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Abstract

The Indian Ocean (IO) is witnessing acidification as a direct consequence of the continuous rising of atmospheric CO2 concen-

tration and indirectly due to the rapid ocean warming, which disrupts the pH of the surface waters. This study investigates the

pH seasonality and trends over various bio-provinces of the IO and regionally assesses the contribution of each of its controlling

factors. Simulations from a global and a regional ocean model coupled with biogeochemical modules were validated with pH

measurements over the basin, and used to discern the regional response of pH seasonality (1990-2010) and trend (1961-2010) in

response to changes in Sea Surface Temperature (SST), Dissolved Inorganic Carbon (DIC), Total Alkalinity (ALK) and Salinity

(S). DIC and SST are significant contributors to the seasonal variability of pH in almost all bio-provinces. Total acidification

in the IO basin was 0.0675 units from 1961 to 2010, with 69.3% contribution from DIC followed by 13.8% contribution from

SST. For most of the bio-provinces, DIC remains a dominant contributor to changing trends in pH except for the Northern

Bay of Bengal and Around India (NBoB-AI) region, wherein the pH trend is dominated by ALK (55.6%) and SST (16.8%).

Interdependence of SST and S over ALK is significant in modifying the carbonate chemistry and biogeochemical dynamics

of NBoB-AI and a part of tropical, subtropical IO bio-provinces. A strong correlation between SST and pH trends infers an

increasing risk of acidification in the bio-provinces with rising SST and points out the need for sustained monitoring of IO pH

in such hotspots.
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Key Points: 14 

• Controlling factors of the seasonal variability of pH and its trends over various Indian 15 

Ocean bio-provinces are investigated. 16 

• DIC and SST are major driving forces contributing to the seasonal variability and trends 17 

in pH and counterbalance over the Indian Ocean. 18 

• SST trends directly correlate with acidification trends in IO bio-provinces, indicating that 19 

ocean warming enhances acidification.  20 
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Abstract 21 

The Indian Ocean (IO) is witnessing acidification as a direct consequence of the continuous rising 22 

of atmospheric CO2 concentration and indirectly due to the rapid ocean warming, which disrupts 23 

the pH of the surface waters. This study investigates the pH seasonality and trends over various 24 

bio-provinces of the IO and regionally assesses the contribution of each of its controlling factors. 25 

Simulations from a global and a regional ocean model coupled with biogeochemical modules were 26 

validated with pH measurements over the basin, and used to discern the regional response of pH 27 

seasonality (1990-2010) and trend (1961-2010) in response to changes in Sea Surface Temperature 28 

(SST), Dissolved Inorganic Carbon (DIC), Total Alkalinity (ALK) and Salinity (S). DIC and SST 29 

are significant contributors to the seasonal variability of pH in almost all bio-provinces. Total 30 

acidification in the IO basin was 0.0675 units from 1961 to 2010, with 69.3% contribution from 31 

DIC followed by 13.8% contribution from SST. For most of the bio-provinces, DIC remains a 32 

dominant contributor to changing trends in pH except for the Northern Bay of Bengal and Around 33 

India (NBoB-AI) region, wherein the pH trend is dominated by ALK (55.6%) and SST (16.8%). 34 

Interdependence of SST and S over ALK is significant in modifying the carbonate chemistry and 35 

biogeochemical dynamics of NBoB-AI and a part of tropical, subtropical IO bio-provinces. A 36 

strong correlation between SST and pH trends infers an increasing risk of acidification in the bio-37 

provinces with rising SST and points out the need for sustained monitoring of IO pH in such 38 

hotspots. 39 

 40 

Plain Language Summary 41 

Global oceans are witnessing ocean acidification as a combined result of ocean warming and 42 

increased atmospheric CO2 concentration. Indian Ocean (IO), is a mild sink of CO2 and its strength 43 

is decreasing day by day owing to acidification. In this study, the seasonal variation of surface pH 44 

in IO and its long-term changes are studied, over 8 different IO bio-provinces. A rise in 45 

acidification rate over IO has been found, using 50 years of model data along with observations, 46 

which has also been asserted by a high correlation between sea surface temperature (SST) and pH. 47 

The study helps to quantify the individual contribution of factors causing this decrease in pH and 48 

identify acidification hotspots. It is found that dissolved inorganic carbon and SST dominate the 49 

seasonal variation of pH and counterbalance each other. 50 

 51 

1 Introduction 52 

Carbon dioxide (CO2) is one of the most critical greenhouse gases in the atmosphere, contributing 53 

to global warming (H.-O. Pörtner et al., 2022). Atmospheric CO2 levels are increasing at an 54 

alarming rate, especially in recent years, and have grown by 45% compared to the levels during 55 

the pre-industrial era(Petit et al., 1999). Since the industrial revolution, the atmospheric CO2 level 56 

has been amplified from 280 parts per million by volume (ppmv) to nearly 420 ppmv as of 2021, 57 

as observed by the Mauna Loa observatory (Friedlingstein et al., 2019; Peters et al., 2007; Le 58 

Quéré et al., 2018; Sabine et al., 2004). Extensive fossil fuel emission, deforestation, land-use land-59 

cover change (LULC), and cement production are the major driving factors for this unprecedented 60 

increase in atmospheric CO2 (Le Quéré et al., 2018).  61 

The misappropriations of the total emitted CO2 by anthropogenic activities and the build-up of 62 

atmospheric concentrations are explained by the sinks offered by the terrestrial biosphere and the 63 
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oceans. Global oceans are an essential sink of anthropogenic CO2. Oceans sequestrate nearly one-64 

third of the contemporary anthropogenic carbon(R. Wanninkhof et al., 2013). Without oceans, the 65 

existing carbon concentration in the atmosphere would have been larger by an additional 25-30% 66 

than what we see today, and global climate change would have been much faster than what we 67 

observe (Gattuso et al., 2015; Le Quéré et al., 2018). 68 

The natural sequestration of atmospheric CO2 by the ocean comes at the cost of critical changes in 69 

the chemical properties of the ocean, namely the acidity (expressed as pH), alkalinity, and 70 

dissolved carbon concentrations(Rhein et al., 2013). A decreasing trend in the pH of the oceans is 71 

observed globally (Takahashi et al., 2014), and various literatures have documented its adverse 72 

impacts on disrupting the global marine ecosystems as well as reducing the efficiency of the ocean 73 

