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Coastal inorganic mercury time series
reveals interannual and seasonal
variability driven by regional climate
factors

Check for updates
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Amina T. Schartup 1

Inorganicmercury (iHg) is an anthropogenic pollutant that formsmonomethylmercury, a neurotoxicant
affecting human health through seafood consumption. Despite iHg emissions reductions, the impact
onoceanic concentrations remains unclear due to limited long-termdata.Here,wepresent a four-year
weekly time series of oceanic iHg concentrations at Scripps Pier in La Jolla, California, capturing
interannual and seasonal variability. Interannual variability is driven by wet season precipitation, with
wet years exhibiting sevenfold higher iHg concentration variance than dry years, potentially linking
to El Niño-Southern Oscillation. Seasonally, precipitation and wave dynamics influence iHg inputs,
with wet seasons driven by precipitation and runoff and dry seasons by upwelling. These parameters
informed a model built to reconstruct a 20-year record of iHg concentrations, suggesting a long-term
decline of 0.005 pM yr−1 due to climate-driven effects alone. This study highlights challenges in
detecting long-term trends and emphasizes the need for sustained monitoring of oceanic iHg.

Mercury (Hg) is a global pollutant that poses risks to human health through
the consumption of seafood containing monomethylmercury (MMHg), a
bioaccumulating neurotoxicant1. Anthropogenic emissions release inor-
ganic Hg (iHg) as elemental (Hg0) and divalent (HgII) forms into the
atmosphere and rivers, which are ultimately deposited to theEarth’s surface,
including the ocean. Precipitation, also referred to as wet deposition2,3, and
river runoff 4,5 primarily supply HgII and are influenced by both natural and
anthropogenic factors, while dry atmospheric deposition delivers Hg0 pri-
marily from anthropogenic emissions6. Once in the ocean, Hg0 can oxidize
to HgII, which serves as the substrate for MMHg formation7–9, linking
anthropogenic Hg emissions to marine MMHg risks.

Global efforts to reduce iHg emissions, notably through the United
Nations Minamata Convention, are currently being evaluated for their
effectiveness in decreasing environmental Hg concentrations. To determine
the impacts of anthropogenic emissions reduction efforts, it is important to
establish long-term oceanic monitoring to distinguish between the influ-
ences of anthropogenic emissions, regional physical processes, and climate
variability. Understanding the processes driving concentration variability is
critical for evaluating the success of policies aimed at reducing iHg and
MMHg concentrations in marine ecosystems.

Most oceanographic studies rely on large-scale transects, where
discrete sampling stations are occupied at fixed time points. While these
studies have been effective for mapping Hg distributions across ocean
basins10–13, the stations are rarely revisited. This results in limited tem-
poral resolution, which makes it difficult to understand how environ-
mental variability impacts biogeochemical processes. Alternatively,
regularly sampled time series offer a framework to analyze iHg con-
centrations over the range of environmental conditions, providing
insights into baseline observations, seasonal cycles, and anthropogenic
change. Existing Hg time series have focused on atmospheric Hg14,15 and
riverine Hg concentrations and export5,16,17, which have proved useful in
evaluating changes in regional anthropogenic emissions and informing
policy actions through the United Nations Minamata Convention. On
the other hand, few studies have examined oceanic Hg variability, despite
its direct relevance to human exposure through seafood consumption.
Global biogeochemical models have been used to evaluate the timeline to
observe changes in seawater Hg concentrations18,19; however, the
response time is unclear and highly dependent on the rate of emissions
reductions and climate change impacts on the Hg biogeochemical cycle.
Thus, to better understand how emissions reduction policies impact

1Scripps Institution of Oceanography, University of California San Diego, La Jolla, CA, USA. 2Department of Ocean Sciences, University of California Santa Cruz,
Santa Cruz, CA, USA. e-mail: hadams@ucsd.edu; aschartup@ucsd.edu

Communications Earth & Environment |           (2025) 6:293 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02263-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02263-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02263-8&domain=pdf
http://orcid.org/0000-0001-7231-3522
http://orcid.org/0000-0001-7231-3522
http://orcid.org/0000-0001-7231-3522
http://orcid.org/0000-0001-7231-3522
http://orcid.org/0000-0001-7231-3522
http://orcid.org/0000-0002-9289-8107
http://orcid.org/0000-0002-9289-8107
http://orcid.org/0000-0002-9289-8107
http://orcid.org/0000-0002-9289-8107
http://orcid.org/0000-0002-9289-8107
mailto:hadams@ucsd.edu
mailto:aschartup@ucsd.edu
www.nature.com/commsenv


oceanic concentrations, it is essential to establish marine time series to
evaluate long-term variability in iHg concentrations.

