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Abstract: The continuous rise in atmospheric CO, levels has led to persistent ocean acidification,
which negatively impacts marine environments crucial for marine life and alters the chemical com-
position of seawater. This phenomenon carries significant implications for human society. Utilizing
surface seawater pH data from the North Pacific spanning 1995 to 2019, this study investigates the
overall and localized spatiotemporal variations in pH within the region, as well as the factors influ-
encing these variations. Additionally, it conducts a quantitative analysis of the different influencing
factors. The findings reveal a consistent downward trend in surface seawater pH in the North Pacific,
decreasing from 8.073 to 8.029, with notable seasonal variations. The highest pH values are recorded
in winter, followed by spring, with lower values in autumn and summer. Spatially, the pH values are
higher in the northwest and lower in the southeast, with the most pronounced acidification occurring
in the central and western regions, while other areas exhibit more uniform acidification levels. Spatial
correlation analysis indicates that surface seawater pH in the North Pacific generally shows a negative
correlation with sea surface temperature (SST), salinity (SSS), and chlorophyll-a concentration (chl a)
and a positive correlation with dissolved oxygen (DO). Among these factors, SST exerts the greatest
influence on seawater pH, followed by DO and SSS. The degree of acidification varies across different
regions, and the dominant influencing factors differ accordingly. In the equatorial central region (A),
the primary factors are chl a and SST; in the eastern regions of China and Japan (B) and the western
region of Canada (C), DO and SSS are the main controlling factors. An interaction analysis of each pair
of dominant factors using the geodetector shows that their respective contributions to regions A, B,
and C are 70%, 90%, and 50%, respectively. Understanding the primary factors driving acidification in
different regions can aid in comprehending the biological and environmental impacts of acidification
in those areas and provide valuable insights for mitigating marine acidification.
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1. Introduction

Since the Industrial Revolution, the oceans have absorbed nearly a quarter of the
carbon dioxide (CO,) released by human activities, making them a critical buffer against
climate change [1]. This absorption of CO; has led to a process known as ocean acidification,
where the pH of seawater decreases [2]. Seawater pH, a key indicator of changes in ocean
acidity, has become a focal point of study for researchers worldwide.

Global records indicate that the average pH of surface seawater is decreasing at a rate
of approximately 0.002 per year. However, this rate of decrease varies significantly across
different latitudes and regions. Coastal waters, influenced by terrestrial inputs, upwelling,
and biological activities, show significant pH variations at both surface and bottom layers.
In contrast, the open ocean, driven primarily by rising CO; levels, exhibits a more stable
acidification rate [3,4]. Notable declines in surface seawater pH have been recorded in the
South China Sea, Bohai Sea, and areas near the Yangtze River estuary [5,6]. Compared
to the open ocean, coastal regions experience more pronounced pH declines. Research in
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the northeast and northwest Pacific indicates surface seawater pH is decreasing at rates of
—0.0016 4 0.0002 yr ~! and —0.0018 + 0.0001 yr ~!, respectively [7,8]. At the same latitude,
the North Pacific’s surface seawater pH is declining faster than that of the North Indian
Ocean, highlighting regional differences in ocean acidification [9,10].

Seawater pH is influenced by several environmental factors beyond atmospheric
CO;,. Temperature, salinity, and dissolved oxygen play significant roles in its variation.
Chlorophyll-a concentration, representing phytoplankton biomass, indicates the ocean’s
capacity to convert atmospheric CO,. Variations in chlorophyll-a can cause fluctuations in
seawater pH. For instance, changes in salinity affect the carbonate equilibrium in seawater,
thereby altering pH [11]. Salinity concentration also influences the regulatory function
of seawater pH [12]. Phytoplankton respiration impacts pH, with changes in chlorophyll
concentration reflecting these biological processes [13]. Monitoring data from the East
China Sea, Bohai Sea, Yellow Sea, and tropical western Pacific demonstrate that chloro-
phyll concentration affects seawater pH [14,15]. Additionally, there is a close relationship
between dissolved oxygen and seawater pH. Studies of the California Current have shown
that intertidal water temperature and dissolved oxygen fluctuations can alter intertidal
pH [16]. Other factors, such as typhoons, acid rain, El Nifio, upwelling, eutrophication, and
biological activities, also affect seawater pH to varying degrees [17-19].