CO2 sink (Doney et al., 2009; Egleston et al., 2010; Guinotte & Fabry, 2008; Hönisch et al., 2012; 74 

Sabine et al., 2004; Sreeush et al., 2019). 75 

Atmospheric CO2 dissolves to the ocean's surface depending on CO2 dissolution conditions of the 76 

water determined by the temperature, salinity, alkalinity, dissolved inorganic carbon 77 

concentration, and other minor ions present, such as borate (Sarmiento & Gruber, 2006). Upon 78 

dissolution, CO2 gets converted into unstable carbonic acid (H2CO3
*). The carbonate chemistry in 79 

the ocean can be simplified by following three reactions: (a) a reaction of CO2 with water to 80 

produce H2CO3
*, (b) the first ionization of H2CO3 to form bicarbonate ions (HCO3

-), and (c) a 81 

second ionization process to convert bicarbonate ions into carbonate ions (CO3
2-) (Egleston et al., 82 

2010). As a result, additional two H+ ions are released into seawater by the second and third steps 83 

above, resulting in net ocean acidification. At the same time, H+ions released in the first ionization 84 

process combine with the natural carbonate ions in seawater to form bicarbonates. Hence, this 85 

carbonate ‘buffer’ offers a resistance to change in pH due to the CO2 dissolution. 86 

However, a high amount of CO2 dissolution into oceans results in decreased buffering action, 87 

thereby amplifying ocean acidification (Egleston et al., 2010; Feely et al., 2009). Another major 88 

consequence is the consumption of carbonate ions by the excess H+ ions released due to 89 

acidification affecting the biological processes. For example, the calcifying organisms combine 90 

calcium (Ca2+) arrived from weathered calcium-silicate rocks with the carbonate ions to form 91 

calcium carbonate (CaCO3), which is an important part of their shell formation (Feely et al., 2009). 92 

Thus, we must understand the process of acidification on a global and regional scale by deducing 93 

the controlling factors contributing to these changes(Chakraborty et al., 2021; Sreeush et al., 2019). 94 

Indian Ocean (IO; 30°E-120°E, 40°S-30°N) is a mild sink of atmospheric CO2 with -0.32±0.06 95 

(Sarma et al., 2013), -0.12±0.12 (Landschützer et al., 2016), -0.28±0.18 (V Valsala & Maksyutov, 96 

2010) and -0.24±0.12 (Takahashi et al., 2009) petta gram carbon (PgC) yr-1. The spatio-temporal 97 

variability of inorganic and organic carbon is controlled by both the physical (reversal of winds, 98 

vertical mixing, coastal and open ocean upwelling, downwelling) and biological processes 99 

(solubility and biological pump)in the ocean (Schott & McCreary, 2001; Sharada et al., 2008; 100 

Sreeush et al., 2018; V. , Valsala & Maksyutov, 2013; Vinu Valsala et al., 2012). The ocean 101 

processes associated with the solubility pump primarily drive the southern subtropical IO carbon 102 

sink, whereas the 40°S-55°S region is driven by both biological and solubility pumps equally 103 

(Vinu Valsala et al., 2012). The interannual variability of IO sea-to-air CO2 fluxes has dominant 104 

variability in the south-eastern subtropical IO associated with IO Dipole (IOD, Vinu Valsala et al., 105 

2020). The dynamics of ENSO and IOD play a significant role in sea-to-air CO2 flux variability in 106 

the western boundary of the IO along with upwelling and eddies(Sreeush et al., 2018, 2020; V. , 107 

Valsala & Maksyutov, 2013; Vinu Valsala & Murtugudde, 2015). The tropical IO alone 108 
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contributed to sinking 16.6±5.1 PgC of anthropogenic carbon amounting a 16% of the global ocean 109 

sink (Key et al., 2004; Sabine et al., 2004).  110 

Substantial seasonal variability and 0.07 units drop in pH over the last 50 years can be observed 111 

in the Western Arabian Sea (WAS) (Sreeush et al., 2019). (Chakraborty et al., 2021) demonstrated 112 

the dominant seasonal cycle in the surface ocean pH of the Arabian Sea and Bay of Bengal (BoB) 113 

in terms of those driven by surface ocean temperature, dissolved inorganic carbon content, surface 114 

ocean alkalinity, and salinity. The western IO acidifies faster, with 16% of it exacerbated due to 115 

the SST warming alone (Sreeush et al., 2019). However, the former looked at the seasonal cycle 116 

of the northern IOand and its controlling factors. The latter looked at trends in acidification 117 

focussed only on the WAS. This work’s primary motivation is the lack of understanding of the 118 

region-specific spatio-temporal trends of pH and its causing factors in the entire IO. For example, 119 

the direct measurements of boron isotopes in the Minicoy coastal waters of the Arabian Sea and 120 

deduced pH values for the past 16 years indicate large interannual pH fluctuations obscuring the 121 

long-term trends (Tarique et al., 2021). 122 

This study aims to understand the controlling factors of the seasonality of pH and its trends over 123 

the IO bio-provinces via observations, biogeochemical model outputs, and climate model 124 

simulations. The biophysical interactions over each bio-provinces are unique, which has a 125 

significant impact on regulating the surrounding ocean pH. The strength of the solubility and 126 

biological pump to sequestrate the atmospheric carbon by transporting it to the deep ocean, varies 127 

across each bio-provinces. As pH depends on the biogeochemistry largely, Eight IO bio-provinces 128 

categorized on the seasonal variance in chlorophyll imparted in the form of Net Community 129 

