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Monitoring pH variations in coastal waters is essential
for maintaining marine life and developing strategies to
combat ocean acidification caused by climate change.
The present study examines pH changes on interannual
and seasonal scales along the northwest (NW), south-
west (SW), southeast (SE), and northeast (NE) coasts of
India over 30 years (1993-2022) using satellite data. Re-
sults reveal a significant decline in pH levels (R* =0.727)
across Indian coastal waters, with notable regional dif-
ferences. The northeastern coast showed the great-
est pH stability and the smallest decrease (R?=0.798),
while the southwestern coast experienced the highest
variability (R* =0.490). These regional pH fluctuations
suggest varying resilience to ocean acidification. The
NE and SW coasts, with higher variability, may be more
susceptible to environmental changes, underscoring the
importance of targeted monitoring and mitigation mea-
sures. In contrast, the more stable trends along the
SE and NW coasts present opportunities to explore
long-term resilience mechanisms. Seasonal fluctua-
tions were evident everywhere, with winter consistently
showing higher pH values and monsoon seasons the
lowest. Principal component analysis indicated that
the first two components accounted for 85.7% of the
variance, highlighting factors such as seasonal river
inflows, biological activity, and monsoonal freshwater
input. Overall, these findings emphasise the impor-
tance of region-specific coastal management strategies
to address climate change impacts and human pres-
sures, while also providing a baseline for tracking
future ocean acidification trends and assessing their
effects on marine biodiversity and ecosystem services.

Keywords: Acidification, coastal waters, Indian EEZ,
satellite-derived data, spatial variability.

OCEAN acidification is a major global concern linked to
climate change, as the ocean has absorbed over 30% of
human-made CO, emissions from the atmosphere. Glob-
ally, research focuses on understanding how declining pH
levels affect calcifying organisms, such as corals, molluscs,
bottom-living biota, and plankton, which are essential to
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marine food webs'. The large uptake of CO, by the oceans
decreases pH (measured as the negative logarithm of H* ion
concentrations), resulting in the formation of carbonic acid
that harms marine life’>. The changes in water pH caused
by biochemical and biogeochemical reactions mainly af-
fect calcifying organisms due to the lower saturation of
CaCO; in seawater®. The rate of acidification is higher in
coastal areas than offshore regions due to nearby anthro-
pogenic activities and land influence that alter carbonate
chemistry®.

The oceans are predicted to become more acidic due
to the exceeding atmospheric concentrations of CO, at
415 ppmv, and this trend is expected to continue, surpass-
ing the pre-industrial level of 280 ppmv (ref.2). Several
studies have projected a decline of upper ocean pH by
0.3-0.4 units by the end of the 21st century’, which can
reduce oceanic biological production®. Modelling experi-
ments conducted by Caldeira and Wickett” and Orr® sug-
gest a decrease in surface ocean pH of about 0.3 from
current conditions by the end of this century, based on
estimates of future CO, emissions. Spatial and seasonal
dynamics in pH at the global scale and their potential
impact on biogeochemical cycles and marine biota were
studied®°~!2. Researchers employ a combination of satel-
lite datasets, numerical models, and in situ observations to
assess spatiotemporal trends in pH and its drivers, includ-
ing anthropogenic CO, emissions and natural variability'3.

Although a few coastal pH measurements exist, the ob-
servations to study acidification in the Indian Ocean are
unavailable at a basin scale to depict a comprehensive un-
derstanding of acidification'. The pH measurements were
made sporadically at short periods and limited locations
along the coastal waters of western India'>"'® and east-
ern India!®-2!, which fails to bring a synoptic view of the
variability of pH at spatial and temporal scales. Time-
series monitoring of pH through field survey techniques is
costly and time-consuming, especially for wider-area and
long-term investigations*?. To overcome these limitations,
we use a satellite-derived pH reanalysis to examine spatial
and temporal variability in coastal Indian waters to under-
stand the signs of ocean acidification. The present study
aimed to address two research objectives: i) inter-annual
variability in satellite-derived pH variability along the In-
dian coast and ii) spatial and seasonal dynamics in pH
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Figure 1. Area of interest to analyse spatial and temporal variability. SW, Southwest; SE, Southeast; NW, Northwest; NE,

Northeast.

across the Indian coastal waters using multivariate analysis.
These efforts are critical for developing climate adaptation
and conservation strategies in Indian waters. The spatio-
temporal variability in pH will help to frame an adaptive
strategy to mitigate the effects of ocean acidification on
marine biodiversity and fishery resources.

