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Abstract. The decreasing seawater pH trend associated with rising atmospheric CO: levels adversely affects marine organisms
and ecosystems, posing significant concerns for coastal fisheries and economies. Despite this, long-term pH variation in coastal
waters remains poorly understood. This study investigates pH variability in the coastal waters of Korea over 11 years (2010-
2020) and identifies the principal drivers of pH fluctuations. Unlike the persistent pH decline observed in open oceans and
other coastal systems, Korean coastal waters showed no significant pH variation, suggesting local biogeochemical processes
may exert a greater influence than atmospheric CO.. Analysis of environmental data (temperature, salinity, chlorophyll a, and
dissolved oxygen (DO)) revealed a strong correlation between pH and DO. However, instances of pH changes exceeding those
predicted by DO depletion indicate additional biogeochemical factors at play. As global seawater warms, reduced dissolved
gases, including oxygen, are expected to cause further pH decline in coastal waters. This trend could critically impact Korean
coastal waters, which support extensive aquaculture operations integral to the local and national economy. Therefore, high-

frequency monitoring is essential to extend current time series and predict future water quality.

1 Introduction

The alarming increase in atmospheric carbon dioxide (CO2) poses a significant concern for the climate crisis. Since
the industrial revolution, atmospheric CO: concentration has nearly doubled, reaching 420 ppm at Mauna Loa, Hawaii

(https://gml.noaa.gov). The ocean and terrestrial biosphere absorb approximately 50% of the increased atmospheric CO:
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(Friedlingstein et al., 2022), leading to negative impacts on marine organisms. As of now, the ocean has absorbed about 26%
of the total anthropogenic CO: released between 1850 and 2020 (IPCC, 2022), with an estimated cumulative uptake of 170 +

35 GtC, over two-thirds of which occurred post-1960. The oceanic CO: sink has increased from 1.1 + 0.4 GtC yr~1! in the

1960s to 2.8 = 0.4 GtC yr~* during 2011-2020 (IPCC, 2022).

Air-sea gas exchange is the primary pathway for oceanic CO: uptake, though riverine input can be significant in
coastal where river-dominated areas (Cai, 2011). Once CO- dissolves in seawater, it undergoes a series of chemical reactions:

CO: reacts with water to form carbonic acid (H.COs), which dissociates into hydrogen and bicarbonate (HCOs ~) ions, of which
the bicarbonate ion further dissociates to carbonate ion (CO32-) by releasing additional hydrogen ion. This process increases

the concentrations of hydrogen ions, thereby lowering seawater pH and causing ocean acidification (OA). In fact, the increase
in atmospheric CO: has already led to a pH decrease, as evidenced by long-term datasets such as the Hawaii Ocean Tower
(HOT) Time-series, the Bermuda Atlantic Time-Series (BATS), and the European Station for Time Series in the Atlantic
Ocean, which have recorded a pH decline of approximately 0.02 units per decade since the 1980s (Solomon et al., 2007).
Additionally, surface water pH in the open ocean has dropped by 0.1-0.2 units since preindustrial times due to anthropogenic

CO: (Pelejero et al., 2005), with projections indicating a further decline of 0.3-0.4 units by the end of the 21st century. This

would correspond to an approximate 150% increase in H* concentration and a 50% decrease in CO32~ concentration (Orr et

al., 2005).

Ocean acidification (OA) reduces carbonate ion concentrations in seawater by increasing [H *] ions, posing a
significant threat to calcareous marine organisms. The reduction in calcium carbonate (CaCQOs) saturation in surface waters,
linked to OA, is well-documented through models, field surveys, and long-term monitoring studies (Caldeira and Wickett,
2003; Feely et al., 2004 and 2008; Orr et al., 2005; Solomon et al., 2007). For example, a long-term monitoring at the HOT
station reveals that surface pCO: increases correlate with atmospheric CO-, driving increases in dissolved inorganic carbon
(DIC) and decreases in CaCOs saturation (Chen et al., 2023; Takahashi et al., 2009; Doney, 2008; Doney et al., 2007). Lower
carbonate ion concentrations result in CaCOs undersaturation, adversely affecting shell-forming marine organisms such as
plankton, mollusks, echinoderms, and corals (Doney et al., 2007; Smith and Buddemeier, 1992; Kleypas and Yates, 2009;
Feely et al., 2016; Orr et al., 2005; Kroeker et al., 2013; Nilsson et al., 2012). This undersaturation can decrease growth,
locomotion, reproductive capacity, and homeostasis in these organisms if they cannot control calcification conditions
(Hendriks et al., 2015). Consequently, OA critically impacts marine ecosystem structure and function, affecting trophic levels.

In addition to atmospheric CO: introduction, environmental changes can exacerbate the OA. For instance, in the
Louisiana Shelf of the northern Gulf of Mexico, where severe bottom water hypoxia has occurred annually since the mid-
1980s, Cai et al. (2011) found a pH decrease of 0.01 over the 1980-2010 period. They attributed this decrease to anthropogenic
CO: inputs and CO: release during hypoxia. Similarly, in the East China Sea, Cai et al. (2011) observed pH decreases linked
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to coastal eutrophication and low-oxygen-related CO: inputs. Globally, hypoxic regions are expanding in size and duration
(Breitburg et al., 2018), suggesting future intensification of coastal pH decline.

Ocean CO: uptake and the resultant OA are, however, not uniform globally. For example, the Mediterranean Sea,
with its unique biogeochemical and hydrodynamic characteristics—such as high alkalinity water and active thermohaline
circulation—exhibits a larger absorption of atmospheric CO-, leading to a pH decrease of 0.0044 units per year (Hassoun et
al., 2015; Palmieri et al., 2015; Flecha et al., 2015 and 2019). In contrast, in the northern Pacific Ocean, surface pH has
decreased by 0.0012 + 0.0003 units per year from 1965 to 2010, a rate about four times lower than that observed in the
Mediterranean Sea (Watanabe et al., 2018). This discrepancy in pH decrease rates is likely associated with varying
biogeochemical properties, such as nutrient levels and freshwater inputs affecting alkalinity (Flecha et al., 2015).