The North Pacific, with its extensive and varied marine environments, possesses rich
biological resources and unique geochemical characteristics. Understanding the distribu-
tion and influencing factors of seawater pH in this region is crucial for exploring ocean
acidification. This study investigates the temporal and spatial variations in surface seawater
pH and its influencing factors in the North Pacific based on data from 1995 to 2019.

2. Data and Methods
2.1. Data

This study utilizes data from the Copernicus Marine Service website (https://marine.
copernicus.eu/) covering the period from 1995 to 2019. The dataset includes monthly
averaged observations of sea surface temperature (SST), salinity (SSS), chlorophyll-a con-
centration (chl a), dissolved oxygen (DO), and pH levels. The data, which have been
preprocessed and reanalyzed, pertain to surface layers with a depth of up to 30 m. It com-
prises a total of 195,570 data points with a resolution of 0.25° x 0.25°. Detailed precision
for each parameter is outlined in Table 1.

Table 1. Accuracy evaluation of each parameter of the data source.

Parameter Correlation Coefficient Deviation Measured Average-Simulated Average RMSE
pH 0.95 0.02 / 0.04
DO/ (pumol-L~1) 0.96 7.44 / 16.61
chla/(ugL™1) 0.81 / / 0.59
SST/°C / / 0.04 0.45
SSS/ %o / / —0.002 0.06

Temperature and salinity data are sourced from global ocean analysis and forecasting
datasets provided by the Copernicus Marine Service. These datasets, generated using
multi-model ensemble methods (GLORYS2V4, FOAM GLOSEA5V13, C-GLORS, ORAS5),
represent the physical state of the ocean. Chlorophyll-a concentration, dissolved oxy-
gen, and pH data are derived from global ocean biogeochemical analysis and forecasting
datasets, simulated using the PISCES biogeochemical model. The simulation values from
PISCES align closely with Argo data, demonstrating high consistency. Both datasets effec-
tively replicate the spatial and seasonal distribution characteristics of the parameters and
are extensively used in research on ocean carbonate systems and long-term changes [20,21].

This study applies comparative analysis and empirical orthogonal function (EOF)
methods to investigate the spatiotemporal distribution of pH in the North Pacific. It also
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examines the mechanisms influencing pH levels across different regions of the North Pacific
and employs geodetector for a quantitative assessment of the primary influencing factors.

2.2. Method
2.2.1. EOF

The EOF analysis is a technique designed to examine structural features within matrix
data and identify the primary spatiotemporal characteristics of the data. Initially introduced
to meteorology and climate studies by Lorenz in the 1950s [22], EOF analysis has since
become widely utilized in oceanography and various other fields. The fundamental concept
of EOF analysis involves decomposing complex spatiotemporal variation patterns in a
dataset into a set of simpler EOF modes through eigenvalue decomposition. These modes
represent the principal patterns of variability in the data, thereby facilitating a clearer
understanding and interpretation of the observed phenomena.

2.2.2. Geodetector

In spatial analysis, when an independent variable significantly impacts a dependent
variable, there is typically a noticeable spatial similarity between the two. The Geographic
Detector is a statistical method based on this premise, designed to identify spatial differ-
entiation characteristics and uncover potential driving forces [23]. This method has been
extensively used in fields such as natural disaster assessment, ecological environment
evaluation, and monitoring in disadvantaged areas. Recently, its application in ocean
science has shown promising results [24]. Geodetector comprises four main sub-detectors:
Factor Detector, Interaction Detector, Risk Detector, and Ecological Detector. This study
primarily utilizes the Factor Detector and Interaction Detector.

The Factor Detector assesses the explanatory power of selected factors on the depen-
dent variable, quantified by the q value. The q value ranges from 0 to 1, with a value closer
to 1 indicating a stronger explanatory power of the factor on the dependent variable. The

formula used is: .
—1_ Y1 Nhop (1)
1 No?
where h =1, ..., L represents the partitions of the dependent variable or factor, Nh and
N denote the number of units in partition h and the total area, o and o represent the
variances within partition h and the entire area, respectively.
The analysis is conducted across the following five scenarios in Table 2:

Table 2. Types of interaction detectors.