Methodology

Study area and period

The coastal waters of India up to 200m depth were
identified as an area of interest (AOI) (Figure 1). The
satellite-derived pH data were spatially segregated into
four distinct coastal regions: northwest (NW), southwest
(SW), southeast (SE), and northeast (NE). The satellite-
derived seawater pH reported on the total scale was re-
trieved from Copernicus Marine Service for 30 years
(1993-2022) (ref.23, 24). To investigate temporal vari-
ability in pH, the data were delineated into four seasons:
winter, pH_W (December to February), summer, pH_S
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(March to May), monsoon, pH_M (June to September),
and post-monsoon, pH_PM (October to November). This
classification ensures a comprehensive understanding of re-
gional and seasonal variability in pH levels along the Indian
coastline.

Satellite-derived pH data

The higher temporal frequency and extensive spatial
coverage of pH data could be successfully obtained
using remote sensing techniques. The Copernicus
Marine Service dataset, a robust repository of oceano-
graphic data, offers high-resolution spatial and tem-
poral data on pH levels. The pH level-4 product
(Copernicus Marine Environment Monitoring Service,
GLOBAL_MULTIYEAR_BGC_001_029, Biogeochemi-
cal Re-Analysis v5.2) was processed with 0.25° x 0.25°
spatial and monthly temporal resolutions, and 75 verti-
cal levels were employed to investigate pH variability in
the coastal waters of India?>. The pH product was eval-
uated using 62 coastal profiles from GO-SHIP and 48
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Biogeochemical Argo (BGC-Argo) floats (2005-2021) and
depicts robust validation statistics of mean bias (-0.014),
root mean square error (0.046), and correlation (r=0.83)
(»p<0.001) (ref.26). The product was downloaded in
NetCDF-4 format and processed through the SeaDAS 7.5.1
version software?’. The number of pixels varied for dif-
ferent zones (NW, SW, SE, and NE) and the spatial range
(geocoordinates) (Table 1).

Data processing and analysis

Data preprocessing is carried out using SeaDAS (Sea-
viewing Wide Field-of-view Sensor Data Analysis
System), a specialised software for ocean-colour data®’.
The software is employed to process raw satellite imagery,
correcting for atmospheric interference, radiometric er-
rors, and other distortions to ensure accurate pH retrieval.
Region-specific spatial shapefiles are created in SeaDAS to
extract pH data corresponding to each coast. The pH values
for different coasts were retrieved by importing shape files
of coasts and extracting them using the mask pixel import
technique. Spatial analysis and visualisation exercises are
conducted using Quantum Geographic Information System
(QGIS), an open-source geographic information system?3.
pH variability maps are generated for each coast and sea-
son, revealing spatial and temporal patterns. The combined
use of SeaDAS for preprocessing pH data and QGIS for
spatial analysis ensures a robust methodological frame-
work for understanding coastal pH dynamics. Analysis of
variance and principal component analysis (PCA) analysis
were performed using R 4.4.0 software.