Production depth as in (Sreeush et al., 2020), were utilized in this study (supplementary Text S1 130 

and Figure S1). The individual contribution from the major physical factors such as Sea Surface 131 

Temperature (SST), Dissolved Inorganic Carbon (DIC), Alkalinity (ALK), and Salinity (S) to the 132 

seasonal pH variability and its trend are investigated for each bio-province. The rest of the paper 133 

is organized as follows. Section-2 introduces the data and methodology. Section-3 presents the 134 

results and discussions, followed by a summary in Section-4. 135 

2 Materials and Methods  136 

We used model outputs from OTTM-BGC (Ocean Tracer Transport Model-Biogeochemistry: 137 

Sreeush et al., 2018, 2019, 2020; V Valsala & Maksyutov, 2010; Vinu Valsala et al., 2008) and 138 

ROMS (Regional Ocean Modeling System: Chakraborty et al., 2018, 2021).  139 

 140 

2.1 OTTM-BGC  141 

 142 

OTTM is an offline model coupled with OCMIP-II (Ocean Carbon-Cycle Model Inter-comparison 143 

Project – II) biogeochemistry model as in (V Valsala & Maksyutov, 2010; Vinu Valsala et al., 144 

2008), further developed with a modified parameterization for the community compensation depth 145 

with a spatio-temporal dependency on satellite-derived surface ocean Chl-a seasonality and a time-146 

varying penetrative short-wave radiation by (Sreeush et al., 2018, 2019, 2020). The model 147 

dynamics are prescribed from GFDL (Geophysical Fluid Dynamics Laboratory) re-analysis data 148 

via three-dimensional currents (U, V), temperature, salinity and two-dimensional mixed layer 149 

depth, evaporation and precipitation rates, surface heat flux, surface wind stress, and sea surface 150 

height. The zonal and meridional resolutions are 1o x 1o with 360 grid points longitudinally and 151 

latitudinally at higher latitudes and a finer resolution of 0.8o at the equator. The vertical and 152 
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horizontal mixing is resolved via KPP(Large et al., 1994) and Redi diffusion(Redi, 1982), 153 

respectively. The biogeochemical model coupled to OTTM is based on the OCMIP-II protocol, 154 

which uses a nutrient restoration approach for biological production with phosphate as its basic 155 

currency(Najjar & Orr, 1998). The DIC and ALK computation in the model are linked to the 156 

phosphate and calcium cycling via the Redfield ratio(Anderson & Sarmiento, 1994; Najjar & Orr, 157 

1998). Further details of the model are provided in (Sreeush et al., 2018, 2019). The simulations 158 

from 1990-2010 have been used in the validation and seasonality analysis and from 1961-2010 for 159 

trend analysis. 160 

 161 

2.2 ROMS model outputs 162 

 163 

A high-resolution coupled ocean-ecosystem model configured using the Regional Ocean 164 

Modelling System (ROMS) simulated outputs are utilized to compare the results retrieved from 165 

the OTTM-BGC model for 1990-2010. The physical model is configured with a horizontal grid 166 

resolution of 1/12°, and it carries 40 vertical layers in a terrain-following s-coordinate system. The 167 

K-Profile Parameterization (KPP; Large et al., 1994) scheme is used for surface ocean vertical 168 

mixing parameterization. Biharmonic viscosity and diffusion schemes are chosen for horizontal 169 

mixing (Griffies & Hallberg, 2000). Surface heat and momentum fluxes are internally calculated 170 

by ROMS using the bulk parameterizations (Fairall, et al., 1996; Fairall, et al., 1996; Liu et al., 171 

1979) The biological component of the model uses the nitrogen cycle model with parameterized 172 

sediment denitrification as described by (Fennel et al., 2006). The time rate of change of 173 

concentration of each state variable describes the balance of advection-diffusion and source-sink 174 

terms among the nitrogen cycle-related state variables (Fennel et al., 2006). The biological model 175 

resolves the oceanic carbon cycle. The model carbonate chemistry in the biological model is 176 

described in (Fennel et al., 2008; Zeebe & Wolf-Gladrow, 2001), and (Laurent et al., 2017). The 177 

oceanic carbon cycle is represented in the model using four state variables viz. alkalinity, dissolved 178 

inorganic carbon, large and small detritus class with carbon concentration. Dissolved inorganic 179 

carbon dynamics include the primary production, respiration as a sink, and source term, 180 

respectively, following Redfield stoichiometry besides gas exchange at the air-sea interface. The 181 

biogeochemical processes, such as calcite formation and dissolution, nitrate uptake and 182 

regeneration, and sulfate reduction, are represented in alkalinity dynamics. The increasing trend 183 

of atmospheric pCO2 is prescribed in the model. Air-sea gas exchange is prescribed following 184 

(Rik Wanninkhof, 2014). The detailed model configuration can be found in (Chakraborty et al., 185 

2018, 2021). 186 

 187 

2.3 CanESM2 model outputs 188 

The historical model output from the second generation Canadian Earth System Model 189 

(CanESM2) is compared with the OTTM pH, DIC, and ALK data for the period 1961-2005 for 190 

the eight regions. CanESM2 (Barker et al., 2008; Li & Barker, 2005; von Salzen et al., 2005), 191 

being part of the CMIP5 project, has an AGCM of T42/T63 spatial resolution and 35 vertical levels 192 

coupled with an OGCM of 256 x 192 resolution and 40 levels in-depth, along with a sea-ice model. 193 