While long-term pH monitoring is well-established in open ocean systems, coastal zones have notably fewer studies.
Unlike the open ocean, where pH consistently decreases due to anthropogenic CO., coastal pH trends can differ significantly
due to their complex physical and biogeochemical dynamics, including nutrient and organic matter inputs from river runoff
and groundwater discharge, oceanic forces (waves, tides, currents), seasonal variations, and human activities (Crossland et al.,
2005, Flecha et al., 2012). Consequently, coastal pH varies widely and shows different long-term trends (Borges and Gypensb,
2010; Carstensen and Duarte, 2019; Bates et al., 2014). For example, Carstensen and Duarte (2019) reported a broad range of

pH trends (-0.023 to 0.023 units yr 1), predominantly associated with terrestrial inputs. Observations from Dutch coastal zones

revealed pH change rates exceeding those expected from CO: uptake alone, indicating significant influences from other
biogeochemical processes, possibly related to nutrient loading changes (Provoost et al., 2010). Nevertheless, because of many
biogeochemical processes, coastal pH variations are not well studied. In particular, the long-term trend of pH in Korean coastal
waters has not been reported, despite the presence of semi-closed bays, rivers, and fish farms that could impact pH changes
alongside climate change. Southern Korea features ria coasts with numerous semi-enclosed bays and fish farms. The west
coast has high tidal prisms, extensive land reclamation, and large coastal cities. In contrast, the east coast has a narrow
continental shelf, a simple coastline with no bays or fish farms, and is less populated, making it relatively pristine. Therefore,
Korean coast is a great testbed to investigate how different biogeochemical settings affecting pH over a long-time scale. We
investigated in-situ trends of pH, temperature, salinity, dissolved oxygen (DO), and chlorophyll a (chl a) in surface and bottom
coastal seawaters of Korea, as part of ongoing monitoring programs since 2010. Using data from 2010 to 2020, we address
seasonal and spatial pH variations and identify predominant factors influencing these changes. Our results would provide a
quantitative reference for future studies on coastal carbon dynamics and the impacts of anthropogenic climate forces and

environmental changes.
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2 Methods and Materials
2.1. Data collection

The data set used in this study was derived from a monitoring program conducted by the Korea Marine Environment
Management Corporation (KOEM) since 2010, aimed at assessing water quality along the entire Korean coast (Fig. 1). This
program includes 356 sites where water quality parameters are measured in both surface and bottom waters four times a year
(February, May, August, and November). Detailed information on the program can be found in KOEM
(https://www.meis.go.kr). For this study, we examined data collected from 2010 to 2020, comprising 30,000 measurements
for each parameter. We created two average data sets: one for each coastal region (south, west, and east) and one for the entire
Korean coast.

In this investigation, we analyzed a comprehensive 11-year dataset to assess long-term variations in seawater pH alongside
temperature, salinity, DO, and chl a levels along the Korean coast. All sampling locations were situated within 6 km from the
shoreline, predominantly in shallow waters with depths of < 10 m, except for a few sites along the eastern coast. These sites
are influenced by factors such as riverine inputs, land use patterns, and climatic conditions, all of which are susceptible to the

impacts of global warming and climate change.

2.2 Site Description

Korea's geography is characterized by a highly mountainous east coast and plateau-like south and west coasts, leading
to less steep continental slopes in the south and west. Major river systems are developed in the west and south, but not in the
east. The west coast, facing the Yellow Sea, features a typical drowned valley shoreline with shallow waters, a maximum depth
of about 40 m, and extensive muddy tidal flats accounting for 3% of the world's tidal flats. This area experiences high turbidity,
macrotidal conditions (tidal amplitudes up to 5 m), and significant land reclamation for agriculture, industry, and residential
use, which has altered currents, sediment transport, and biogeochemical properties (Williams et al., 2014, 2015). The west
coast is influenced by the Korean Coastal Current from the Kuroshio warm current in summer and the Yellow Sea Cold Current
in winter (Hwang et al., 2014). Three major rivers (Han, Geum, and Yeongsan) and numerous streams drain into this region.

The southern coast features ria estuaries with moderate relief and V-shaped valleys. It has many islands and semi-
enclosed bays, resulting in slow currents and a semi-diurnal tidal range of 1-3 m, supporting extensive fish farming (Williams
et al., 2013). Major rivers like Nakdong and Seomjin, along with numerous tributaries, provide freshwater into the coast.
Recent dam constructions in the Nakdong River system have significantly reduced freshwater and nutrient inputs (Williams et
al., 2013). The southern seas are influenced by the Tsushima Current, a branch of the Kuroshio Current, bringing high-
temperature, high-salinity waters, with occasional inputs from the Changjiang diluted water during summer (Lie and Cho,
1994) (Fig. 1).
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The eastern coastline of Korea is relatively simple and monotonous compared to the southern and western coasts. Due to its
mountainous terrain, the eastern coast features a very narrow continental shelf with a steep slope. There are no major rivers
along this coast, so most materials, including nutrients and organic matter, are transported via the Tsushima Current, which
flows through the southern coast of Korea (Jang et al., 2013).

2.3. Water collection and measurement

To examine the temporal and spatial distribution of marine environmental parameters (temperature, salinity, pH, dissolved
oxygen, and chl a), seawater samples were collected using 5-L Niskin bottles attached on a rosette sampler equipped on a
research vessel of the KOEM. Seawater temperature and salinity were measured using a CTD profiler (Seabird 19plus, Sea-
Bird electronics Inc., USA). For pH measurements, a portable sensor (Orion Star A329, Thermo Scientific, USA) with an
accuracy of £0.002 pH unit was used. All pH measurements were performed onboard soon after water collection to minimize
temperature changes. Briefly, water samples were collected from both surface and bottom depths using Niskin samplers, and
upon retrieval, water samples were transferred into glass containers (a beaker) using a silicone tube. Immediately after transfer,
the pH sensor was immersed in the water sample, and pH readings were recorded once the values stabilized, typically within
a few tens of seconds. Calibration of the pH sensor was conducted daily prior to sample measurements using three standard
buffer solutions (pH 4, 7, and 10), in accordance with the manufacturer's guidelines. The DO in seawater was measured using
the Winkler-Sodium Azide titration method. For the chl a analysis, seawater samples (1 L) were collected at the surface and
bottom layers and filtered onboard using 0.45 um pore-sized membrane filters (47 mm diameter), which were then stored at -
20 °C until analysis. In the laboratory, the chl a extraction from the filters was conducted, and fluorescence was measured

using a fluorometer (Turner Designs, 10-AU model, San Jose, CA, USA).