Results

The annual trend of pH values from 1993 to 2022 shows
a general decline trend, with occasional minor fluctuations
(Figure 2). Starting in 1993, the pH value was around 8.08,
and it gradually increased slightly over the following years,
peaking at 8.09 in 1995. However, from the late 1990s on-
wards, the trend shows a slight decrease, with pH values
dipping to around 8.06 by 2009. The decrease continued
through the 2010s, reaching a low of 8.05 in 2016 and
2017. In 2018, a brief uptick occurred, bringing the pH
back to approximately 8.05, before a stable range of 8.05
to 8.07 persisted in the final years, 2020-2022. A signif-
icant decrease in pH was observed along the four coasts,
and higher values were observed along the north-east
(R*=0.798), followed by south-east (R*=0.716), north-
west (R*=0.714), and south-west (R?>=0.490) (Table 2).
In terms of inter-annual variation, pH levels for the NW,
SW, and SE regions generally show little change, with val-
ues hovering around 8.06 to 8.08, while the NE region
shows more variation, with pH levels ranging from 8.08
to 8.14. Over the years, the pH levels in the NW and SW
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regions have gradually declined, though the overall decline
is minimal. The SE region shows a slight downward trend,
but values remain above 8.0. On the other hand, the NE re-
gion remains slightly more alkaline than the other regions,
consistently staying above 8.0 and experiencing very little
fluctuation.

Coast-wise pH variability

The pH along the northwest coast exhibited clear seasonal
variations. The lowest pH values were recorded during the
monsoon (8.053+0.017), while winter showed the high-
est pH levels (8.085+0.022), and summer displayed rel-
atively stable values (8.062+0.006). One-way analysis
of variance (ANOVA) confirmed a significant seasonal ef-
fect on pH (F(3, 356)=76.11, p<0.0001). The Tukey
post hoc analysis revealed highly significant differences be-
tween winter and monsoon and winter and post-monsoon
(both p<0.0001), and summer and monsoon (p =0.0183),
while no significant difference was observed between post-
monsoon and summer (p=0.9984) (Table 3). Spatially,
a north-to-south gradient was evident, with northern re-
gions exhibiting higher pH values (Figure 3 a). These re-
sults highlight minor but significant seasonal and spatial
pH fluctuations, with the highest pH during winter and
the lowest during the monsoon. A slight seasonal varia-
tion was observed in pH along the southwest coast, but it
remained consistently alkaline with minimal fluctuations.
Winter recorded the highest mean pH (8.061 £0.008), but
a lower pH was observed during the post-monsoon sea-
son (8.021+£0.013). A highly significant seasonal effect
on pH was observed (F(3, 356)=66.5, p<0.0001), with
Tukey post hoc tests identifying substantial differences be-
tween winter and all other seasons (p <0.0001) (Table 3).
No significant difference was found between summer and
monsoon (p=0.7827). Spatially, northern regions show
slightly higher pH values than the southern regions across
all seasons along the south-west coast (Figure 3 b).
Notable seasonal variations were observed in pH
values along the southeast coast of India, with the low-
est values during the monsoon (8.029+0.013) and the
highest during winter (8.100+0.018). Post-monsoon pH
increased slightly (8.070 +0.030), while summer values re-
mained relatively stable (8.046 +0.008). One-way ANOVA
revealed a highly significant seasonal variation in pH (F(3,
356)=297.2, p<0.0001), with Tukey post hoc tests iden-
tifying significant differences across all seasonal compar-
isons (p<0.0001) (Table 3). These results indicate minor
but significant seasonal fluctuations, with winter pH con-
sistently higher than other seasons. Spatially, the pH
distribution along the southeast coast shows a clear gra-
dient, with northern regions exhibiting higher values than
the southern parts across all seasons (Figure 3 ¢). The pH
along the northeast coast of India indicated clear seasonal
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Table 1. Spatial details of coastal regions in India, including latitude, longitude, resolution and number of pixels

Type of coast Latitude Longitude Spatial resolution | No. of pixels

NW 15.75-23.25N | 67.00-73.25E 0.25° x 0.25° 262

SW 7.75-15.75N | 73.00-77.00E 0.25° x 0.25° 103

SE 7.25-18.75N | 77.00-85.00 E 0.25° x 0.25° 97

NE 18.75-21.75N | 84.75-89.00 E 0.25° x 0.25° 64

NW, Northwest; SW, Southwest; SE, Southeast; NE, Northeast.
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Figure 2. Interannual variations in pH along the four coasts of India.