TheCaliforniaCurrent Systemis a highlyproductivefishery, supplying
110 million pounds of commercial seafood landings in 202320. As a result,
monitoring seawater iHg concentrations in this region can help assess the
risks of MMHg exposure from local seafood. The Ellen Browning Scripps
Memorial Pier (Scripps Pier; Fig. 1) at Scripps Institution of Oceanography
in La Jolla, California is a long-term oceanographic monitoring site that is
part of anetworkof sitesmanagedby the SouthernCaliforniaCoastalOcean
Observing System (SCCOOS). Seawater to amaximumdepth of 6m can be
sampled here, and existing time series include observations for physical,
biological, and chemical parameters, with some dating back to the early
1900s (Supplementary Fig. 1)21–23. Due to the abundance of ongoing time
series, this area iswell-characterizedandan ideal location to establish ahigh-
resolution time series of iHg concentrations. By introducing this temporal
aspect to ourmeasurements,we candetermine thedrivers of iHg supply and
variability in the water column.

Here, we present four years of weekly iHg measurements from surface
waters (≤ 6m) at Scripps Pier, establishing the first high-resolution time series
of oceanic iHg concentrations, to the best of our knowledge. We find that
precipitation and wave height are significant positive predictors of iHg con-
centrations, and we use these parameters to develop a two-component mul-
tiple linear regression plus autoregressive moving average model that
reconstructs iHg concentrations back to 2004. This modeled historical time
series provides insights into the interannual variability of iHg supply and
allows us to evaluate the potential impact of climate variability on oceanic iHg
concentrations.

Results and Discussion
Observations from 2021 to 2024 reveal that regional processes
control interannual variability and seasonal patterns in iHg
concentrations
In surface waters (≤ 6m) at Scripps Pier, iHg concentrations in unfiltered
samples remained relatively stable over the study period, with concentra-
tions exhibiting a log normal distribution, averaging 2.64 pM, with a lower
standard deviation of 1.83 pM and an upper standard deviation of 2.85 pM
(n = 333, Fig. 2a). These concentrations align with observations from the
broader California Current System24,25, providing a baseline for evaluating
interannual variability, seasonal trends, and short-term influences. While
we sampled from both 0.5 m and 6m depths, we chose to analyze these
samples together. This is because the water column depth is shallow and
within the mixed layer, and differences between the two sampling depths
can be attributed to slight differences in biogeochemical processes influ-
encing thewaters. The 6m samplesmay bemore influenced by interactions
with deeper watermasses and sediments26–28, whereas the 0.5m samples are
likely more impacted by air-sea exchange processes29. Throughout the
sampling period, 95% of samples at both depths remain below 2 pM, while
notable spikes exceeding 2 pM were observed during precipitation events
and periods of increased wave height, highlighting the major factors con-
trolling iHg in these waters (Fig. 2a–c).

Interannual variability in marine iHg concentrations was observed
throughout the sampling period, which we attribute to California’s highly
variable wet season precipitation. The wet season, spanning October to
March, is characterized by the largest year-to-year variability in the con-
tinental United States30. Based on precipitation anomalies since 1940 at