3 Result and Discussion

3.1. Long-term trend of pH

The foremost concern within coastal aquatic ecosystems amidst global warming pertains to the OA, given its profound
impact on biota (Raven et al., 2020; Hinga, 2002). Consequently, the issue of OA assumes particular significance along the
Korean coastline, which hosts a considerable number of fish and seaweed farms. The variations in average pH levels across
the entire Korean coastal waters are depicted in Figures 2-5 (Supplementary Figure 1-6 provides a comprehensive dataset).
Monthly averages, in February, May, August, and November of each year, exhibited a pH range of 7.96 to 8.30 (mean, 8.13;
n=88). Notably, bottom waters exhibited slightly lower pH levels compared to surface waters, likely attributable to organic
matter decomposition releasing CO; into both the sediment and water column. Over the 11-year timeframe, monthly averaged

pH levels displayed a discernible increasing trend in both surface and bottom depths, with slopes of 0.00009 yr! (+ 0.00001).
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However, this regression trend appeared statistically insignificant, with an F value of 0.0003, suggesting that Korean coastal
waters do not exhibit a pH decrease, at least over a decadal scale. This observed long-term pH trend somewhat contrasts with
prior studies, which have reported decreasing pH trends in both coastal and open ocean systems. For example, pH declines
have been documented in other coastal regions worldwide, such as the Mediterranean Sea (Flech et al., 2015), Dutch coasts
(Provoost et al., 2010; Hofmann et al., 2011), the Washington coast, USA (Lowe et al., 2019), and various other areas (refer
to review articles by Duarte et al., 2013; Carstensen and Duarte, 2019; Wootton et al., 2008). These studies have reported
substantial ranges of decreasing rates, ranging from -0.045 to -0.0044 yr. Carstensen and Duarte (2019) further observed that
in certain sites (21 out of 83), pH declined even more rapidly than the rate of decrease observed in the open ocean (i.e., -0.0018
yrY), originated from both atmospheric CO; forcing and variations of local salinity and primary production.

In regions geographically proximate to Korea, coastal waters from Japan and China have also shown a decline in pH
levels. For instance, Ishida et al. (2021) conducted a 30-year monitoring study from 1980 to 2010 at two coastal sites in Japan,
revealing decreasing pH trends ranging from - 0.0032 to -0.0068 yr, with greater declines observed on the Pacific side
compared to the East Sea (or Sea of Japan) side. The observed regional differences may be attributed to local biophysical and
chemical factors, with the Pacific side influenced by meandering Kuroshio Currents and coastal eutrophication, exacerbating
pH decrease (Ishida et al., 2021). Recently, Ishize et al. (2019) reported long-term pH trends from over 280 sites in Japanese
coastal waters, spanning a 30-year monitoring period. They observed that in the majority of areas (>75%), the annual maximum
pH exhibited a decrease of -0.0024 yr. Moreover, Cai et al. (2011) found that regions such as the East China Sea and the
Louisiana Shelf, characterized by seasonal bottom water hypoxia, experienced more severe pH declines than those attributed
solely to atmospheric CO2. All of these previous studies suggest that, for coastal waters, pH variation could be predominantly
governed by local biogeochemical properties and thus appear differently among places.

Conversely, some sites have exhibited an increase in pH. Notably, the remaining 25% of sites in Ishize's study showed an
upward trend, although no geographic patterns were evident among these sites. Additionally, Carstensen and Duarte (2019)
documented a wide range of pH trends, with slopes ranging from -0.023 to 0.023 yr. Their analysis revealed that, though the
majority (46 out of 83 sites) of coastal areas were experiencing pH declines, the remaining 37 sites displayed either increasing
trends or negligible changes, mirroring observations in our study. Hence, despite the overarching influence of global
atmospheric CO; forcing, regional variations in pH fluctuations can be substantial. Therefore, the lack of substantial changes
in pH along the Korean coasts is not unique and reflects the complexities of pH dynamics in coastal waters, where local

biogeochemical properties differ from those in the open ocean as well as among different regions.

3.2. Local pH variations

While overall pH variations along the entire Korean coast were not statistically significant, localized pH changes in
specific coastal regions exhibited nuanced seasonal and vertical dynamics. Generally, pH levels were higher along the southern

and eastern coasts (~8.15) compared to the western coast (~8.10). Seasonally, peaks and troughs in pH were observed in
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February and August, respectively, along the southern and western coasts, whereas the seasonality in the east coast did not
display consistent patterns compared to the other regions (Figs. 3-5). Furthermore, surface-bottom pH disparities were absent
along the western coast, whereas notable differences were observed between surface and bottom waters, particularly in May
and August, along the east and south coasts (Figs. 3-5).

The spatial variations in pH were likely influenced by physiographic features. Specifically, the western coast of Korea
is characterized by shallowness and a significantly high tidal prism (up to 5 m). Given that our sampling sites predominantly
had depths of <10 m along the western coast, the substantial tidal prism and semi-diurnal tidal cycle promote homogeneous
vertical mixing. Conversely, the eastern coasts feature a narrow continental shelf, with water depths exceeding 100 m just a
few kilometers offshore. Unlike the western coast, the tidal prism along the eastern coast is approximately 1 m, coupled with
seasonal variations in coastal currents (Chang et al., 2000), contributing to persistent stratification, evident in nearly all water
quality parameters (Fig. 5), except in February.