The Canadian Model of Ocean Carbon (CMOC) is used with CanESM2 to simulate the oceanic 194 

carbon cycle (Zahariev et al., 2008). The solubility pump follows the OCMIP-II protocol, whereas 195 

the biological pump involves time-dependent variables such as DIC and Alkalinity, which are 196 

determined using a constant Redfield ratio. The model has nitrogen as its basic currency. 197 
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2.4 Observational Dataset 198 

 199 

Climatological surface pH observations from (Takahashi et al., 2014) are utilized to validate the 200 

model outputs. These datasets are retrieved via statistical interpolation of multiple ship 201 

observationsfrom1990s to 2010. (Takahashi et al., 2014) dataset provides global coverage with a 202 

4o x 5o via linear interpolation method. The data link is provided in the Data availability section. 203 

 204 

2.5 Sensitivity of SST, S, DIC and ALK on pH seasonality and trends 205 

Change in surface pH is a function of DIC, SST, ALK and S, which are its prominent contributors 206 

(Takahashi et al., 2009; Vinu Valsala & Murtugudde, 2015). There are other constituent factors 207 

such as sulfate, phosphate, borate, and fluoride, whose contribution to change in pH is negligible 208 

(Hagens & Middelburg, 2016). To quantify the impact of the prominent contributors, we can 209 

rewrite pH variability, as implemented in (Sreeush et al., 2019): 210 

 211 

𝑑𝑝𝐻

𝑑𝑡
=  

𝜕𝑝𝐻

𝜕𝑆𝑆𝑇

𝑑𝑆𝑆𝑇

𝑑𝑡
+ 

𝜕𝑝𝐻

𝜕𝐷𝐼𝐶

𝑑𝐷𝐼𝐶

𝑑𝑡
+  

𝜕𝑝𝐻

𝜕𝐴𝐿𝐾

𝑑𝐴𝐿𝐾

𝑑𝑡
+  

𝜕𝑝𝐻

𝜕𝑆

𝑑𝑆

𝑑𝑡
                    (2.1)212 

+ (𝑜𝑡ℎ𝑒𝑟 𝑚𝑖𝑛𝑜𝑟 𝑖𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑠) 213 

 214 

The pH was reconstructed, referred to as CTRL using the above equation and the OCMIP- II 215 

protocol. The time-varying temperature and salinity were obtained from GFDL reanalysis data 216 

(Chang et al., 2013), whereas DIC and Alkalinity were obtained from OTTM model runs. Minor 217 

influencers like sulfate, phosphate, borate, and fluoride are residuals. The root means square 218 

difference (RMSD) between the recalculated pH (CTRL) and model pH is examined and ensured 219 

that bias is within ± 0.005 pH, much less than the dominant variabilities in each of the terms in Eq. 220 

(2.1). 221 

 222 

To quantify the individual impact of SST, S, DIC and ALK on pH seasonality and trends, we 223 

carried out experiments referred to as sensitivity experiments (from now on referred to as SENS). 224 

In this method, each variable of interest in eq. (2.1) is suppressed into climatological annual mean 225 

values (derived from 1990 to 2010) while others are unchanged. It was repeated for all the variables 226 

of interest one at a time, thereby giving the effect of SST, S, ALK and DIC on pH seasonality via 227 

CTRL and SENS difference. A similar approach has been considered for the pH trend analysis. 228 

Here, each of the variables of interest is de-trended individually. Others remain unchanged and 229 

then utilized for pH reconstruction. The CTRL and SENS difference gives the effect of trends in 230 

these variables into the net trend of the pH. The results are presented as area-averaged over each 231 

bio-province. 232 

3 Results and Discussion 233 

3.1 Validation of OTTM and ROMS model pH with observation 234 

 235 

This section gives a detailed validation of OTTM and ROMS simulated pH with (Takahashi et al., 236 

2014). Supplementary Figure S2 shows the annual mean surface pH of the IO from the synthesis 237 

of (Takahashi et al., 2014). Overall, the IO has a lower pH value than the global oceans, indicating 238 

a high DIC from the upwelled waters (Chakraborty et al., 2021). The WAS has low pH, and the 239 

coastal regions also show a significant pH variation than open waters. In the oligotrophic gyre, the 240 
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pH is slightly stronger indicative of less DIC and low acidity (Vinu Valsala et al., 2012). The 241 

spatial variability of pH indicates the necessity to consider regions separately to understand the 242 

controlling factors better.RMSD calculated between model simulation and CTRL (reconstructed 243 

pH) over the IO is overall very small, especially in the Southern IO, about 0.004, whereas RMSD 244 

in the Northern IO varies from 0.007 to 0.014 (supplementary Figure S3). 245 

 246 
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 247 

Figure 1: Comparison of area-averaged model pH (OTTM-green dash-dot line and ROMS-248 

blue dotted line) with that of (Takahashi et al., 2014); red line, observations for 8 IO bio-249 

provinces. Error bars show standard deviations of individual months over different bio-250 

provinces from 1990 to 2010. 251 
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Both OTTM and ROMS simulations reasonably capture the pH seasonality compared with the 252 

observation (Figure 1). In WAS, during the pre-monsoon season, the SST warming increases the 253 

concentration of H+ions, leading to surface ocean acidification. The same can be seen in 254 

observation and models during April-June (AMJ). Also, the model pH tends to be more acidic 255 

during the summer monsoon than in observation. One reason may be due to strong upwelling 256 

during the summer monsoon in the model. ROMS pH conforms well to observation with slight 257 

alkaline bias during August-September. The dip in pH during March-May (MAM) in the NBoB-258 