Fig. 1 | Location of Scripps Pier and environ-
mental processes that impact inorganic mercury
concentrations at Scripps Pier. aMap of Scripps
Pier (red circle) in La Jolla, California with the
location ofmonitoring sites for precipitation (purple
star), buoys (yellow square), and streamflow (green
triangle). General locations for the La Jolla Sub-
marine Canyon and Los Peñasquitos River are
labeled, and the shaded green area represents the
watershed region for the Los Peñasquitos River.
Currents in the region are seasonally influenced, but
generally, there is a poleward-flowing coastal
current75,76, and during precipitation events, river
plume waters flow southward from the Los Peñas-
quitos River outflow43. Map created using QGIS.
b Schematic of environmental processes that impact
inorganic mercury concentrations at Scripps Pier,
including precipitation, waves, and upwelling. The
maximum depth that can be sampled from Scripps
Pier is 6 m.
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Station USW00023188 located 16 km away from Scripps Pier31 (Supple-
mentary Fig. 2), we classified each year’s wet season as either “wet” or “dry.”
During the dry conditions in 2021 (111mm of rain) and 2022 (154mm),
elevated ( > 2 pM) iHg concentrations occurred infrequently. In con-
trast, during the wet conditions in 2023 (346mm) and 2024 (309mm), iHg
concentrations exhibited seven times larger variance than during dry con-
ditions in 2021 and 2022 (F-test, p = 5.5 × 10-10, nwet = 43, ndry = 85; Sup-
plementary Fig. 3). These findings reveal that interannual variability in wet
season rainfall significantly influences oceanic iHg concentrations during
the sampling period. This relationship is likely driven by multiple biogeo-
chemical processes. Increased precipitation directly delivers atmospheric
iHg to surface waters2,3,32–34 and subsequent runoff from rivers4,5,35 carries
terrestrial and sediment-bound iHg into the coastal ocean, which contribute
to elevated unfiltered concentrations of iHg in the water column. Addi-
tionally, increased wind speeds during rainfall events induce water column
mixing that can resuspend iHg from the sediments36, transporting iHg to the
water column. With more precipitation events during the wet season, this
allows for more inputs of iHg into the surface waters at Scripps Pier. These
findings reveal that interannual variability inwet season rainfall significantly

influences oceanic iHg concentrations during this study period by mod-
ulating these physical and biogeochemical pathways.

Given the relationship between wet season precipitation and surface
water iHg concentrations, we explored the link between broader climatic
factors that influence rainfall patterns and the impact on iHgdynamics.One
climatemode thatmodulates precipitation andoceanographic conditions in
California is El Niño-Southern Oscillation (ENSO; Supplementary Fig. 4).
La Niña conditions (negative ENSO anomaly) are associated with dryer
winters and increased summer upwelling, while El Niño conditions (posi-
tive ENSO anomaly) are associated with wetter winters and decreased
summer upwelling37–39. During the course of our sampling period, the wet
seasons were predominately influenced by La Niña conditions, so we were
unable to compare how positive and negative ENSO anomalies impact wet
season iHg concentrations. In contrast, the dry seasons (April – September)
included two years each of El Niño and La Niña conditions. During the La
Niña dry seasons of 2021 and 2022, median iHg concentrations were 23%
higher than the El Niño dry seasons of 2023 and 2024 (Mann-Whitney U
Test,p = 4.4 × 10-4; Supplementary Fig. 5).Wehypothesize that this is due to
stronger upwelling during La Niña periods, which transports iHg-rich
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Fig. 2 | Time series of inorganicmercury (Hg) concentrations, precipitation, and
wave height at Scripps Pier between 2021-2024. Pink shading indicates the wet
season between October to March, and unshaded (white) background indicates the
dry season between April to September. a Weekly samples of inorganic Hg con-
centrations were taken at 0.5 m and 6 m depth. Error bars represent the standard
deviation of replicate measurements. bWeekly sum of precipitation from Station

US1CASD0030 in La Jolla, California. c Daily average wave height from buoy
LJPC1. dMonthly median of inorganic Hg concentrations, with error bars repre-
senting the 10th and 90th percentiles. e Monthly median of the weekly sum of pre-
cipitation, with error bars representing the 10th and 90th percentiles. fMonthly
median of daily average wave height, with error bars representing the 10th and 90th

percentiles.

https://doi.org/10.1038/s43247-025-02263-8 Article

Communications Earth & Environment |           (2025) 6:293 3

www.nature.com/commsenv


waters from depth to the surface24,25. While iHg concentrations in deeper
waters from the La Jolla Submarine Canyon located near Scripps Pier have
not been reported to the best of our knowledge, previous work in the
California Current System has identified elevated Hg concentrations in
surface waters influenced by upwelling24,25,40, suggesting that this may be a
process that influences surface waters at Scripps Pier. Although our dataset
includes only two years eachof LaNiña andElNiño conditions, limiting the
ability to draw definitive conclusions, the observed patterns highlight a
potential link between oceanic iHg concentrations and climate indices.
Continuedmonitoring of these processes is essential to validate these trends
and improve predictions of iHg variability under future climate scenarios.