In terms of these physiographic characteristics, the southern coast likely occupies an intermediate position between the other
two regions, with a tidal prism of 3 m and average water depths of a few tens of meters. However, the southern coast is
characterized by numerous semi-enclosed bays with limited water exchanges and frequent occurrences of bottom water
hypoxia (Lee et al., 2018; Lee et al., 2021; Huang and An, 2022), resulting in more pronounced vertical gradients in water

quality parameters, including pH, during summer compared to winter (Fig. 3).

3.3 Factors influencing pH variations

The pH variations within coastal systems are influenced by a multitude of physical, biogeochemical, and ecological processes,
including temperature, salinity, DO, and biological production/respiration, which impact gas solubilities, alkalinity, and CO»
dynamics within the water column (Doney, 2008; Dore et al., 2009; Duarte et al., 2013). Additionally, fluctuations in currents
can influence pH values by affecting open ocean endmember conditions (Ishida et al., 2021). Water temperature plays a crucial
role in pH regulation by modulating gas solubility; colder water can dissolve more gas than warmer water, potentially resulting
in increased acidity. Consequently, long-term pH trends may exhibit a negative correlation with temperature, particularly in
the open ocean where pH regulation factors are limited. However, within coastal environments, the influence of water
temperature on pH variations is less pronounced compared to other factors such as dissolved oxygen and primary production.
In our study, we did not observe a significant correlation between pH and temperature in either surface or bottom waters
(Supplementary Figs 7-10). Despite a clear increasing trend in water temperature, with a rate of 0.0009 yr-! observed across
all regions of the Korean coast (Fig. 2 and supplementary Fig. 11), the weak correlation between pH and temperature suggests
that temperature is not the primary driver of pH variation in this system.

Salinity serves as an indicator of freshwater input, which typically has lower alkalinity, a key factor influencing pH
dynamics (Saraswat et al., 2015; Carstensen and Duarte, 2019). And, a positive correlation between pH and salinity is often
observed in regions with low salinity (<20), where buffering capacity is minimal (Carstensen and Duarte, 2019). However,

most of our study sites exhibited salinity levels greater than 23, indicating sufficient alkalinity to buffer pH changes.

7
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Nevertheless, we did not observe a strong agreement between pH and salinity in our study (Supplementary Figs 7-10), implying
that salinity (or freshwater input) may not be the primary driver of pH changes in Korean coastal waters.

Primary production, indicated by chl a levels, can directly influence pH by consuming CO, through photosynthesis,

particularly in surface waters (Soetaert et al., 2007), and thus, increased pH can be observed during day time when
photosynthetic activity (Cummings et al., 2019; Wootton et al., 2008; Ono et al., 2023). However, the variations in chl a over
the 11-year period in this study were considerably different from pH variations, suggesting that chl a may not be the primary
driver of pH variation. However, it is important to note that the observed relationship between chl a and pH has primarily been
documented in controlled settings (e.g., closed chamber experiments; Cummings et al., 2019) or over short time scales (e.g.,
daily observations; Wootton et al., 2008; Ono et al., 2023). This relationship is less evident in natural environments, potentially
due to the time lag or varying response times of biological productivity (chl a) to environmental changes (e.g., pH)
(Supplementary Figs 7-10). Despite the apparent decoupling between pH and chl a in our study, it's important to recognize
that pH can still be greatly impacted by primary production processes (Duarte et al., 2013; Ono et al., 2023).
Reducing DO concentration generally reflect the biological respiration in the water column and sediments, releasing CO, and
subsequently impacting pH (Cai et al., 2011; Lowe et al., 2019). Moreover, increased water temperature can also lead to the
degassing of DO from the water. Previous studies, such as that by Cai et al. (2011), have observed severe pH drops under
conditions of low DO (<64 uM) in the Louisiana Shelf, where pH levels fell below 7.8. However, the monthly average DO
concentrations along each side of the Korean coasts never dropped below 128 uM. Consequently, our observed pH levels were
not as low as those observed in the Louisiana Shelf, but were still notably lower, approximately ~7.93, compared to normal
conditions (~8.20). To better understand DO consumption and pH changes, we calculated the apparent oxygen utilization
(AOU) by subtracting the measured concentration from the temperature-salinity derived saturation concentration. Thus,
positive values indicate DO consumption (or depletion). In surface waters across all regions and seasons, DO consumption did
not occur (Figs. 2-5). However, in bottom waters, pH exhibited a strong negative correlation with DO depletion (Fig. 6),
suggesting that CO; introduction into the water column indeed led to pH decrease. For instance, along the south coast, DO
consumption reached up to 52.2 uM (~23.6%), which, equates to 40.1 uM of CO2 when converted using the Redfield ratio
(106/138 for CO/O,, Cai et al., 2011). This CO introduction could lead to a pH drop of approximately 0.08 pH units under
specific conditions of 1986 umol/kg, 2228 umol/kg, 1 M, and 15 pM of dissolved inorganic carbon, total alkalinity (Hwang
and Lee, 2022), total dissolved phosphate, total dissolved silicate concentrations, respectively. Moreover, pH induced by
released CO; resulting from DO consumption was within the range the observed pH variation (i.e., 0.54; differences between
8.40 (maximum) and 7.86 (minimum)) (Fig. 7). Furthermore, while other parameters must be considered for accurate pH
estimation, pH estimated from CO, introduction (derived from DO consumption) exhibited a strong correlation with measured
pH (Fig. 7). This suggests that pH in Korean coastal waters is primarily controlled by oxygen conditions and associated CO;
dynamics, similar to the observations in Louisiana Shelf and East China seas where severe hypoxia occurs annually (Cai et al.,
2011).
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3.4. Insight of pH variation in Korean coasts

The 11-year pH monitoring dataset provides an invaluable resource for examining pH conditions in coastal waters
with respect to rising atmospheric CO; levels. Notably, atmospheric CO, concentrations along the Korean coast have
significantly increased, possibly at one of the highest rates globally (Fig. 8). Between 2010 and 2020, atmospheric CO;
concentrations rose from 395 to 424 ppm, at a rate of 2.64 ppm per year on Anmyeon Island, Korea, which is greater than the
rate of 2.27 ppm per year at Mauna Loa, Hawaii (https://gml.noaa.gov). Despite this rise, coastal pH variations may not be
heavily influenced by atmospheric CO; alone due to additional factors such as temperature, salinity, dissolved oxygen, primary
production, hydrological processes, land use, nutrient inputs, pollution, and river water inputs. Conversely, open ocean pH
levels are likely more affected by atmospheric CO; increases.