Table 2. Coast-wise seasonal average pH (mean + standard deviation) variations from 1993 to 2022

Coasts/Seasons Monsoon Post-monsoon Winter Summer
NW 8.053+£0.017 | 8.059+0.010 | 8.085+0.022 | 8.062 = 0.006
SW 8.047+£0.015 | 8.021+0.013 | 8.061+0.008 | 8.046 +0.003
SE 8.029+£0.013 | 8.070+0.030 | 8.100+0.018 | 8.046 +0.008
NE 8.095+£0.038 | 8.191+0.055 | 8.157+0.027 | 8.060 4 0.006

variations; the post-monsoon season recorded the highest
pH (8.191£0.055), reflecting increased alkalinity. Win-
ter showed stable pH levels (8.157+0.027), and sum-
mer exhibited the lowest pH variability (8.060+0.006).
ANOVA confirmed a highly significant seasonal effect on
pH (F(3, 356) =231.8, p<0.0001), with Tukey tests reveal-
ing significant differences across all seasonal comparisons
(»<0.0001) (Table 3). Spatially, pH levels were higher in
the northern coastal regions, particularly during winter and
summer, with some areas exceeding 8.20. The southern
parts of the northeast coast consistently exhibited slightly
lower pH values (Figure 3 d).

1080

Principal component analysis

The PCA results indicate that the first principal component
(Dimension (Dim) 1) explains 65.75% of the total vari-
ance, capturing the majority of the variability in the dataset.
The second principal component (Dim. 2) accounts for an
additional 19.94%, increasing the cumulative variance to
85.69% (Figure 4). This suggests that the first two dimen-
sions retain most of the information, making them effec-
tive for dimensionality reduction and visualisation. The
rapid decline in eigenvalues across dimensions highlights
that the dataset’s structure is largely captured by the first
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Table 3. Tukey multiple comparisons of means at 95% family-wise confidence level

Seasons p-value
NW SW SE NE

PM-M 0.075 | <0.001 | <0.001 | <0.001
S-M 0.018 0.782 | <0.001 | <0.001
W-M <0.001 | <0.001 | <0.001 | <0.001
S-PM 0.998 | <0.001 | <0.001 | <0.001
W-PM | <0.001 | <0.001 | <0.001 | <0.001
W-S <0.001 | <0.001 | <0.001 | <0.001

p-values obtained from Tukey’s HSD multiple comparison test. Comparisons with p < 0.05 are considered statistically significant.

Table 4. Principal component analysis (PCA) results

PC’s | Eigenvalue | Variance percentage | Cumulative variance percentage
PC1 2.629 65.748 65.748
PC2 0.797 19.943 85.692
PC3 0.511 12.787 98.480
PC4 0.060 1.519 100.00

PC, Principal Components.

two components, supporting their use for further analyses
such as clustering or classification (Table 4). The variable
contribution analysis revealed key variance and relation-
ships among pH variables (pH_M, pH_PM, pH_W, and
pH_S) across four dimensions (Figure 5). The PC1 ac-
counts for the largest variance, with high positive loadings
from pH_PM (0.578), pH_W (0.516), and pH_M (0.491),
indicating these variables share similar patterns of pH vari-
ation. The PC2 highlights contrasting contributions, with
pH_W (0.505) showing a strong positive loading, while
pH_S (-0.736) contributes negatively, suggesting differen-
tiation between these variables along this axis. PC3 is
dominated by pH_M (0.739), showing its distinct variance,
whereas pH_S (-0.542) contributes negatively, indicating
opposing trends. These results highlight distinct grouping
patterns and relationships among the seasons, which can be
further analysed for clustering or predictive modelling.