Seasonally, surface water iHg concentrations over the course of a year
were elevated during the wet season (October to March) and more stable
during the dry season (April to September), which is influenced by sea-
sonality of precipitation and wave height (Fig. 2d–f). To better identify and
quantify these underlying seasonal trends, we applied singular spectrum
analysis. This method uncovered a periodic increase of up to 0.1 pM per
month during the wet season, driven by precipitation and wave-induced
mixing, followed by decreases during the dry season (Supplementary Fig. 6).
Wet season iHg dynamics were influenced by episodic precipitation events,
particularly atmospheric rivers, which bring intense winds and multi-day
rainfall. These events increase streamflow, urban runoff, and ocean
turbulence41–43, introducing pulses of iHg that cause temporary spikes in
concentrations before rapidly returning to baseline levels. This seasonal
analysis suggests that precipitation and wave dynamics, which are elevated
during the wet season compared to the dry season, exert a strong influence
on the system by increasing iHg concentrations.

During the dry season, while concentrations are lower than the wet
season due to lower wind speeds and the absence of precipitation events,
we find that iHg concentrations positively correlate with wave height
measured by buoy LJPC144, located within meters of Scripps Pier
(R2 = 0.165, p = 2.5 × 10-7, n = 150; Supplementary Fig. 7), which reflects
wind speed, duration, and fetch45. Wave dynamics have a complex
influence on iHg concentrations, where turbulent mixing and upwelling
can enhance concentrations, while stronger winds driving larger waves
can accelerate the evasion of Hg0, reducing oceanic concentrations. In
this study at Scripps Pier, we observed a positive correlation between
wave height and iHg concentrations during the dry season, when pre-
cipitation is absent. This suggests that while both wave height and iHg
concentrations are lower and more stable during the dry season (Fig. 2d,
f), increased wave height slightly elevates iHg concentrations. We
hypothesize that this relationship is due to upwelling, where wave height
can serve as a proxy for mixing and upwelling that enhances iHg con-
centrations. Upwelling, a known source of iHg to surface waters within
California Current System24,25, brings iHg-rich waters from depth to the
surface. To confirm the relationship between wave height and upwelling,
we compared the daily average wave height with the modeled Coastal
Upwelling Transport Index46 (CUTI) at 33°N, which is a daily index
developed by Jacox et al. to estimate vertical transport of upwelled waters
based on the surface wind stress47. Higher values of the CUTI represent
more water transport due to upwelling, and we find a significant positive
correlation between wave height measured by buoy LJPC1 and the
modeled CUTI (R2 = 0.37, p = 7.83 ×10-9, n = 75; Supplementary Fig. 8).
As a result, we use wave height in our analyses as a proxy for upwelling
and mixing processes that introduce iHg from depth to surface waters
because it is a measured parameter at Scripps Pier.

During upwelling conditions in the dry season, deep La Jolla Sub-
marine Canyon waters that are enriched in nutrients are transported to the
surface, stimulating primary productivity22,28,46,48,49. The introduction of iHg
from upwelled waters24,25 during these biologically active periods48 increases
its likelihood of undergoing methylation compared to the precipitation-
driven inputs of thewet season9,50,51. As a result, upwelling-driven iHg inputs
may play a critical role in providing substrate for MMHg formation in the
water column at Scripps Pier and its subsequent bioaccumulation inmarine
food webs.

Developing a predictive model for iHg concentrations reveals
that physical processes, rather than inputs, drive variability
We aimed to develop a predictive model for oceanic iHg concentrations in
this coastal system using measured values from our high-resolution time
series and related physical parameters. The first step was to incorporate
major inputs, with atmospheric deposition identified as a primary source of
iHg. To capture this, we used GEOS-Chem modeled total atmospheric
deposition from 2021 to 2023. GEOS-Chem is a global atmospheric
chemistrymodel that estimateswet anddry deposition of iHgby integrating
large-scale inputs, such as global anthropogenic emissions, meteorological
patterns, and deposition processes52–54. We used this model to estimate the
monthly mean iHg deposition within the region of 30–40°N and
115–120°W and then searched for correlations between these data and our
iHg concentrations on both a weekly andmonthly time frame. Our analysis
revealed no significant correlations, and this persisted even after incorpor-
ating additional physical variables measured at or near Scripps Pier, such as
precipitation or wave height. These findings suggest that the GEOS-Chem
modeled total atmospheric iHgdepositiondoes not explain the variability in
oceanic iHg concentrations observed at this site.