Factor Basis for Judgment Interactions

X1, X2 q(X1 N’ X2) < Min(q(X1), q(X2)) Nonlinear weakening

X1, X2 Min(q(X1), q(X2)) < q(X1 N X2) < Max(q(X1), q(X2)) Single-factor nonlinearity weakens
X1, X2 q(X1 N X2) > Max(q(X1), q(X2)) Two-factor enhancement

X1, X2 q(X1 N'X2) = q(X1) + q(X2) Independent

X1, X2 q(X1 N'X2) > q(X1) + q(X2) Nonlinear enhancement

3. Results
3.1. Spatiotemporal Variability in the North Pacific Ocean
3.1.1. Annual and Seasonal Variation of pH

Over the past 25 years, the average surface pH of the North Pacific Ocean has been
8.051, with an interannual variation ranging from 8.073 to 8.029. The pH has decreased
by 0.044, with an average annual decline rate of 0.0018 y !, exhibiting a significant linear
downward trend, as illustrated in Figure 1. This finding aligns closely with research con-
ducted by Dore, Haugan, Feely, and others [7,25,26]. For instance, Dore’s study indicated
that from 1998 to 2007, the surface seawater pH of the Pacific Ocean decreased at a rate
of 0.0019 + 0.0002 y~!. Similarly, Haugan'’s research showed that the current rate of pH
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change, driven by the ocean’s absorption of anthropogenic CO, emissions, is a decrease
of 0.0015 y~! [25]. Feely’s study also found that at several open ocean time series stations,
the observed reduction in seawater pH was 0.0018 y~! [26]. Overall, the surface pH of the
North Pacific Ocean is on a declining trend (Figure 1a).
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Figure 1. (a) Interannual variation and (b) Seasonal variation of surface water pH in the North
Pacific Ocean.

Figure 1b reveals that surface pH values exhibit distinct seasonal patterns within the
same year, following the trend: winter (December—February) > spring (March-May) > autumn
(September-November) > summer (June-August). Over the past 25 years, while pH values
in different seasons have fluctuated, they generally present a similar linear downward trend.
The seasonal variation shows the most significant decrease in spring, followed by summer,
with the lowest decrease in autumn. Specifically, the pH value decreased by 0.0451 in spring,
0.0436 in summer, 0.0425 in winter, and 0.0409 in autumn. This aligns with the findings
of Midorikawa in 2010 [8], which estimated a decrease in pH in the western North Pacific
from 1983 to 2007, ranging from 0.0375 to 0.0525 in winter and from 0.02 to 0.0475 in summer.
Regarding the trend of seasonal pH changes over many years, spring and summer exhibit more
significant fluctuations, while autumn and winter show more stable patterns. Overall, there is
a downward trend in the pH values of surface seawater across all four seasons, indicating a
general tendency towards acidification of the surface waters in the North Pacific Ocean.

3.1.2. Spatial Distribution Characteristics of pH

The spatial distribution of surface seawater pH in the North Pacific Ocean (Figure 2)
shows a general pattern of higher pH values in the northwest and lower values in the
southeast. Over the years, the highest pH values have been observed between 36 and 48° N
and 120-175° E, especially near the Sea of Japan. In the northern North Pacific, particularly
near the Sea of Okhotsk and the Bering Strait, there has been a significant decline in pH values
since 1999. The eastern equatorial Pacific, influenced by upwelling, sees low pH subsurface
waters brought to the surface, resulting in the lowest surface pH values in that region.

Comparing data from six different years clearly illustrates a continuous decline in
surface seawater pH, indicating ongoing acidification of the North Pacific surface waters.
The spatial distribution of surface seawater pH in 1999, 2004, and 2009 appears consistent,
with low pH values in the equatorial and high-latitude regions and higher pH values in
the mid-latitude regions. Over time, the pH values show a stepwise decrease from west to
east, with particularly pronounced acidification in the mid-western North Pacific, while
other regions exhibit more uniform acidification. Specifically, pH values in the equatorial
and high-latitude regions are transitioning towards those in the mid-latitude regions, a
pattern similar to the spatial distribution of surface seawater pH at in situ temperatures as
estimated by Li [27].
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Figure 2. Spatial distribution of pH values of surface waters in the North Pacific.