Discussion

Inter-annual variations in pH in marine waters are
influenced by both natural and human-related factors, in-
cluding ocean circulation, temperature changes, carbon
dioxide levels, and local environmental conditions. Re-
search investigations projected a decline of upper ocean
pH by 0.3-0.4 units by the end of the 21st century’, which
could decrease oceanic biological production®. Studies in-
dicate that pH levels can change from year to year, re-
flecting the effects of phenomena such as El Nifio and

La Nifia, as well as seasonal cycles like the monsoon?’.
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The overall trend from 1993 to 2022 shows a gradual
decline in pH values in the coastal waters of India
(R>=0.727). Long-term observations demonstrate a gen-
eral downward trend in pH in many regions, mainly due
to increased atmospheric CO,, contributing to ocean acid-
ification. The coast-wise pH analysis shows the greatest
variability along the northeast coast (R*>=0.80), followed
by the southeast (R*=0.72), northwest (R>=0.71), and
southwest (R*>=0.49). Local hydrographic conditions
and point-source pollution further modulate short-term pH
fluctuations!37.

Despite regional differences, all coastal zones
experienced a minimal overall decline, reflecting stable pH
levels over the three decades. The large inter-annual sur-
face pH variability in the Arabian Sea was observed from
1990 to 2013, ranging from 7.93 to 8.65 (ref. 30), which
supports the current investigations. The Southern Ocean
has shown signs of acidification by decreasing mean rates
of pH from 0.0011 to 0.0020 yr™! from 1969 to 2003, which
led to serious consequences for marine ecosystems shortly
thereafter®!?. The significant reduction in pH along the
northeast and southeast coasts could be attributed to the
reduced freshwater discharge, together with the positive
Indian Ocean Dipole event that contributed to enhanced
acidification (lowered by 0.01 units) and pCO; levels in
the coastal western BoB !4,

Along the NW coast, surface pH is generally uniform
(7.86-8.06) but punctuated by local highs and lows
driven by biological activity, coastal circulation, and ur-
ban runoff’!. The satellite-derived pH values agree with
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Figure 3. Spatial and temporal variations in pH values along the four coasts (a) NW, (b) SW, (¢) SE, and (d) NE and

seasons.

earlier reports from the northern Arabian Sea (7.90-8.20)
(ref. 32) and the central Arabian Gulf (8.01-8.21) (ref. 12).
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Seasonally, pH peaks in winter (8.08+0.02) and dips
during the monsoon (8.05+0.01), mirroring the winter-
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Figure 4. Principal component analysis (PCA) of seasonal pH variability along Indian coasts.

high/summer-low pattern documented for the southeastern
Arabian Gulf*3. SW coastal waters display a narrower
pH range during the present study (8.03-8.06; mean
8.05+0.01). Here, winter again shows the maximum pH
(8.06+0.01), with a minimum in the post-monsoon pe-
riod (8.02+0.01). The offshore, surface pH in the Ara-
bian Sea varied widely from 7.93 to 8.65 between 1990
and 2013 (ref.31). In Goa’s coastal zone, pH spans
7.6—8.1; monsoon lows are linked to upwelling rather
than freshwater inputs'’. Globally, low-pH hotspots coin-
cide with upwelling regions in the tropical Pacific and the
Arabian and Bering Seas, whereas subpolar and polar wa-
ters exhibit higher pH during spring-summer phytoplank-
ton blooms®?. Collectively, these patterns highlight the
tight coupling of hydrodynamic, climatic, and local biogeo-
chemical processes in regulating coastal pH along India’s
SW coast.