With this result, we investigated alternative drivers of oceanic iHg
variability by testing correlations between datasets of local physical pro-
cesses, such as oceanographic and meteorological measurements, and our
measured iHg time series. We iteratively tested various combinations of
publicly available datasets of physical factors between 2021 and 2023
through multiple linear regression, such as temperature, salinity, nutrients,
and chlorophyll-a. Ultimately, we found that streamflow and wave height
together explained the largest proportion of iHg variability. The streamflow
dataset, provided by the United States Geological Survey, captures weekly
average streamflow from the Los Peñasquitos river, with the outflow located
7.5 km north of Scripps Pier55. This dataset reflects the cumulative pre-
cipitation effects within the watershed, serving as both an indicator of
precipitation and terrestrial inputs of iHg to the ocean. On the other hand,
thewaveheightdata is adaily averageof hourlymeasurements sourced from
buoy LJPC1, locatedwithinmeters of Scripps Pier44. This dataset reflects the
impact of coastal hydrodynamic processes that source upwelled water
masses, resuspend sediments, and promote mixing. Together, these two
factors revealed a significant correlation with measured iHg concentrations
that explains 19% of the variability, with 35% of the regression model
influenced by streamflow and 44% influenced by wave height (R2 = 0.19,
p = 5.7 × 10-6,n = 116).Notably, we donot use any iHg concentrations from
either of these two sources to develop this model, demonstrating how the
magnitude of physical processes alone can be used to predict iHg values.
This model, based entirely on physical processes, outperformed attempts to
incorporate GEOS-Chem atmospheric deposition data, emphasizing the
importance of localized dynamics over large-scale atmospheric inputs in
explaining short-term variability.

The distinction in spatial and temporal resolution between GEOS-
Chemand localizedphysical datasets reflects the differences in the processes
that theycapture.GEOS-Chemprovides broad-scale estimates of iHg inputs
via atmospheric pathways, which are useful for understanding long-term
trends; however, localized datasets are better suited to capture dynamic
oceanographic processes, such as upwelling and watershed inputs, that
influence how iHg concentrations fluctuate within a local coastal system on
a shorter time scale. These processes are inherently linked to the physical
datasets of streamflow andwave height, and as a result, we find that they are
better suited to explain the variability in iHg concentrations observed in our
time series. These results suggest that variability in iHg concentrations on a
weekly basis is not primarily determined by total iHg deposition to the
system as modeled by GEOS-Chem but rather by how these inputs interact
with natural processes controlling iHg cycling and distribution.

To refine our regression model based on streamflow and wave height,
we applied an autoregressive moving average component to account for
temporal autocorrelation in the residuals (see Supplementary Table 1,
Supplementary Fig. 9, and Methods). Figure 3 shows the overall model,
which has an R2 = 0.82 (n = 116), and was trained with measured iHg
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concentrations between 2021 and 2023. To evaluate our model, we com-
pared the model predictions to measurements taken throughout 2024,
confirming that themodel predicts all but twomeasured sampleswithin the
99% confidence interval (n = 47, Fig. 3, Supplementary Fig. 10). In February
2024, one point falls below the 99% confidence interval due to anomalously
high rainfall that does not result in as much of an increase in iHg con-
centrations in the 0.5mwater sample compared to the 6m sample (Fig. 2a).
The other data point falls above the 99% confidence interval, corresponding
to a sharpdecline in temperature observed in late September 2024,whichwe
hypothesize reflects the influence of a deeper water mass increasing iHg
concentrations (Supplementary Fig. 1a). This temperature decline was not
associated with precipitation, andwave height showed only a slight increase
(Fig. 2). Since the model is parameterized solely by streamflow and wave
height, it could not account for this anomalous iHg concentration. As our
time series expands, themodel can be improved by incorporating additional
parameters, such as temperature or other indicators of water masses.
Overall, our results demonstrate that the model reliably reconstructs iHg
concentrations on short time scales based on localized physical processes,
offering valuable insights into the major drivers of iHg variability in this
system. This model highlights the importance of incorporating high-reso-
lution, site-specific datasets in understanding dynamic coastal
environments.

