent

cone of influence. The color band highlights how periodicities vary with time. Wavelet analysis was

performed using online MATLAB codes taken from Torrence and Compo (1998). The wavelet
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analyses were performed using online available MATLAB codes from Grinsted et al. (2004)

(http://grinsted.github.io/wavelet-coherence/).
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Figure 4(ll): Spatial correlation between the records of (a) SST and NAO, (b) SST and AMO, (c)
precipitation and NAO, (d) precipitation and AMO. The 8B records and their power spectrum and
wavelet analysis were performed for the sites: (e) Sargasso Sea (Goodkin et al., 2015) and (f & j)

MBRS (Fowell et al., 2018).
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Figure 5: Biplot of principal components PC1 vs. PC2. The vectors length and directions show
correlation between the factors and variables. PC1 and PC2 components explain ~43 % of the total
variability in 81B records from the Pacific. Records of (b) first principal component (PC1 score) and
(c) second principal component (PC2) derived from the principal component analysis of all the pacific
records of 8B (1950 — 2004 AD). (d) Instrumental records of atmospheric CO2 (red curve)
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452 (https://www.esrl.noaa.gov/gmd/ccgg/trends/) and pH records (blue line) from the time series station

453 HOTS in the Pacific Ocean. (e) Power spectrum analysis of PC2 record. This shows significant (80%

454 42 level) periodicities of 4.5 years and 20 years.
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456 Figure: 6 a) Annual mean pH record from the HOTS station (1988 — 2004) is compared with PC1. (b)

457  PC1 record is plotted with pH record from HOTS station (1988 — 2004). Based on the distribution of

458 the data, two distinct trends are identified. These trends are compatible with linear fits with significant

459 correlations. (c & d) pH was reconstructed based the PC1 time series in the regression equations.

460 Solid (red and blue lines) represent mean pH and shade represents uncertainty associated with the

461 mean (2c). Black and green line represent the theoretical pH for GBR and SCS regions respectively.
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Table 1: Details of published !B records from Pacific and Atlantic Ocean

. Latitude, 8''B (%0) range pHrange Boron isotope Time span Resolution

Location Longitude (min = max) (min — max) measurement (Years) (Year) Coral type References
Pacific Ocean
Great Barrier Reef -18.84, 146.53 22.49 - 26.27 7.88 —8.40 TIMS, MC-ICPMS 1940-2009 1 Porites sp. D’Olivo et. al., 2015
Great Barrier Reef -16.68, 146.12 21.06 — 25.38 7.67-8.28 TIMS 1807-2004 1,5 Porites sp. Wei et. al., 2009
Flinders Reef -17.5,148.3 22.79 - 24.97 7.92-8.23 TIMS 1781-1990 5 Porites sp. Pelejero et al., 2005
New Caledonia -22.21, 166.15 23.18- 2554 7.98-8.30 MC-ICPMS 1692-2011 1 Dr']‘;'lf’oa;gr';a Wu et al., 2018
South China Sea 19.283, 110.65 20.82 - 26.00 7.63-8.37 TIMS 1853-2011 1 Porites sp. WEei et. al., 2015

) 18.2, 109.499 22.16 - 24.91 7.83-8.22 MC-ICPMS 1840-2000 4 Porites sp. Liu et. al., 2014
South China Sea
Guam Island 13.6, 144.80 22.10-23.92 7.82-8.08 MC-ICPMS 1940-1999 1 Porites sp. Shinjo et. al., 2013
Kikaijima and 28.3,130.0 .
Chichijima island 271, 142.2 23.33-25.02 8.00-8.23 MC-ICPMS 1910-2007 5 Porites sp. Kubota et.al., 2017
Atlantic Ocean

Diploastrea .

Sargasso Sea 32.318, -64.717 23.02 -25.16 7.96 - 8.25 MC-ICPMS 1775-1996 2 heliopora Goodkin et. al., 2015
Belize 16.137, -88.252 Siderastrea
Mesoamerican o e 22.70 - 25.36 7.91-8.28 MC-ICPMS 1912-2008 1-6 Fowell et al., 2018

Barrier Reef

16.140, -88.260

siderea
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477
478  Table 2: Periodicities in 5B and climate indices
479
Location / Indices Periodicities References
Low Intermediate High
Great Barrier Reef 3,5 D’Olivo et al., 2015
Great Barrier Reef 5 10 23 Wei et al., 2009
Flinders Reef 10, 16 50 Pelejero et al., 2005
New Caledonia 54,7 13 30 Wu et al., 2018
South China Sea 3,4,6 17 Wei et al., 2015
Guam Island 3,6 Shinjo et al., 2013
Sargasso Sea 57 14 Goodkin et al., 2015
MBRS 73,76 17 25 Fowell el al., 2018
Climate indices
ENSO 24,28,3.6,5.6
PDO 33,6 20 40
NAO 15,76
AMO 5.7 10.5 23.8
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