The East (Japan) Sea (EJS) offers a prime opportunity to compare pH variations between coastal and open ocean
environments. As a deep marginal sea with depths exceeding 3,000 meters, the EJS serves as a net sink for atmospheric CO»,
absorbing about 1% of anthropogenic CO, emissions (Kim et al., 2022; Kim et al., 2023). Long-term pH monitoring in the
central EJS from 1965 to 2015 revealed a decreasing trend at a rate of -0.0016 yr (Chen et al., 2017). Similar trends were

observed in the North Atlantic (1995-2003) and at the BATS (1983-2005) with pH decreases of -0.0017 + 0.0005 yr-* and -

0.0017 + 0.0001 yr-1, respectively (Gonzalez-Davila et al., 2007; Bates, 2007). In the Pacific Ocean, surface waters showed

a pH decrease of -0.0019 + 0.0002 yr* based on in situ measurements from the HOT from 1988 to 2007 (Dore et al., 2009).
These findings indicate that the pH decrease in the central EJS mirrors trends in other open ocean regions, suggesting that the
EJS exhibits characteristics typical of the open ocean regarding the carbonate system. The observed pH decline is likely due
to the gradual increase in atmospheric CO, over time.

Coastal regions within the EJS display distinct pH variations relative to the open ocean and the other coastal sides of
EJS. The eastern coast of Korea (this study), west of the EJS, do not show a significant pH decrease. In contrast, the Japanese

coast of the EJS, southeast of the EJS, exhibits a pronounced pH decline, with rates surpassing those in the central EJS. Studies

by Ishizu et al. (2019) and Ishida et al. (2021) reported acidification rates of -0.0025 and -0.003 yr-1, respectively, based on

pH measurements from 1978 to 2009 at Niigata and over 30 years at Kashiwazaki Bay. Although comprehensive datasets to
identify the exact causes of these spatial variations are lacking, local biogeochemical factors such as nutrient levels, biological
production, oxygen conditions, and contaminant inputs likely play significant roles. For instance, primary production is notably
higher on the Korean coast compared to the Japanese coast (Joo et al., 2015). Additionally, greater contaminant inputs in

Niigata, a megacity on the Japanese coast, may contribute to the observed differences. Nonetheless, the rate of pH decline in

Japanese coastal waters is faster than in the central EJS (-0.0016 yr~-1) and Korean coastal waters. The reasons for this

accelerated acidification in Japanese coastal waters remain unclear (Ishida et al., 2021). Potential factors include pollution by

heavy metals, reduced primary production due to bio-toxicity, and variations in DO conditions. Overall, the observed pH
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variations indicate strong spatial heterogeneity governed by local complexed biogeochemical conditions in coastal waters,
contrasting with the more uniform pH trends in open ocean systems.

Global ocean warming is expected to exacerbate pH decline through increased degassing. Along the Korean peninsula,
seawater temperatures have shown a rising trend in both surface and bottom waters over the past decades. This warming could
accelerate pH decline on the Korean coasts, potentially outweighing local heterogeneity. The pH decline in Korean coastal
waters is particularly concerning due to its impact on diverse aquacultures, including shellfish, fish, and seaweeds, which have
species-specific tolerance ranges. Ocean acidification could thus have serious economic implications for the local and national

economy.

4 Conclusion

The impacts of ocean acidification are influenced by interacting stressors such as temperature and oxygen levels, with pH
variations potentially altering tolerance to these stressors and significantly affecting organismal function. Our dataset all ows
us to explore pH variability in shallow coastal waters and its relation to open ocean variations. Despite the general trend of pH
decrease in both open and coastal oceans due to rising atmospheric CO», our data indicates that pH decline in Korean coastal
waters is not straightforward. This spatial variability in pH is strongly correlated with local biogeochemical characteristics in
coastal waters, suggesting that increasing surface water CO; levels are not the primary drivers of pH variations in Korean
coastal waters. Instead, pH variations are closely linked to dissolved oxygen levels. This connection implies that global
warming, which releases dissolved gases including dissolved oxygen, could lead to a pH decline in Korean coastal waters.
Such a decrease in pH could have significant implications, since Korean coasts support numerous fish and seaweed farms
sensitive to water chemical properties. Overall, our understanding of pH variability and ocean acidification in the carbonate
system will remain incomplete until we fully characterize the CO, systems in Korean coastal oceans. Therefore, future studies
and monitoring efforts are crucial for predicting the impact of ocean acidification on marine ecosystems and the bio-economy

along Korean coastal waters.

Data Availability: The datasets analyzed in this study can be found in the national ma-rine environmental measuring network

program. The data are available at www.meis.go.kr.
Author Contributions: YWL, MOP, and SGK contributed to the data acquisition and sample collection. DJJ processed the
data. YWL, MOP, SGK, THK, YHO, SHL, and DJJ interpreted the biogeochemical data. DJJ wrote the first draft of the

manuscript. All authors contributed equally to the review and editing of this manuscript and approved the submitted version.

Competing Interests: The authors declare that they have no conflict of interest.

10



315

320

325

330

335

340

345

350

355

https://doi.org/10.5194/egusphere-2024-1836
Preprint. Discussion started: 25 June 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Supplementary Materials: The Supplementary Material for this article can be found online at:.