3.2. Influencing Factors of Surface Acidification in the North Pacific Ocean

In addition to the primary influence of CO, emissions, seawater pH is also affected
by various environmental factors such as temperature, salinity, chlorophyll, and dissolved
oxygen. Given the significant acidification of surface seawater over the years, this study
investigates the relationship between surface seawater pH and these environmental factors.
Data verification revealed that each parameter follows a normal distribution. Pearson cor-
relation analysis was used to further evaluate the influence of each environmental factor on
surface seawater pH. As shown in Table 3, surface pH exhibits a negative correlation with
temperature, salinity, and chlorophyll concentration and a positive correlation with dis-
solved oxygen. Among these factors, temperature shows the most significant relationship
with seawater pH, with little seasonal variation in this correlation. Dissolved oxygen and
salinity follow in significance, with chlorophyll concentration having the least correlation
with surface pH. Additionally, the degree of correlation between these environmental fac-
tors and surface pH varies significantly across seasons, especially for salinity and dissolved
oxygen in spring and chlorophyll concentration in autumn and winter.

Table 3. Correlation analysis between pH value of surface seawater and environmental factors.

Environmental Correlation Coefficient Dispersion
Factors Year Spring Summer Autumn Winter Year Spring Summer  Autumn Winter
SST —0.721*  —0.658**  —0.714*  —0.699*  —0.702** 0.011 0.010 0.011 0.012 0.010
5SS —0.425* —0.267 * —0.412* —0.589 * —0.401* 0.004 0.001 0.001 0.001 0.001
chla —0.328 —0.448 * —0.344 —0.167 —0.174 0.030 0.037 0.070 0.037 0.021
DO 0.655 ** 0.347 0.652 ** 0.601 ** 0.709 ** 0.001 0.004 0.005 0.004 0.004

NOTE: * p < 0.05, ** p < 0.01.

To further understand the spatial relationship between pH and other factors, this
study conducted a spatiotemporal analysis of the correlation coefficients between pH and
four environmental factors: sea surface temperature (SST), salinity (SSS), chlorophyll-a
(chl a), and dissolved oxygen (DO), using data from 1995 to 2019. As shown in Figure 3,
over the past 25 years, the occurrence and development of acidification in the surface
waters of the North Pacific exhibit significant spatiotemporal variability influenced by these
environmental factors. The correlation coefficient between pH and SST is predominantly
negative across most of the surface waters in the North Pacific, consistent with the strong
negative correlation of —0.721 observed in Table 3. However, near the equatorial regions,
there is a strong positive correlation (Figure 4a). The spatial distribution of the correlation
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between pH and SSS is mainly negative (Figure 4b), and a comparison with Figure 4a shows
that the spatial correlation between pH and SSS is generally weaker than that between
pH and SST, which also aligns with the results in Table 3. The spatial distribution of
the correlation between pH and chl a is similar to that of SSS (Figure 4c). The spatial
distribution of the correlation coefficients between pH and DO is opposite to that of SST; in
regions where SST shows a negative correlation, DO mostly exhibits a positive correlation.
Near the equatorial regions where SST shows a strong negative correlation, DO presents a
clear negative correlation (Figure 4d).

Spring Summer Summer

= -08 -06 -04 -0.2 0 0.2 04 06 0.8 1 =1 -08 -06 -04 -02

(C) (od) 0.

Figure 3. Spatial distribution of correlation coefficients of influencing factors for surface seawater pH
in the North Pacific (Quarterly) ((a) pH and SST; (b) pH and SSS; (¢) pH and chl a; (d) pH and DO).

2 04 06 0.8 1

Figure 4. Spatial distribution of correlation coefficients of influencing factors for surface seawater pH
in the North Pacific (Annual) ((a) pH and SST; (b) pH and SSS; (c¢) pH and chl a; (d) pH and DO).
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3.2.1. SST