Retrospective modeling of iHg concentrations reveals sub-
stantial interannual variability driven by natural climate factors
To assess long-term trends due to climate variability, we used our model to
reconstruct iHg concentrations in these waters from September 2004
through December 2024 (Fig. 4). The modeled data reveal significant
variability in iHg concentrations driven by changes in precipitation and
wave height. Based on this data, we detected a long-termdecreasing trend of
0.005 pM yr-1 over the past 20 years (Mann-Kendall test and Theil-Sen’s
Slope, p = 1.0 × 10-5). It is important to note that thismodel does not include
source iHgconcentrations,whichmayhavevaried over thepast twodecades
due to changes in emissions and deposition patterns. As a result, the
observed trend cannot be interpreted as an absolute decline in iHg con-
centrations, but rather it reflects the influence of reductions in natural
factors, such as precipitation andwave height, that may have contributed to
decreasing iHg concentrations. In California, the past 20 years have been
characterized bymore dry winters thanwet winters (Supplementary Fig. 2),
driven in part by the negative mode of the Pacific Decadal Oscillation along
with the occurrence ofmore LaNiña conditions (Supplementary Fig. 4)39,56,
which may be causing a decrease in iHg inputs. In the future, climate
predictions for California expect increased interannual precipitation
variability, and while precipitation events will become less frequent, the
intensity of atmospheric rivers is expected to increase57. As a result, we
hypothesize that the projected reduction in precipitation will decrease iHg
inputs to surface waters at Scripps Pier, resulting in a continued decreasing
trend in iHg concentrations. However, the major spikes in iHg linked to

atmospheric rivers, similar to those observed in 2023 and 2024, will persist.
These impacts would be independent of changes in atmospheric deposition
due to emissions controls, underscoring the dominant influence of regional
hydrological and oceanographic processes at this site. Continuing to
monitor oceanic iHg concentrations will allow us to assess the impact of
climate change on oceanic iHg, which is an ongoing area of research.

Overall, our time series analysis demonstrates the impact of natural
climate variability and ocean processes in influencing iHg concentrations in
California’s surface waters, both in measured and modeled datasets span-
ning the past 20 years. While atmospheric deposition affects regional iHg
concentrations over longer time scales, our findings highlight shorter-term
processes that directly impact oceanic iHg concentrations that may obscure
the effects of atmospheric deposition. This work marks the first long-term
iHg time series in a marine environment, to the best of our knowledge, and
additional global time series are necessary to improve large-scale biogeo-
chemical models and policy assessments. Changes in Hg emissions add an
additional layer of complexity in understanding long-term trends, but until
we can fully quantify the role of environmental variability in driving oceanic
iHg concentrations, it remains challenging to disentangle the effects of
emissions reductions from climate-driven changes. Based on these findings,
we recommend expanding monitoring programs to create region-specific
time series to examine key drivers of Hg variability and to disentangle
competing influences from anthropogenic emissions, climate change, and
natural variability to ultimately allow for quantifying the timeline for
environmental recovery.

Methods
Hg Sampling
Weekly sampling was conducted between December 2020 and December
2024 at Scripps Pier in La Jolla, CA (32.8634 °N, 117.2546 °W; Fig. 1). Total
Hg (THg) and total methylated Hg (MeHg: sum of MMHg and dime-
thylmercury)were sampled at the surface ( < 0.5mdepth) andbottomwater
(6mdepth)using aperistaltic pumpequippedwithweighted sample tubing.
Unfiltered seawater was pumped into clean borosilicate glass bottles (I-
Chem) and returned to the lab.MeHg andTHg sampleswere acidifiedwith
0.4% hydrochloric acid (HCl; Trace Metal Grade, J.T. Baker), and stored at
4°C until analysis within 6 months.

Hg Speciation Analysis in Seawater
THg concentrations were measured following U.S. EPAMethod 1631e58,59.
30mL samples were amended by bromine monochloride oxidation,
hydroxylamine and tin (II) chloride reduction, and purged onto gold traps
followed by cold-vapor atomicfluorescence spectrometry (CV-AFS) using a
Tekran 2600AutomatedHgAnalyzer. Calibrationwas based on an aqueous
1000 ppm mercuric chloride (HgCl2) standard (SPEX Certiprep®) and
confirmed with a second 1000 ppm HgCl2 standard (Alfa Aesar). To vali-
date concentrations, we analyzed the river water certified referencematerial
ORMS-3 (National Research Council Canada, Ottawa, Canada) with a