AI, as seen in observation, is not well captured by ROMS (Figure 1). Strong stratification might 259 

suppress the entrainment of DIC into surface water, making pH tend towards alkaline. The riverine 260 

input of dissolved carbon can also influence BoB acidification, which is not represented well in 261 

models (Rao & Sarma, 2022). In EBoB-CIO, OTTM pH overestimates from June to December by 262 

0.008-0.018 units than observation. Similarly, ROMS pH is more alkaline during the summer 263 

monsoon, where the bias peaks at around 0.025 units. The effect of colder SST from the western 264 

part of this region may make the pH less acidic. In EEIO, OTTM is more acidic during the summer 265 

monsoon by a margin of 0.03 units compared to observation. One reason can be the dominance of 266 

the effect of DIC during the summer monsoon season. However, ROMS seasonality can be seen 267 

matching observation with a slight bias. In the Southern IO region,i.e. SEO and STIO, OTTM pH 268 

seasonality matches reasonably well with observation, with a slight bias of around 0.018 units. In 269 

SEO, ROMS has a slightly alkaline bias of around 0.02 units during the summer monsoon. The 270 

seasonality of pH of both models (OTTM and ROMS) in SSIO and SOG matches very well 271 

compared with observations. 272 

 273 

3.2 Control of SST, DIC, ALK and Salinity on a seasonal pH cycle over the IO 274 

The seasonal cycle of pH and its sensitivity by changes in SST, DIC, ALK and Salinity is retrieved 275 

by subtracting the pH from the control and sensitivity runs (see section 2.5 and Figure 2). The 276 

results are summarized for eight bio-provinces in the following sub-sections. 277 

 278 
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 279 

Figure 2: Difference between CTRL and SENS for each SST, DIC, ALK, and S, respectively. 280 

The shaded error bar indicates standard deviations of individual months over-identified bio-281 

provinces in the IO from 1990 to 2010 using OTTM and ROMS datasets. 282 

 283 

3.2.1 WAS and NBoB-AI region 284 

In WAS and NBoB-AI regions, it is observed that warming of SST during the pre-monsoon 285 

(AMJ) and post-monsoon (ON) causes the pH to be more acidic while cooling during the summer 286 

monsoon makes it less acidic, caused by the SST component (Cao et al., 2007; Chakraborty et al., 287 

2021; Kapsenberg et al., 2017; Zeebe, 2012). An increase in temperature causes dissociation of 288 

carbonate species, releasing excess protons. Temperature-dependent dissociation constants further 289 

accelerate this dissociation rate (Cao et al., 2007; Zeebe, 2012). In both the regions during pre-290 

monsoon, an increase in pH value is caused by DIC components. It is attributed to the poor mixing 291 

conditions in the extremely warm SST during this part of the season. The biological sink in the 292 

surface zone consumes the DIC and has no replacement/replenishment of DIC due to weak mixing. 293 
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DIC decreases pH in the summer monsoon (July-September), acidifying the waters. Upwelling in 294 

the WAS causes DIC to increase during the summer monsoon and, subsequently, acidification 295 

(Chakraborty et al., 2021; Fassbender et al., 2011). Alkalinity in WAS contributes to acidification 296 

during JFM and AMJ seasons, as observed in (Sreeush et al., 2019), whereas, in NBoB-AI, it 297 

acidifies pH during pre-monsoon. 298 

 299 

3.2.2 EBoB-CIO and EEIO 300 

Similarly, in the EBoB-CIO region, warming of SST makes pH acidic during pre-monsoon. 301 

However,post-monsoon SST shows a negligible effect on the seasonality. This bio-province 302 

extends to the central BoB and central equatorial IO. A part of this region appears to be warmer 303 

SST conducive to atmospheric convection, and the western part of this region shows colder SST. 304 

The contribution of DIC in acidifying pH is more than the contribution of SST. During the winter 305 

monsoon, north equatorial currents follow westerlies (Schott & McCreary, 2001), whereas, during 306 

spring and fall, the Wrytki-jets are eastward. The boreal summer monsoon currents are also 307 

eastward. It is observed that whenever the currents are eastward, the DIC has a limited role in the 308 

seasonality of surface ocean pH. However, when the currents follow westerlies, DIC acidifies pH. 309 

Alkalinity, in this region, acts as a strong counterbalance to DIC during JFM and OND (October-310 

December) seasons.  311 

 312 

In EEIO, SST increases (decreases) pH in JFM (AMJ) season. It is attributed to seasonal variations 313 

of SST along the equatorial ocean belt, as discussed in (Dommenget, 2011; Donguy & Meyers, 314 

1996). The most significant contribution of DIC in acidifying pH, specifically during the summer 315 

monsoon, is noted when the currents are strongly eastward. Alkalinity provides considerable buffer 316 

action against acidifying pH throughout the season for EEIO.  317 

 318 

3.2.3 Southern IO (SEIO, STIO, SSIO and SOG regions) 319 

The behavior of pH sensitivity by changes in SST (SENS_SST) is significantly different in the 320 

Southern IO and the subtropical oligotrophic gyre region compared to WAS, BoB and the northern 321 

IO. The seasonality of pH in the SEIO and STIO regions is similar. The amplitude of the 322 

SENS_SST time series is higher in SSIO and SOG than in the previously discussed regions. Since 323 

these are wind-driven circulation regions, the warming and cooling of SSTplay an important role 324 

in pH seasonality (Cao et al., 2007; Kapsenberg et al., 2017; Zeebe, 2012) The dominance of SST 325 

in the seasonal pH cycle in these regions indicates a clear role of the solubility pump in the carbon 326 

cycle than the biological pump (Vinu Valsala et al., 2012). If DIC is suppressed, the pH will tend 327 

towards basicity in the Southern IO and the Subtropical gyre region. This trait is observed from 328 