Table 3 and Figure 3a indicate that sea surface temperature (SST) exhibits a significant
negative correlation with surface pH values across all seasons, with varying degrees of
correlation strength. Among the seasons, summer shows the strongest negative correlation
between SST and pH, with a correlation coefficient of —0.714. During summer, the
extent of the negative correlation region is also the largest and most intense in color. In
contrast, the other three seasons display relatively weaker correlations, with smaller and
lighter-colored regions. Despite the predominant negative correlation across large areas,
some regions exhibit positive correlations, particularly in the equatorial zone between
0 and 10°N and 150° E and 160° W. Studies such as those by Long have reported an
opposite trend between sea surface pH and temperature in the northern South China Sea,
while Midorikawa found that an increase in sea temperature contributes approximately
15% to the reduction in pH in the Northwest Pacific [8,28]. Additionally, research by
Gonzélez-Davila, Raven, and Nakano suggests that increased water temperatures lead to
decreased CO; levels and increased pH, whereas lower temperatures are associated with
reduced pH [29-31]. This indicates that the impact of temperature on surface seawater
pH varies by region and time. These findings align with the conclusions of the present
study. Temperature changes directly affect the dissociation constants of carbonic acid,
with higher temperatures increasing the dissociation constants of weak acids in seawater.
This results in a higher concentration of hydrogen ions (H*), thereby altering seawater
pH. Temperature changes also indirectly impact the CO;-carbonate system, enhancing
CO; solubility, disrupting carbonate mineral transformations, and affecting the balance
of CaCOj3 precipitation and dissolution. This phenomenon is further influenced by the
dissociation equilibrium of dissolved inorganic carbonates, leading to a decrease in pH
and subsequent ocean acidification [11]. The distribution and variation of seawater
temperature in open ocean areas play a crucial role in pH variations, showing trends that
are often inversely related to temperature changes.

3.2.2. 55

Compared to temperature, salinity is a more conservative parameter, yet it also
significantly influences seawater pH. Salinity in seawater can vary due to factors such
as evaporation, precipitation, and water mass mixing, leading to changes in pH across
different periods and regions. Generally, the impact of salinity on pH is more pronounced
in coastal areas compared to the open ocean. As illustrated in Table 3 and Figure 5, there
is a widespread negative correlation between surface seawater pH and salinity, with pH
decreasing as salinity increases. This negative correlation is notably more extensive in
autumn and winter. In contrast, spring and summer exhibit both negative and positive
correlations in specific regions, such as the equatorial coastal areas between 0 and 15°
N and 120 and 160° E, as well as the central North Pacific between 25 and 45° N and
130° E and 160° W. During spring, the coastal areas along China’s shore show a positive
correlation with salinity, explaining the relatively lower correlation coefficient for spring
pH with salinity in Table 3. Research by Li Furong indicates that pH decreases as salinity
increases from the shore to the open sea at the Yellow River estuary [32]. Similarly, Ke
Dongsheng observed that while the impact of salinity on seawater pH is less pronounced
than temperature, it still significantly affects pH in coastal and shelf areas [33]. Liu
Xiaohui’s study also demonstrates a positive correlation between pH and salinity in
the Yangtze River estuary [34]. Furthermore, Zeebe and Xiao Zhenglin emphasize that
salinity is a crucial factor in carbonate chemical equilibrium and influences seawater pH
accordingly [12,35].
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Figure 5. Typical marine area zoning.

3.23.Chla

The variation in pH is also influenced by phytoplankton respiration. Research by
Mattsdotter Bjork highlights that chlorophyll-a has a significant impact on acidification,
particularly in the Amundsen Sea and Ross Sea, suggesting that biological factors primarily
drive acidification in the surface waters of marginal seas [36]. As shown in Table 3 and
Figure 3c, chlorophyll-a (chl a) and pH generally exhibit a negative correlation across most
regions of the North Pacific. However, the spatial distribution of this correlation varies by
season. In spring and summer, positive correlations are observed in coastal regions of China
and along the equatorial coastline. During autumn, positive correlations are noted in the
central and eastern equatorial regions, while in winter, positive correlations appear along
the northern Pacific coasts and the eastern equatorial coasts. These findings align with
reports from various studies indicating a positive correlation between seawater pH and
chlorophyll-a concentration in regions such as the East China Sea, Bohai Sea, Yellow Sea,
and the tropical western Pacific. Outside these specific areas, however, chlorophyll-a and
pH generally exhibit a negative correlation throughout other regions of the North Pacific.
This outcome supports Nakano’s study, which reconstructed North Pacific sea surface pH
using sea surface temperature (SST) and chlorophyll-a, revealing a negative correlation
between sea surface pH and chlorophyll concentration. This negative correlation may be
linked to the calcification processes of surface phytoplankton and corals [37-42].