Acknowledgement

The authors are grateful to crew members of R/V from KOEM for their assistance. Constructive comments from three
anonymous reviewers greatly improved this manuscript. This research was supported by Global-Learning & Academic
research institution for Master’s-PhD students, and Postdocs (G-LAMP) Program of the National Research Foundation of
Korea (NRF) grant funded by the Ministry of Education (No. RS-2023-00301938) and by the National Research Foundation
of Korea Grant funded by the Korean Government (NRF-202215000003).

References

Bates, N. R. (2007). Interannual variability of the oceanic CO; sink in the subtropical gyre of the North Atlantic Ocean over
the last 2 decades. Journal of Geophysical Research: Oceans, 112(C9).

Bates, N. R., Astor, Y. M., Church, M. J., Currie, K., Dore, J. E., Gonzalez-Davila, M., Lorenzoni, L., Muller-Karger, F.,
Olafsson, J., & Santana-Casiano, J. M. (2014). A time-series view of changing surface ocean chemistry due to ocean
uptake of anthropogenic CO: and ocean acidification. Oceanography, 27(1), 126-141.

Borgesa, A. v, & Gypensb, N. (2010). Carbonate chemistry in the coastal zone responds more strongly to eutrophication than
ocean acidification. Limnology and Oceanography, 55(1), 346—353.

Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. J., Garcon, V., Gilbert, D., Gutiérrez, D., &
Isensee, K. (2018). Declining oxygen in the global ocean and coastal waters. Science, 359(6371), eaam7240.

Cai, W.-J., Hu, X., Huang, W.-J., Murrell, M. C., Lehrter, J. C., Lohrenz, S. E., Chou, W.-C., Zhai, W., Hollibaugh, J. T., &
Wang, Y. (2011). Acidification of subsurface coastal waters enhanced by eutrophication. Nature Geoscience, 4(11), 766—
770.

Cai, W. J. (2011). Estuarine and coastal ocean carbon paradox: CO; sinks or sites of terrestrial carbon incineration?. Annual
review of marine science, 3, 123-145.

Caldeira, K., and Wickett, M. E. (2003). Anthropogenic carbon and ocean pH. Nature, 425(6956), 365.

Carstensen, J., and Duarte, C. M. (2019). Drivers of pH variability in coastal ecosystems. Environmental Science &
Technology, 53(8), 4020-4029.

Chang, K.-1., Park, K., Suk, M.-S., & Kim, C.-K. (2000). The south sea circulation of korea: Two-dimensional barotrophic
model. The Sea: JOURNAL OF THE KOREAN SOCIETY OF OCEANOGRAPHY, 5(4), 257-266.

Chen, C.-T. A,, Lui, H.-K,, Hsieh, C.-H., Yanagi, T., Kosugi, N., Ishii, M., & Gong, G.-C. (2017). Deep oceans may acidify
faster than anticipated due to global warming. Nature Climate Change, 7(12), 890-894.

Chen, J., Glibert, P. M., Cai, W.-J., & Huang, D. (2023). Eutrophication, algal bloom, hypoxia and ocean acidification in large
river estuaries, volume II. In Frontiers in Marine Science (Vol. 10, p. 1225903). Frontiers Media SA.

Crossland, C. J., Baird, D., Ducrotoy, J.-P., Lindeboom, H., Buddemeier, R. W., Dennison, W. C., Maxwell, B. A., Smith, S.
v, & Swaney, D. P. (2005). The coastal zone—a domain of global interactions. In Coastal fluxes in the Anthropocene:
the land-ocean interactions in the coastal zone project of the International Geosphere-Biosphere Programme (pp. 1-37).
Springer.

Doney, S. C., (2008). Ocean acidification: the other CO, problem. Annu Rev Mar Sci, 1, 169-192.

Doney, S. C., Mahowald, N., Lima, I., Feely, R. A., Mackenzie, F. T., Lamarque, J.-F., & Rasch, P. J. (2007). Impact of
anthropogenic atmospheric nitrogen and sulfur deposition on ocean acidification and the inorganic carbon system.
Proceedings of the National Academy of Sciences, 104(37), 14580-14585.

Dore, J. E., Lukas, R., Sadler, D. W., Church, M. J., & Karl, D. M. (2009). Physical and biogeochemical modulation of ocean
acidification in the central North Pacific. Proceedings of the National Academy of Sciences, 106(30), 12235-12240.

11



360

365

370

375

380

385

390

395

400

405

https://doi.org/10.5194/egusphere-2024-1836
Preprint. Discussion started: 25 June 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Duarte, C. M., Hendriks, I. E., Moore, T. S., Olsen, Y. S., Steckbauer, A., Ramajo, L., Carstensen, J., Trotter, J. A., &
McCulloch, M. (2013). Is ocean acidification an open-ocean syndrome? Understanding anthropogenic impacts on
seawater pH. Estuaries and Coasts, 36, 221-236.

Feely, R. A., Alin, S. R., Carter, B., Bednarsek, N., Hales, B., Chan, F., Hill, T. M., Gaylord, B., Sanford, E., & Byrne, R. H.
(2016). Chemical and biological impacts of ocean acidification along the west coast of North America. Estuarine, Coastal
and Shelf Science, 183, 260-270.

Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M., lanson, D., & Hales, B. (2008). Evidence for upwelling of corrosive"
acidified" water onto the continental shelf. Science, 320(5882), 1490-1492.

Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., & Millero, F. J. (2004). Impact of anthropogenic
CO2 on the CaCOa3 system in the oceans. Science, 305(5682), 362—366.

Flecha, S., Pérez, F. F., Garcfa-Lafuente, J., Sammartino, S., Rios, A. F., & Huertas, |. E. (2015). Trends of pH decrease in the
Mediterranean Sea through high frequency observational data: indication of ocean acidification in the basin. Scientific
Reports, 5(1), 16770.

Flecha, S., Pérez, F. F., Murata, A., Makaoui, A., & Huertas, I. E. (2019). Decadal acidification in Atlantic and Mediterranean
water masses exchanging at the Strait of Gibraltar. Scientific Reports, 9(1), 15533.