AMJ till OND seasons. It can be explained by the mixed layer deepening of these regions during 329 

austral winter. The deepening of the mixed layer entrains the subsurface DIC to the surface, 330 

thereby enhancing pH seasonal cycle. The maximum enhancement happens in the southernmost 331 

regions where mixing is further expected to be dominant. Buffer action from Alkalinity is observed 332 

in the SEIO region. The role of alkalinity in the IO Subtropical gyre region is not so significant. 333 

 334 
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The influence of each component, i.e. SST, DIC, ALK and S, on pH for each month has been 335 

summarized in terms of seasonal mean contribution in Table S1 and S2 (refer to Supplementary 336 

Information) for OTTM and ROMS, respectively. Noticeably, as shown in Table S1, in SEIO, DIC 337 

contributes to acidity throughout the year, except for JFM. Alkalinity promotes acidification only 338 

during JFM. Thus, a weak seasonal counterbalance is observed between DIC and ALK in this 339 

region. Like SEIO, a similar seasonal pattern is observed in SSIO and SOG, respectively, but it is 340 

very weak. The effect of salinity on the seasonality of pH in all bio-provinces is quite negligible. 341 

 342 

It is evident from the impacts of each of the controlling factors such as SST, DIC, ALK and S on 343 

the seasonality of pH of various regions of the IO that the effects of SST and DIC are mutually 344 

correlated and opposite to each other. These results are in agreement with studies like (Midorikawa 345 

et al., 2010, 2012) in the western North Pacific and Pacific sectors of the Southern Ocean, 346 

respectively, (Bates et al., 2012) in the North Atlantic Ocean, and (Sreeush et al., 2019) in the 347 

WAS. It can be attributed to an increase in SST, causing the surface ocean to be more stable and 348 

resist mixing, which causes depletion of DIC by a biological pump with fewer chances of 349 

replenishment of dissolved H+ions. Therefore, when SST contributes to an increase in seasonal 350 

amplitudes of pH, the DIC’scontribution is to decrease it. On the other hand, the SST cools and 351 

reduces the pH by releasing fewer H+ ions when the mixing is deeper. At the same time, the 352 

increase in enrichment of DIC by deep water mixing causes enhancement of pH (acidity). In 353 

upwelling seasons, this mechanism further intensifies (Fassbender et al., 2011). Alkalinity itself is 354 

a function of biology. When soft tissue pump happens, alkalinity increases, while hard tissue pump 355 

causes a decrease in alkalinity. Therefore, the role of alkalinity in surface ocean pH seasonality is 356 

interlinked with both biological and solubility pumps (Chakraborty et al., 2018, 2021). 357 

 358 

The seasonality of pH in ROMS (summarized in Table S2) matches well with OTTM, though we 359 

observe a slight bias in the amplitude of all SENS variations. In OTTM, we observe that SST and 360 

DIC are the two major influencers in acidifying surface pH. These drivers are well entwined and 361 

subdue the effect of each other. Seasonality of SST is well observed in both models, especially in 362 

the Southern IO, where these wind-driven regions are dominated by strong solubility pumps rather 363 

than biological pumps (Vinu Valsala et al., 2012). It can be observed that DIC in ROMS is 364 

underestimated in all regions compared to OTTM. One reason is biological pump underperforming 365 

in these regions. The seasonality contribution of ALK and S to acidification in ROMS simulation 366 

is insignificant.  367 

 368 

3.3 Sensitivity of SST, DIC, S, ALK on the trend of pH 369 

 The percentage contribution of SST, DIC, ALK and S on the net trend of pH is depicted in 370 

Figure 3, and the respective values are listed in Supplementary Table S3. The IO has acidified 371 

from 8.132 in 1961 to 8.064 units in 2010. A decrease of 0.0675 units in the last 50 years is 372 

attributed to changes in DIC (69.28%), followed by a 13.82% temperature contribution. Alkalinity 373 

and salinity contribute by 7.12% and 2.76%, respectively, insignificant compared to DIC and SST. 374 

Various other studies (Fine et al., 2017; Waters et al., 2011) have also estimated that the average 375 

ocean pH has decreased by 0.063 over 35 years, with temperature and salinity contribution varying 376 

between 1.6 to 16% of the total. 377 
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 378 

Figure 3: Percentage contribution of SST, DIC, ALK and S on the net trend of pH with error 379 

bars showing standard deviation for each bio-provinces. 380 

 381 

pH has decreased by 0.064 units in the WAS region in 50 years. As seen in Figure 3, DIC is the 382 

most dominant driver of interannual pH variations over WAS (121.8%). The likely reason behind 383 

this is that WAS is a strong upwelling coastal region, thereby having a high DIC concentration. A 384 

similar inference has been reported by (Fassbender et al., 2011) for the upwelling regions of the 385 

California coast. However, the influence of alkalinity is -53.4%, which indicates that the buffering 386 

of the ocean carbon chemistry regulates the change in pH due to the increased dissolution of 387 

atmospheric CO2 (Sreeush et al., 2019). DIC/ALK ratio is found to be high for the Arabian Sea 388 

(around 0.86), which supports our finding of high buffering action of alkalinity in this region 389 

(Sabine et al., 2002). The reason explained in (Sabine et al., 2002) is that the prominent upwelling 390 

in this region gets the high buffer capacity (high DIC/TA) water from the deep ocean to the surface. 391 

The role of temperature results in a 15.1% increase in acidity, and it is consistent with the 15.6% 392 

contribution of warming over pH as identified by (Sreeush et al., 2019). Salinity contributes about 393 