3.24. DO

DO is a critical component of seawater and serves as a key indicator of marine chemical
parameters and water quality. As demonstrated in Table 3 and Figure 3d, surface seawater
pH generally exhibits a positive correlation with dissolved oxygen across most regions.
This positive relationship is primarily attributed to the increased oxygen production by
phytoplankton during spring through photosynthesis, coupled with higher water stability,
where elevated dissolved oxygen levels are associated with higher surface seawater pH.
Nevertheless, anomalies in this pattern are observed in the central North Pacific Ocean
during spring, where surface seawater pH shows a significant negative correlation with
dissolved oxygen. Moreover, in summer, autumn, and winter, strong negative correlations
are noted in the equatorial region (0-10° N, 160° E-140° W). This phenomenon may be
linked to the El Nifio effect, which disrupts the growth conditions for phytoplankton by
causing anomalous increases in temperature. This disruption reduces photosynthesis,
thereby leading to decreased levels of dissolved oxygen and lower pH values in these
regions [19].

3.3. Spatiotemporal Variation of Typical Partitions

The temporal and spatial variations in pH levels across the North Pacific reveal that
ocean acidification is influenced by diverse factors depending on the time and location.
To investigate how these variations contribute to acidification, this study focuses on three
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key regions: the equatorial central area (A: 0-10°N, 160° E-140° W), the eastern China and
Japanese seas (B: 24-44° N, 120-160° E), and the western Canadian waters (C: 38-58° N,
160-120° W). Using EOF analysis, we assess the primary patterns of variability in each
region. Complementary correlation analysis and Geographic Detector methods are applied
to quantify the impact of various controlling factors on acidification in these regions. This
approach aims to provide a detailed understanding of how temporal and spatial dynamics
shape acidification processes in the North Pacific.

3.3.1. Equatorial Central Region

In the EOF spatial components for the equatorial central region, the first mode, which
accounts for 56.37% of the EOF variance, displays a uniform phase shift across the area.
This shift originates from a central point roughly around 169° E to 177° W and 0° to
1° N, with the amplitude decreasing radially outward. The second mode, contributing
14.32% of the EOF variance, exhibits anti-phase variations across the region, with 6° N
and 164° W serving as the dividing line. In this mode, the positive phase center is shifted
northwest relative to the first mode, while the negative phase center is situated in the
eastern part of the region. This mode demonstrates a wavelike pattern in the amplitude of
change propagating from the positive to the negative phase centers. Although the temporal
components of both modes do not show distinct periodic patterns, the variation in the
first mode’s temporal coefficient exhibits a strong resemblance to the El Nifio phenomenon

(Figure 6).
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Figure 6. Spatial distribution and time series of eigenvectors for the first and second modes of EOF in
A region.

3.3.2. Eastern Regions of China and Japan

In the eastern China and Japanese seas, the first mode of the Empirical Orthogonal
Function (EOF) analysis, which accounts for 83.82% of the variance, shows a uniform
phase change across the entire region. This mode reveals that the amplitude of variation
is notably greater in coastal areas compared to the open sea, with the Bohai Sea region
experiencing the most significant changes. The second mode, contributing 6.78% of the
variance, demonstrates an anti-phase variation between coastal and open sea regions. In
this mode, the coastal areas near China exhibit a positive phase variation, while the Sea of
Japan shows a negative phase variation. The amplitude of positive changes in the coastal
regions is larger than the negative changes observed in the Sea of Japan. Both modes
display strong periodicity in their temporal components, suggesting a stable pattern of
pH changes over time. Notably, the temporal coefficient for the positive phase of the first
mode is decreasing, whereas the coefficient for the negative phase is increasing. This trend
indicates that the effects of certain ecological activities on acidification, particularly during
the summer, are intensifying, potentially due to influences related to coral reef systems
(Figure 7).
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Figure 7. Spatial distribution and time series of eigenvectors for the first and second modes of EOF in
B region.