Fig. 3 | Modeled inorganic mercury (Hg) con-
centrations (red) compared to measured values
(gray) at Scripps Pier. The model was constructed
using multiple linear regression of streamflow and
wave height with an autoregressive moving average
component trained with measured iHg concentra-
tions between 2021 and 2023.Modeled data for 2024
is compared to measured data as part of a model
validation set. 99% confidence intervals for 2024
modeled data are represented by the shaded
region in red.
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certified value of 12.6 ± 1.1 ng L-160. We determined ORMS-3 concentra-
tions to be 14.8 ± 2.44 ng L-1 (n = 12). The detection limit was 0.17 pM
(n = 75 reagent blanks) with ongoing precision and recovery of 101 ± 6%
(n = 73). Average replicate precision was 6% (n = 130), and matrix spike
recovery was 93 ± 12% (n = 36).

MeHg samples collected prior to January 2024 were analyzed by
ascorbic acid-assisted direct ethylation following Munson et al. (2014)
and U.S. EPA Method 163061,62. 45mL samples were digested overnight
with 1% sulfuric acid, then pH-adjusted with potassium hydroxide and
acetate buffer. Next, ascorbic acid was added as an antioxidant prior to
ethylation with sodium tetraethylborate. Volatile species were pre-
concentrated onto a Tenax trap, which was then desorbed. Hg species
were separated by gas chromatography and quantified via CV-AFS on a
Tekran 2700 Automated Methylmercury Analyzer. Calibration curves
were based on standards prepared from a certified 1000 ppm aqueous
MMHg chloride standard (Alfa Aesar). The detection limit was 0.030 pM
(n = 59 reagent blanks), with ongoing precision and recovery of
106 ± 13% (n = 96). Average replicate precision was 7% (n = 195, and
matrix spike recovery was 101 ± 25% (n = 69).

Samples taken following January 2024 were quantified via isotope
dilution to improve detection. Isotopically enriched monomethyl-201Hg
(MM201Hg) was synthesized from isotopically enriched inorganic 201Hg
(Oak Ridge National Laboratory, TN) for use as an internal standard.
Samples were amended by adding the regularly quantified MM201Hg stan-
dard at a ratio of roughly 1:1 standard to ambient concentrations63. Then

acetate buffer was added to the samples, followed by ascorbic acid and
ethylation via sodium tetraethylborate. Hg species were then analyzed by a
Tekran 2700 coupled to an Agilent 8900 Triple Quadrupole Inductively
Coupled Plasma Mass Spectrometer. We defined detection limit as the Hg
amount giving a 4.8% signal contribution to the total measured signal
intensity at the specific isotope mass as in Jonsson et al.64 and ensured that
sampleswere above this detection limit.Average replicateprecisionwas10%
(n = 68, and matrix spike recovery was 105 ± 17% (n = 28).

Because MeHg is the sum of all organic Hg species known to exist in
measurable concentrations in seawater and THg is ameasurement of all Hg
species in seawater, iHg concentrations were calculated as iHg = THg –
MeHg4,65.

GEOS-ChemModeled Atmospheric Hg Deposition
Hg deposition is simulated by a global three-dimensional atmospheric
GEOS-Chem Hg model (https: /geoschem.github.io, version 14.4.3). The
model has a horizontal resolution of 4° × 5°, with 72 levels vertically. The
simulation is driven by the meteorological fields from the NASAModern-
Era Retrospective Analysis for Research and Applications, version
2 system66. The primary Hg species in the model are Hg0, HgII, and parti-
culate Hg (HgIIP). The model simulates the transport, redox, respeciation,
photolysis, and deposition of Hg species52,53. The global anthropogenic Hg
emissions inventory is fromGlobalMercuryAssessment 201854, while other
emissions are fromHorowitz et al., 201752. The redox chemistrymechanism
includes the oxidationofHg0 bybromide andhydroxide and the subsequent
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oxidation of Hg0 by ozone and radicals to form HgII53. The respeciation
between gaseousHgII andHgIIP occurs whenHgII is absorbed by aerosols or
cloud droplets67. The global mean photoreduction frequency of organic
HgIIP to Hg0 is 1.9 × 10–5 s-1 and is scaled by the local nitrogen dioxide
photolysis frequency53. In GEOS-Chem, the modeled HgII and HgIIP
undergo both dry and wet deposition, while Hg0 only undergoes dry
deposition because of its low Henry’s Law constant. The dry deposition
velocity is calculated by a resistance-based scheme, which is affected by
meteorological conditions, land type, leaf area index, and features of
species68. The wet deposition includes the wet scavenging in convective
updrafts and washout and rainout in large-scale precipitation. We run the
simulation for 2001–2023, with the first years as a spin-up. We use the
monthly mean Hg deposition within the region of 30–40°N and
115–120°W for our analysis.