Flecha, S., Pérez, F. F., Navarro, G., Ruiz, J., Olivé, I., Rodriguez-Gélvez, S., Costas, E., & Huertas, |. E. (2012).
Anthropogenic carbon inventory in the Gulf of Cadiz. Journal of Marine Systems, 92(1), 67-75.

Friedlingstein, P., O’sullivan, M., Jones, M. W., Andrew, R. M., Gregor, L., Hauck, J., le Quér¢, C., Luijkx, I. T., Olsen, A.,
& Peters, G. P. (2022). Global carbon budget 2022. Earth System Science Data, 14(11), 4811-4900.

Hassoun, A. E. R., Gemayel, E., Krasakopoulou, E., Goyet, C., Abboud-Abi Saab, M., Guglielmi, V., Touratier, F., & Falco,
C. (2015). Acidification of the Mediterranean Sea from anthropogenic carbon penetration. Deep Sea Research Part I:
Oceanographic Research Papers, 102, 1-15.

Hendriks, I. E., Duarte, C. M., Olsen, Y. S., Steckbauer, A., Ramajo, L., Moore, T. S., Trotter, J. A., & McCulloch, M. (2015).
Biological mechanisms supporting adaptation to ocean acidification in coastal ecosystems. Estuarine, Coastal and Shelf
Science, 152, A1-A8.

Hinga, K. R. (2002). Effects of pH on coastal marine phytoplankton. Marine ecology progress series, 238, 281-300.

Hofmann, G. E., Smith, J. E., Johnson, K. S., Send, U., Levin, L. A., Micheli, F., Paytan, A., Price, N. N., Peterson, B., &
Takeshita, Y. (2011). High-frequency dynamics of ocean pH: a multi-ecosystem comparison. PloS One, 6(12), e28983.

Huang, Y., & An, S. (2022). Weak hypoxia enhanced denitrification in a dissimilatory nitrate reduction to ammonium
(DNRA)-dominated shallow and eutrophic coastal waterbody, Jinhae Bay, South Korea. Frontiers in Marine Science, 9,
897474.

Hwang, Y., & Lee, T. (2022). The Buffer Capacity of the Carbonate System in the Southern Korean Surface Waters in Summer.
The Sea: JOURNAL OF THE KOREAN SOCIETY OF OCEANOGRAPHY, 27(1), 17-32.

Hwang, J. H., Van, S. P., Choi, B. J., Chang, Y. S., & Kim, Y. H. (2014). The physical processes in the Yellow Sea. Ocean &
Coastal Management, 102, 449-457.

IPCC, 2022: Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working Group |1 to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change [H.-O. Portner, D.C. Roberts, M. Tignor, E.S.
Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Loschke, V. Moéller, A. Okem, B. Rama (eds.)].
Cambridge University Press. Cambridge University Press, Cambridge, UK and New York, NY, USA, 3056 pp.,
doi:10.1017/9781009325844.

Ishida, H., Isono, R. S., Kita, J., & Watanabe, Y. W. (2021). Long-term ocean acidification trends in coastal waters around
Japan. Scientific Reports, 11(1), 5052.

Ishizu, M., Miyazawa, Y., Tsunoda, T., & Ono, T. (2019). Long-term trends in pH in Japanese coastal seawater.
Biogeosciences, 16(24), 4747-4763.

Jang, P. G., Shin, H. H., Baek, S. H., Jang, M. C., Lee, T. S., & Shin, K. (2013). Nutrient distribution and effects on
phytoplankton assemblages in the western Korea/Tsushima Strait. New Zealand Journal of Marine and Freshwater
Research, 47(1), 21-37.

Joo, H., Son, S., Park, J.-W., Kang, J. J., Jeong, J.-Y., Lee, C. il, Kang, C.-K., & Lee, S. H. (2015). Long-term pattern of
primary productivity in the East/Japan Sea based on ocean color data derived from MODIS-aqua. Remote Sensing, 8(1),
25.

12



410

415

420

425

430

435

440

445

450

455

https://doi.org/10.5194/egusphere-2024-1836
Preprint. Discussion started: 25 June 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Kim, M., Hwang, J., Kim, G., Na, T., Kim, T.-H., & Hyun, J.-H. (2022). Carbon cycling in the East Sea (Japan Sea): A review.
Frontiers in Marine Science, 9, 938935.

Kim, S., Lee, K., Lee, T., Kim, J., & Han, 1. (2023). Climate-Driven Fluctuations in Anthropogenic CO2 Uptake by the East
Sea in the North Pacific Ocean. Geophysical Research Letters, 50(21), e2023GL105819.

Kleypas, J. A., & Yates, K. K. (2009). Coral reefs and ocean acidification. Oceanography, 22(4), 108—-117.

Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L., Singh, G. S., Duarte, C. M., & Gattuso, J. (2013). Impacts
of ocean acidification on marine organisms: quantifying sensitivities and interaction with warming. Global Change
Biology, 19(6), 1884-1896.

Lee, J., Park, K. T., Lim, J. H,, Yoon, J. E., & Kim, I. N. (2018). Hypoxia in Korean coastal waters: a case study of the natural
Jinhae Bay and artificial Shihwa Bay. Frontiers in Marine Science, 5, 70.

Lee, Y.W., M.O. Park, S.G. Kim, S.S. Kim, B. Khang, J. Choi, D. Lee, & S.H. Lee, (2021) Major controlling factors affecting
spatiotemporal variation in the dissolved oxygen concentration in the eutrophic Masan Bay of Korea. Regional Studies
in Marine Science, 46, 101908.

Lie, H., & Cho, C. (1994). On the origin of the Tsushima Warm Current. Journal of Geophysical Research: Oceans, 99(C12),
25081-25091.

Lowe, A. T., Bos, J., & Ruesink, J. (2019). Ecosystem metabolism drives pH variability and modulates long-term ocean
acidification in the Northeast Pacific coastal ocean. Scientific Reports, 9(1), 963.

Nilsson, G. E., Dixson, D. L., Domenici, P., McCormick, M. I., Sgrensen, C., Watson, S.-A., & Munday, P. L. (2012). Near-
future carbon dioxide levels alter fish behaviour by interfering with neurotransmitter function. Nature Climate Change,
2(3), 201-204.