3.3.3. Western Region of Canada

In the western Canadian seas, the first mode of the EOF analysis, which accounts for
45.58% of the variance, reveals a uniform phase change throughout the region. Here, the
amplitude of variation decreases systematically from south to north. The second mode,
contributing 19.08% of the variance, exhibits an anti-phase variation with 45°N as the
dividing line. In this mode, the amplitude of change increases progressively in both the
northern and southern parts of the region. This could be influenced by the North Pacific
Current and the Alaska Current, which bring chemical substances from the ocean floor
to the surface waters. The temporal component of the first mode shows a strong periodic
pattern, while the second mode demonstrates periodicity primarily beginning after 1999
(Figure 8).
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Figure 8. Cont.
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Figure 8. Spatial distribution and time series of eigenvectors for the first and second modes of EOF in

C region.

3.4. Discussion of the Main Controlling Factors of Typical Partitions

Based on the results from Chapter 3, it is clear that the degree of acidification varies
significantly across different regions of the North Pacific, with distinct environmental
factors influencing acidification in each area. To better understand these spatial differences,
regions A, B, and C were subdivided into 5° x 5° grid cells, with the northwest corner
of each region designated as zone 1 and subsequent zones numbered sequentially from
north to south. This resulted in 24 grid cells for region A and 32 grid cells each for regions
B and C. Land-based grid cells were excluded from the analysis, and the remaining cells
were examined to determine the correlation coefficients between pH and environmental
factors such as temperature, salinity, chlorophyll a, and dissolved oxygen. All correlations
were tested at a 95% confidence level, with pH correlations to temperature, salinity, and
chlorophyll analyzed as absolute values.

Figure 9 illustrates that the primary factors influencing pH in region A are chlorophyll a
and sea surface temperature (SST). In contrast, salinity (SSS) and dissolved oxygen (DO) are
more significant in regions B and C. This trend is corroborated by the correlation coefficients
observed in Figure 6, where chlorophyll a and SST, which are dominant factors in the first
EOF mode for pH in region A, show distinct peaks. Similarly, Figure 7 reflects high correlation
coefficients for SSS and DO in coastal areas with large pH first EOF mode amplitudes.
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Figure 9. Correlation coefficient plots between pH and various environmental factors in areas A,
B, and C which were subdivided into 5° x 5° grid cells, with the northwest corner of each region
designated as zone 1 and subsequent zones numbered sequentially from north to south.
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The line graphs reveal wave-like variations in pH amplitude from north to south
in the eastern part of region A, with 140° E serving as a boundary. Figure 8 confirms
that the spatial distribution of the decreasing amplitude of the pH first EOF mode from
south to north aligns with the wave-like patterns observed in the SSS and DO line graphs.
Additionally, the amplitude variation is more pronounced in the western part of the region
compared to the eastern part, as reflected in the larger wave amplitudes observed in the
western line graphs and smaller amplitudes in the east.

3.5. Quantitative Analysis of Main Control Factors

Figure 9 demonstrates that the correlation coefficients between pH and environmental
factors in regions A, B, and C reveal distinct primary controlling factors for each area. How-
ever, the exact magnitude of these factors” influence and the potential positive interactions
between them are not yet clear. To address these questions, the next step involves employ-
ing a geographic detector to further explore and quantify these relationships in detail.

Figure 10 illustrates the results of the geographic detector analysis, revealing that the
single-factor Q-values for the primary controlling factors, chlorophyll a (chl a) and sea
surface temperature (SST) in Region A, fluctuate around 0.5. However, when these factors
interact, the Q-value rises to approximately 0.7, showing significant improvements across
various spatial grids. This indicates that the interaction between chl a and SST enhances
the explanation of acidification, contributing to over 70% of the variation in Region A.
In Regions B and C, the single-factor Q-values for dissolved oxygen (DO) are around
0.7 and 0.4, respectively, while salinity (SSS) shows Q-values of approximately 0.85 and
0.5. When these factors interact, the Q-values increase to 0.9 and 0.6, respectively, with
similar enhancements observed across spatial grids. This suggests that the interaction
between DO and SSS accounts for 90% and 50% of the acidification in Regions B and C,
respectively. These findings underscore that the primary controlling factors of acidification
differ among regions, and even when the factors are the same, their impact can vary
significantly depending on the interactions and spatial context.
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Figure 10. Geodetector results for pH and various environmental factors in areas A, B, and C.
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3.6. Discussion of A, B, and C Acidification Mechanisms

The acidification of Region A is primarily influenced by the El Nifio phenomenon. El
Nifio is a periodic climate event that leads to a rise in sea surface temperatures, reducing the
ocean’s ability to absorb CO,, which in turn accelerates the acidification process. During
El Nifio events, the ocean’s mixed layer becomes shallower, slowing the exchange of
chemical substances at the surface, resulting in a cyclical fluctuation in acidification. This
climate-driven factor causes Region A to exhibit a distinct seasonal and periodic decline in
pH levels.