4.69% to the decrease in pH. 394 

 395 

The pH in the NBoB-AI has decreased by 0.06 units from 8.129 in 1961 to 8.069 units in 2010, 396 

comparable to (Sarma et al., 2013).  Coastal ocean dynamics strongly dominate the variability of 397 

this region, and the physical, chemical, and biological conditions are different from other regions. 398 

It can be inferred from the trend analysis that the pH trend is mostly dominated by alkalinity in 399 

this region (55.6%), followed by SST (16.08%).  It is interesting to note that the overall 400 

contribution of alkalinity is to decrease the pH over 50 years, contrasting with the buffering action 401 

of carbonate chemistry as seen in WAS. With DIC and salinity contributing only 9.7% and 2.12%, 402 

respectively, it is understood that the pH decrease in this region can be attributed majorly to the 403 

interplay between alkalinity and SST.  404 

 405 



manuscript submitted to Journal of Geophysical Research Biogeosciences 

 

The contrasting behavior, which indicates that alkalinity increases the acidification, can also be 406 

observed in the seasonality analysis. In Figure 2, NBoB-AI, the alkalinity is seen to be contributing 407 

to increased acidification in the pre-monsoon months. Similar behavior of alkalinity has been 408 

observed by (Kapsenberg et al., 2017) in the Bay of Villefranche-sur-Mer, France and (Luchetta 409 

et al., 2010) in the northern Adriatic Sea. 410 

 411 

In EBoB-CIO, DIC contributes about 67.78% to pH change. Coastal upwelling during summer 412 

monsoon increases the DIC content, thus affecting the pH (Fassbender et al., 2011). It is followed 413 

by temperature, contributing about 16.08%. Similar to NBoB-AI, no buffering of pH by alkalinity 414 

is seen in this region, contributing to a 2.9% increase in pH. Salinity contributes about 6% to 415 

acidifying the water. From 8.119 in 1961 to 8.06 units in 2010, pH has decreased by 0.06 units in 416 

the last 50 years. 417 

 418 

A similar trend is observed in the Eastern and Southern Equatorial IO as in WAS. EEIO has 419 

acidified by 0.069 units, while SEIO has acidified by 0.065 units in the last 50 years. Both the 420 

regions have a high DIC contribution of 81.38% (EEIO) and 82.15% (SEIO) in the pH trend, 421 

followed by a contribution of temperature at 14.7 % and 15.23%, respectively. Similar results in 422 

the EEIO region have been reported in (Xue et al., 2014). EEIO and SEIO lie exclusively in the 423 

Indo-Pacific Warm Pool region, analogous to very high SST, more than 28oC throughout the year 424 

(de Deckker, 2016). Higher the SST, the acidification rate is also faster. The southeast monsoon 425 

around the West Pacific follows the trade winds, which causes coastal upwelling along the coast 426 

of Java-Sumatra from June-September (Horii et al., 2016; Susanto et al., 2001). It causes 427 

subsurface cooler water to entrain into warmer surface waters (Bray et al., 1997), replenishing it 428 

with nutrients. We have found a significant relationship while observing the seasonality 429 

contribution of DIC in pH during this period in EEIO (as in Figure 2). As seen in WAS, upwelling 430 

causes subsurface DIC to rise, causing pH to acidify further. (Xue et al., 2014) argued that the 431 

increase in DIC in EEIO is due to this region being a CO2 source and outgassing CO2 reversal 432 

increasing the surface DIC. We observe the buffering action of alkalinity in both regions, but it is 433 

rather weak, with EEIO and SEIO regions having -8.32 % and -6.85% contributions, respectively. 434 

The contribution of salinity,  5.88% (EEIO) and 3.96% (SEIO), is also weak. 435 

 436 

The Southern Tropical and Subtropical IO are acidified more than the tropics. STIO has acidified 437 

by 0.068 units, SSIO by 0.072 units, whereas SOG acidified by 0.071 units in the last 50 years. 438 

The major reason is the lack of calcium/magnesium concentration in open ocean regions (Duarte 439 

et al., 2013). We observe that DIC is the dominant contributor with 58.45% in STIO, 66.75% in 440 

SSIO and 57.49% in SOG regions, respectively. The buffer action of Alkalinity is absent, with 441 

ALK contributing positively in these regions, i.e., 23.55% (STIO), 19.79% (SSIO), and 27.23% 442 

(SOG). A similar inference has been drawn by (Takahashi et al., 2014), wherein biological 443 

differences in various parts of the IO significantly affect carbon chemistry. It is followed by SST, 444 

contributing 11.35% (STIO), 10.21% (SSIO), and 15.47% (SOG) in these regions. The 445 

contribution of salinity is not significant. 446 

 447 

In a similar line of approach, (Kapsenberg et al., 2017) identified the factors influencing ocean 448 

acidification, and their contribution was computed using a similar sensitivity analysis methodology 449 

(alternately called here deconvolution of time series). Trend analysis at 1 m depth yields that the 450 

pH trend decreased (−0.0028 units yr−1), whereas Alkalinity (+2.08 µmol kg−1 yr−1), DIC (+2.97 451 
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µmol kg−1 yr−1) and Temperature anomaly trend increased (0.072 ◦C yr−1). Deconvolution 452 

analysis at 1 m depth evaluated that the collective contribution of DIC and alkalinity was 59 %, 453 

whereas warming contributed 41%. The contribution of salinity was nil. Further, results showcased 454 

that alkalinity and DIC trends are more distinct at the surface. Another study in the northern 455 

Adriatic Sea (Luchetta et al., 2010) yielded similar results where pH acidified by −0.0025 units 456 

yr−1 but the alkalinity trend increased by 2.98 µmol kg−1 yr−1 within 75 m depth. 457 