Ono, T., Muraoka, D., Hayashi, M., Yorifuji, M., Dazai, A., Omoto, S., Tanaka, T., Okamura, T., Onitsuka, G., & Sudo, K.
(2023). Short-term variation of pH in seawaters around coastal areas of Japan: Characteristics and forcings.
Biogeosciences Discussions, 2023, 1-36.

Orr, J. C. (2005). Antarctic ice-sheet loss driven by basal melting of ice shelves. Nature, 437, 681-686.

Palmieri, J., Orr, J. C., Dutay, J.-C., Béranger, K., Schneider, A., Beuvier, J., & Somot, S. (2015). Simulated anthropogenic
CO; storage and acidification of the Mediterranean Sea. Biogeosciences, 12(3), 781-802.

Pelejero, C., Calvo, E., McCulloch, M. T., Marshall, J. F., Gagan, M. K., Lough, J. M., & Opdyke, B. N. (2005). Preindustrial
to modern interdecadal variability in coral reef pH. Science, 309(5744), 2204-2207.

Provoost, P., van Heuven, S., Soetaert, K., Laane, R., & Middelburg, J. J. (2010). Seasonal and long-term changes in pH in
the Dutch coastal zone. Biogeosciences, 7(11), 3869-3878.

Raven, J. A., Gobler, C. J., & Hansen, P. J. (2020). Dynamic CO, and pH levels in coastal, estuarine, and inland waters:
Theoretical and observed effects on harmful algal blooms. Harmful algae, 91, 101594.

Saraswat, R., Kouthanker, M., Kurtarkar, S. R., Nigam, R., Naqvi, S. W. A, & Linshy, V. N. (2015). Effect of salinity induced
pH/alkalinity changes on benthic foraminifera: A laboratory culture experiment. Estuarine, Coastal and Shelf Science,
153, 96-107.

Smith, S. v, and Buddemeier, R. W. (1992). Global change and coral reef ecosystems. Annual Review of Ecology and
Systematics, 23(1), 89-118.

Solomon S, et al. (2007) Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to the Fourth
Assessment. Report of the Intergovernmental Panel on Climate Change (Cambridge Univ. Press, Cambridge, UK).
Takahashi, T., Sutherland, S. C., Wanninkhof, R., Sweeney, C., Feely, R. A., Chipman, D. W., Hales, B., Friederich, G.,

Chavez, F., & Sabine, C. (2009). Climatological mean and decadal change in surface ocean pCO., and net sea—air CO;
flux over the global oceans. Deep Sea Research Part I1: Topical Studies in Oceanography, 56(8—10), 554-577.
Watanabe, Y. W., Li, B. F., & Wakita, M. (2018). Long-term trends of direct and indirect anthropogenic effects on changes in

ocean pH. Geophysical Research Letters, 45(17), 9106—9113.

Williams, J. R., Dellapenna, T. M., and Lee, G. (2013). Shifts in depositional environments as a natural response to
anthropogenic alterations: Nakdong Estuary, South Korea. Marine Geology, 343, 47-61.

Williams, J., Dellapenna, T., Lee, G., and Louchouarn, P. (2014). Sedimentary impacts of anthropogenic alterations on the
Yeongsan Estuary, South Korea. Marine Geology, 357, 256-271.

Williams, J., Lee, G., Shin, H.-J., and Dellapenna, T. (2015). Mechanism for sediment convergence in the anthropogenically
altered microtidal Nakdong Estuary, South Korea. Marine Geology, 369, 79-90.

13



460

465

470

475

480

https://doi.org/10.5194/egusphere-2024-1836
Preprint. Discussion started: 25 June 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Wootton, J. T., Pfister, C. A., & Forester, J. D. (2008). Dynamic patterns and ecological impacts of declining ocean pH in a
high-resolution multi-year dataset. Proceedings of the National Academy of Sciences, 105(48), 18848-18853.

Figure Captions:

Fig. 1. Sample collection sites along the Korean peninsula. Base map has been downloaded from
https://server.arcgisonline.com.

Fig. 2. Variations of monthly averages and centered moving averages (4) of (a) temperature, (b) salinity, (c) pH, (d) DO
depletion, and (e) chlorophyll a concentration for the entire seas along the Korean coasts during the 2010-2020 period.

Fig. 3. Variations of monthly averages and centered moving averages (4) of (a) temperature, (b) salinity, (c) pH, (d) DO
depletion, and (e) chlorophyll a concentration for the south coasts of Korea during the 2010-2020 period.

Fig. 4. Variations of monthly averages and centered moving averages (4) of (a) temperature, (b) salinity, (c) pH, (d) DO
depletion, and (e) chlorophyll a concentration for the west coasts of Korea during the 2010-2020 period.

Fig. 5. Variations of monthly averages and centered moving averages (4) of (a) temperature, (b) salinity, (c) pH, (d) DO
depletion, and (e) chlorophyll a concentration for the east coasts of Korea during the 2010-2020 period.

Fig. 6. Relationships between pH and dissolved oxygen (DO) depletion for (a) the entire Korean, (b) the south, (c) the west,
and (d) the east coasts. The DO depletion was calculated by subtracting the measured concentration from the temperature-
salinity derived saturation. Thus, a positive value of DO depletion indicates oxygen consumption.

Fig. 7. Distribution of pH-measured and estimated. The pH estimation was calculated at conditions of 35, 25 °C, 1 umol/kg,
15 pmol/kg, 2228 pmol/kg, and 1986 pmol/kg (initial) of salinity, temperature, phosphate, silicate, total alkalinity, and total
CO, concentrations, respectively. With exception of CO, concentrations, other parameters were not changed for the estimation.
The CO; concentrations were changed based on DO consumption and Redfield ratio (106/138 for CO,/O5).

Fig. 8. Variations of (a) atmospheric CO; (ppm) at Anmyeon island and (b) seawater pH along the entire Korean coast.
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