The acidification in Region B is more severe, particularly in areas close to the coast,
where it is strongly linked to coastal upwelling and eutrophication. Upwelling brings
COy-rich and nutrient-laden deep waters to the surface, increasing CO, concentrations
and accelerating acidification. Furthermore, the peak of biological activity in summer,
especially the respiration and calcification processes of coral reef systems, intensifies local
acidification. Human activities, such as pollution and coastal development, exacerbate this
effect, creating pronounced acidification hotspots in Region B.

The acidification mechanism in Region C is relatively complex and primarily influ-
enced by the North Pacific Current and the Alaska Current. These currents transport
deep-sea chemical substances, including CO,-rich waters, to the surface, leading to a
stepped pattern of acidification across the region. Additionally, these currents affect the
distribution of temperature and salinity, further driving the acidification process. The
unique spatial distribution of acidification in Region C indicates that oceanic circulation
plays a key role in its acidification dynamics.

In summary, the acidification mechanisms in Regions A, B, and C each display unique
characteristics. Region A is largely driven by climate phenomena, Region B is signifi-
cantly impacted by biological activity and human influences, and Region C is shaped by
oceanic circulation processes. These varied acidification mechanisms provide valuable
insights into the global processes of ocean acidification, offering important case studies for
further understanding.

4. Conclusions

Based on reanalysis data from 1995 to 2019, this study explores the temporal and
spatial variations in pH levels of surface waters in the North Pacific Ocean and examines
the factors influencing these pH levels. The key findings are as follows:

(1) Surface water pH has decreased linearly by approximately 0.043 over the 25-year
period. Seasonal variations reveal that pH levels peak in winter and reach their
lowest point in summer. Spring and winter show the most significant changes, while
summer and autumn exhibit more stable pH levels. The surface water pH displays
a gradient from high in the northwest to low in the southeast. Over time, there is a
noticeable stepwise decline in pH from west to east. Acidification is most severe in
the central and western North Pacific, while other regions, particularly equatorial and
high-latitude areas extending towards the central ocean, exhibit a more uniform level
of acidification.

(2) Beyond CO; emissions, several environmental factors significantly impact surface
water pH in the North Pacific. These include sea surface temperature (SST), salinity,
chlorophyll-a concentration, and dissolved oxygen. The surface pH is negatively
correlated with temperature, salinity, and chlorophyll-a concentration and positively
correlated with dissolved oxygen. Among these factors, SST has the most pronounced
effect on pH, followed by dissolved oxygen, salinity, and chlorophyll-a concentration.

(38) The acidification levels in regions A, B, and C exhibit distinct characteristics. Based
on the EOF analysis results and the specific conditions of each sea area, it is found
that the acidification in region A is primarily influenced by the El Nifio phenomenon,
showing a periodic downward trend. In Region B, coastal acidification is more severe
due to upwelling or eutrophication. Furthermore, summer marine biological activities,
such as coral reef systems and human activities, have exacerbated this effect. The
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stepped distribution of acidification in Region C is mainly influenced by the North
Pacific Current and the Alaska Current.

(4) The influence of these factors varies by region and over time. In Region A, chlorophyll-
a and SST are the primary drivers of acidification, accounting for more than 70% of
the changes when their interactions are considered. In Regions B and C, dissolved
oxygen (DO) and salinity (SSS) are more influential, contributing approximately 90%
and 50% of the acidification, respectively, when interactions are factored in.

These findings underscore the complexity of acidification processes and the need for
region-specific management strategies to address the varying impacts of environmental fac-
tors on seawater pH. Moreover, understanding the dominant factors driving acidification in
different regions can provide valuable insights for developing strategies to mitigate regional
acidification and lay the groundwork for comprehensive ocean acidification management.
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