The southeast coast of India exhibited a mean surface
pH of 8.06+0.02. Values declined during the mon-
soon (8.03+0.01), especially in southern sectors, owing
to freshwater inputs, then rebounded in the postmonsoon
(8.13) and winter (8.14) seasons when dilution waned
and photosynthetic uptake of CO, intensified?!. This
spatial variability highlights the influence of seasonal

CURRENT SCIENCE, VOL. 130, NO. 12, 25 JUNE 2026

changes, freshwater influx, and coastal processes on ocean
chemistry along the southeast coast. The average pH
ranges from 8.079 to 8.182 (8.119 £0.027) along the north-
east coast of India, which is the maximum across the
four coasts analysed. Peak values occurred in the post-
monsoon (8.19+0.06) and winter (8.16+0.03) periods,
consistent with earlier measurements in the Rushikulya
estuary (7.90—-8.11) (ref. 19). Summer (8.06£0.01) and
monsoon (8.10+0.04) minima reflect enhanced river dis-
charge, lower salinity, and organic-matter decomposition.
Across all coasts, near-shore waters consistently displayed
higher pH than adjacent offshore zones, underscoring the
influence of coastal photosynthesis, freshwater fluxes, and
anthropogenic inputs on carbonate equilibria®.

The PCA results illustrate pH variations along the NW,
SW, SE, and NE coasts of India. The first two principal
components (Dim.1 and Dim.2) explain 65.7% and 19.9%
of the total variance, respectively (Figure 6). The plot
shows clear regional clustering, with the NE coast (blue)
exhibiting the largest variability and the NW coast (yellow)
forming a tightly clustered group, suggesting more consis-
tent pH patterns. The SE (red) and SW (cyan) coasts show
some overlap but remain distinguishable, indicating shared
yet regionally specific influences on pH variability. The
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confidence ellipses further highlight the distinct seasonal ~NE and SW coasts, characterised by higher variability, may
pH dynamics across these coastal regions. For example, the  require targeted monitoring and interventions to address
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the impacts of freshwater inputs and eutrophication. In
contrast, with relatively stable pH, the SE and NW coasts
provide opportunities to investigate long-term trends and
resilience to climate change.

The multivariate analysis provides valuable insights
into the seasonal pH variability and the underlying fac-
tors influencing these patterns. Dim.1 (46% of total vari-
ance) carries strong positive loadings for post-monsoon
(0.58), winter (0.52), and monsoon pH (0.49), under-
scoring their common dependence on river discharge and
nutrient regeneration®>. Dim.2 (28%) separates winter
(+0.51) from summer (-0.74) conditions, reflecting the
well-known contrast between CO, drawdown during cool,
high-productivity months and dilution—stratification effects
in summer*>*>. Dim.3 (15%) is dominated by monsoon
pH (+0.74) against a negative summer influence (-0.54),
indicating that freshwater-driven acidification during peak
discharge is largely decoupled from summer dynamics>®.
Together, these axes reveal that riverine fluxes, biological
CO,; uptake, and seasonal stratification jointly regulate the
observed pH variability in the region.

Summary

The satellite-derived pH offers a detailed understanding of
pH variability across time and space in India’s coastal wa-
ters, providing a basis for clustering and predictive mod-
elling. It delivers comprehensive pH variability data over
longer periods and broader areas. Higher average pH lev-
els were observed in the NE coastal waters, followed by
the NW, SE, and SW coasts. The strong influence of mon-
soonal processes on pH emphasises the need for integrated
management strategies that account for seasonal fluctua-
tions and freshwater inputs. Significant temporal variabil-
ity was noted, with higher pH levels during winter on the
NW, SW, and SE coasts. The difference between summer
and winter pH highlights the roles of biological activity and
temperature in seasonal carbonate chemistry. This study
is a pioneering effort in the region, revealing pH variabil-
ity over three decades and across four coasts. Overall, the
multivariate analysis effectively identifies seasonal and re-
gional patterns in pH variability and underlines the impor-
tance of seasonal hydrodynamics, biological processes, and
regional freshwater influence in shaping pH distribution,
offering a framework for further analysis through cluster-
ing or predictive models. The distinct clustering patterns
demonstrate the need for localised studies to develop ac-
curate predictive models and promote sustainable coastal
management. Additionally, the present study provides an
early warning system for climate-change-induced ocean
acidification, supporting timely interventions to protect
biodiversity and enhance carbon cycle resilience.
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