 458 

3.4 Comparison of ALK, DIC and pH between OTTM and Can-ESM2 459 

 460 

The OTTM simulated DIC, pH and ALK anomaly are thoroughly compared (from 1961 to 2005) 461 

with CanESM2 (as seen in Figures4A-4C).  The OTTM results are in good agreement with that of 462 

CanESM2 for all the eight regions in our study (Figure 4A). The OTTM shows an increasing trend 463 

in DIC anomaly from -0.04 (1961) to +0.04 (2005) in region-1which agrees with that of CanESM2, 464 

except between 1961 and 1966 (Figure 4A1). In NBoB-AI OTTM shows a negative anomaly from 465 

1961 to 1966 compared to CanESM2 (Figure 4A2). Both the models are in good agreement with 466 

each other except for 1961-1966 and 1981-1986. OTTM also reproduced the variability and trend 467 

in DIC anomaly for regions 3, 4, 7, and 8 (EBoB, EEIO, SSIO, and SOG, Figure 4A3 to 4A6). For 468 

SEIO and STIO, the models are in good agreement except between 1986 and 1991. The variability 469 

in DIC anomaly is high for regions 1 to 4 compared to the other four regions. The pH anomaly 470 

shows a negative trend between 1961 and 2005 in all regions except region 8 (Figure 4B1-8). The 471 

seasonal variability in pH anomaly is higher in OTTM than CanESM2 in regions 1 to 4 (Figure 472 

4B1-4B4), especially in the EEIO after 2001.  473 

 474 

The ALK anomaly agrees with CanESM2 (Figure 4C1-4C8) except for region 2 between 1981 475 

and 1986 (Figure 4C2). The variability in ALK anomaly is high for regions 2 to 4 (Figure 4C2-476 

4C4) compared to that of other regions. 477 

 478 
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 479 

Figure 4A: OTTM (black line) DIC anomaly with CanESM2 (red line) for 8 IO bio-provinces 480 

from 1961 to 2005. 481 

 482 
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 483 

Figure 4B: OTTM (black line) pH anomaly with CanESM2 (red line) for 8 IO bio-provinces 484 

from 1961 to 2005. 485 

 486 
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 487 

Figure 4C: OTTM (black line) ALK anomaly with CanESM2 (red line) for 8 IO bio-488 

provinces from 1961 to 2005. 489 

 490 

3.5 Role of ocean warming in the trend of pH  491 

An earlier study showed that WAS warming alone contributes to ocean acidification by 15.6% 492 

(Sreeush et al., 2019). A similar analysis has been carried out for the entire IO. A trend in ocean 493 

SST (GFDL re-analysis data used to run OTTM) and trend indifference of pH between CTRL and 494 

SENS_SST has been calculated and shown as a scatter diagram for all grid points belonging to 495 

each region. The trend is analyzed for each season separately for pH. Irrespective of the decadal 496 

trends in Alkalinity or DIC, the relation between SST and pH appears robust among all the regions 497 

analyzed in the tropical IO. From Figure 5, it is clear that the ocean SST trend is negatively 498 

correlated with pH trends. It indicates that ocean warming directly enhances or accelerates ocean 499 

acidification. Strong dependence of pH on temperature has been observed in various parts of other 500 
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global oceans (Cao et al., 2007; Kapsenberg et al., 2017; Sreeush et al., 2019; Zeebe, 2012). Our 501 

analysis infers this dependency in the IO. The exact correlation values are listed in table S4 (refer 502 

to Supplementary Information). 503 

 504 

Figure 5: Scatter of trends in SST (°C) vs trends in pH (Δ pH; due to the SST alone) for JFM 505 

(yellow), AMJ (dark green), JAS (red), OND (dark blue) respectively over the study region 506 
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4 Conclusions 507 

A detailed regional analysis of IO bio-provinces has been done in this study using model-simulated 508 

pH with realistic and controlled forcings. It is found that the contribution of DIC and SST 509 

variations dominates the changes in pH seasonality. The effect of SST and DIC are contrasting in 510 

nature, and their impacts are significantly different in the pre-monsoon and post-monsoon seasons 511 

in all the bio-provinces. The warming of SST during the pre-monsoon and post-monsoon causes 512 

pH to be more acidic, while during the summer monsoon, the decrease in SST increases the pH.  513 

The contribution of ALK and S is relatively less in the seasonality of pH variation. IO region is 514 

found to have acidified by 0.0675 pH units which are majorly attributed to changes in DIC 515 

(69.28%) followed by changes in SST (13.82%). The trend in pH is observed to be affected majorly 516 

by DIC in most bio-provinces except for the NBoB-AI, wherein ALK and SST are primary 517 

contributors. This coast-dominated region illustrates a contrasting buffer action of carbonate 518 

chemistry, and the pH decrease occurs majorly due to the interdependence of ALK over S, SST, 519 

biological and physical factors. The absence of ALK buffering acidification is also seen in the 520 

southern IO bio-provinces. Though the effect of S is comparatively less than the trend in pH in 521 

most regions, it plays a significant role in modulating the ALK variations and hence the pH. The 522 

relation between SST and pH appears robust among all the regions analyzed in the tropical IO. A 523 

strong negative correlation between SST and pH trends emphasizes the predicament of accelerated 524 

acidification of the IO basin due to the escalation of temperature owing to climate change.  525 

Quantifying the effect of controlling factors over pH and further investigating the inter-526 

relationships between these variables on a regional and local scale is the need of the hour to prepare 527 

better the authorities to mitigate and decelerate the adverse impacts of IO acidification. In addition 528 

to model simulations and observations as used in this study, remotely sensed satellite data would 529 

also provide robust methods of advanced monitoring of ocean acidification. 530 
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