Ancillary Parameters
Temperature, salinity, and biological data, including chlorophyll-a, are
publicly available through SCCOOS22,23. Other parameters, such as nutrient
concentrations, are also available on the SCCOOS data portal. Oxygen
concentrations are available through the Scripps Ocean Acidification Real-
Time Monitoring Program21 (Supplementary Fig. 1). Precipitation data
from Stations US1CASD0030 (La Jolla) and USW00023188 (San Diego
International Airport) was accessed via the National Centers for Environ-
mental Information31, and wave height and wind speed data for Stations
LJPC1, 46225, and46254were accessedvia theNationalDataBuoyCenter44.
El Niño data from NINO3.4 was accessed from the Physical Sciences
Laboratory at theNational Oceanic andAtmospheric Administration69 and
the Pacific Decadal Oscillation Index was accessed from the National
Centers for Environmental Information70. Streamflow data for Los Peñas-
quitos River Station 11023340was accessed via theUnited States Geological
Survey55.

Data Analysis
Time series trend decomposition was performed in MATLAB (Version
R2024a). Daily interpolations of iHg concentrations were calculated via the
‘retime’ function to achieve equal sampling intervals, and the time serieswas
decomposed using Singular Spectrum Analysis with the ‘trenddecomp’
function.

To develop a multiple linear regression combined with autoregressive
moving average model to predict iHg concentrations, the training set
consisted of data from January 2021 throughDecember 2023 (n = 115).We
developed a multiple linear regression model for iHg concentrations with
weekly average streamflow data from the Los Peñasquitos River and daily
average wave height from station LJAC1 using MATLAB’s ‘fitlm’ function
(regression parameters presented in Supplementary Table 1). Then, we
applied an autoregressive moving average model to the residuals using the
‘arima’ function and varying the autoregressive and moving average orders
between 0 and 3 to optimize fit. The best model was selected based on the
lowest Akaike Information Criterion (AIC) value, ensuring no collinearity
among physical parameters and the statistical significance was p < 0.0571.
Residuals were evaluated for mean of 0, normal distribution, and lack of
autocorrelation (Supplementary Fig. 9). Final model parameters are pre-
sented in Supplementary Table 1. The data collected after January 2024 was
used for model validation, with 99% confidence intervals calculated by
adding (or subtracting) the z-value multiplied by the Root Mean Squared
Error to the forecasted value. Validation statistics are shown in Supple-
mentary Table 1 and a scatter plot comparing model predictions and
observed concentration is shown in Supplementary Fig. 10.

For retrospectivemodeling to 2004, gaps inwave height data for LJPC1
between 2015-2017 were filled using data from the Scripps Nearshore buoy
46254, located approximately 930mwest of LJPC1.Gaps for LJPC1 prior to
2015 were filled using data from the Torrey Pines buoy 46225, located
14.55 km from LJPC1. A linear correlation was applied to buoy 46225 data
due to its higher recorded wave height, better aligning it with LJPC1 mea-
surements. Long-term trends for the 20-yearmodeleddatasetwere analyzed

using the nonparametric Mann-Kendall test, and the annual rate of change
was determined by Theil-Sen’s slope with the significance level set to
p = 0.0572–74.

Data availability
Hg time series data generated from this study is available at the National
Science Foundation BCO-DMO repository at https://www.bco-dmo.org/
project/908151. Precipitation data from NOAANCEI is accessible at https://
www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:
USW00023188/detail. NINO3.4 is accessible at https://psl.noaa.gov/data/
timeseries/monthly/NINO34/. The PDO index is accessible at https://www.
ncei.noaa.gov/pub/data/cmb/ersst/v5/index/ersst.v5.pdo.dat. Wave data is
accessible at https://www.ndbc.noaa.gov/station_history.php?station=ljpc1.
The Coastal Upwelling Transport Index (CUTI) dataset can be accessed at
https://mjacox.com/upwelling-indices/. Streamflow data for Los Peñasquitos
is accessible at https://waterdata.usgs.gov/monitoring-location/11023340/.
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