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ABSTRACT. Extreme events reshape ocean ecosystems with significant implications for nutri-
ent and carbon cycling. Here we demonstrate that flooding on land can be a significant driver
of biogeochemical variability in the open ocean, even in dry climates. Using satellite obser-
vations, in situ measurements, and Lagrangian particle tracking, we present evidence that
freshwater discharge from extreme precipitation during the 2023 water year was transported
into the oligotrophic region of the California Current System. This transport was facilitated
by submesoscale eddies and resulted in significant anomalies in surface salinity, stratifica-
tion, nutrient concentrations and phytoplankton pigments. These observations, combined
with an Earth system model, highlight the importance of episodic river discharge events in
shaping offshore biogeochemical fluxes and ecosystem structure in eastern boundary current
systems under a changing climate.

Extreme precipitation over the western US coast is projected to increase in frequency
[ ], which will have cascading effects on society and ecosystems. A likely
direct impact will be an increase in flooding, resulting in increased episodic river discharge into
the ocean in this relatively dry climate that does not typically experience large river discharges.
Analysis of a climate model ensemble, the Community Earth System Model Large Ensemble
(CESM LENS2), suggests that extreme river discharge into the ocean along the US West coast
is likely to increase through the end of the century under a moderate climate change scenario
(Figure 1A) alongside increased precipitation [ .

The impact of extreme river discharge on ocean ecosystems depends on the fate of the fresh
water that enters the ocean. Coastal eddy dynamics facilitate rapid transport, which has the
potential to carry fresh water into the open ocean. However, climate models do not fully
resolve the mesoscale and submesoscale processes nor the full range of ecological responses to
an extreme event. Observational analysis is necessary to understand the impacts of extreme
events. Here, we report observational evidence that eddy dynamics transport river discharge
into the open ocean in the California Current, a mid-latitude eastern boundary current in a
Mediterranean climate. We demonstrate that extreme river discharge events have important
implications not just for coastal regions but also for open-ocean biogeochemistry.

Observational Results

US West coast water year 2023 had anomalously high precipitation due to multiple land-
falling atmospheric rivers (ARs). The open ocean region off the coast of California was anoma-
lously fresh during spring 2023, as observed in the SMAP salinity record (2015-present; Figure

B). The number of landfalling storms, combined with the rapid succession of storms, led to
record-breaking precipitation, exacerbated hydrological impacts, and led to high discharges
into the coastal ocean.

Remarkably, in situ sampling that took place April 6-30, 2023 during the S-MODE IOP-2
[ ] in the offshore region of the California current (Figure 2A) near the peak
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of discharge and precipitation revealed that the large discharge event impacted not only the
coastal ocean, but also the more oligotrophic open ocean. A multiday AR event on March
10-15, 2023 with peak integrated vapor transport exceeding 750 kg m~! s~! impacted the San
Francisco (SF) Bay, Russian River, and Gualala-Salmon River watersheds immediately prior
to sampling. From March 11-15 the event generated average daily integrated precipitation
of 147.97 mm in the Russian and Gualala-Salmon watersheds and 101.37 mm in the SF Bay
watershed. Discharge was transported at least 100 km offshore and had significant regional-scale
physical and biogeochemical impacts. The observed region was significantly more stratified than
in climatological conditions (Figure 1C). This increased stratification could inhibit vertical
mixing, and therefore exchange, of biogeochemical material between the surface and interior,
both in the coastal region and offshore.

In contrast to a typical year where upwelling-driven productivity is associated with relatively
high salinity (> 33 psu), in the observations reported here from early April 2023, some offshore
high chlorophyll features were associated with relatively low salinity (~ 33 PSU), even in the
fresh offshore environment. We use Lagrangian methods, tracking water parcels backward
using AVISO and GLORYS surface velocities, to interrogate the origins of the high chlorophyll
water. Most of the high chlorophyll water parcels (identified in a MODIS image from April
11) originate near the Russian River and near the SF Bay Estuary (Figure 1D). A forward
tracking analysis of coastal water parcel using HF radar fields demonstrated that water parcels
can effectively escape offshore to the open ocean.

The mode of the date of origin at the coast corresponds to a runoff pulse that began on March
8, 2023, but some of the water parcels appear to have originated during an earlier upwelling
pulse on February 15 (Figure 1D). The discharge during this period from the Russian River
and SF Bay (from estuaries of 70 m and 5 km, respectively) is of equivalent magnitude to the
upwelling flux (CUTI) during this period. The observed open ocean water mass salinity is in
the range 32.5-33.4 PSU. We anticipate that the freshwater discharge mixed with ocean water
both in coastal areas and offshore and therefore had larger-scale impacts.

The majority of the water parcels that appear to have originated from within the SF Bay
Estuary in these observations are in a coherent submesoscale eddy (box in 2A), which has
the highest observed chlorophyll concentration (4 mg m~2) and an average particulate or-
ganic carbon concentration of 25 mg m~3. This feature has trapped water with very low ni-
trate:phosphate (N:P) ratios and very high Si:N ratios, indicating a probable estuarine source
that may have alleviated micronutrient limitation, resulting in nitrate drawn down to near
zero with excess phosphate (Fig. 2B). The SF Bay Estuary is known to have excess phosphate
[ ]. This feature also harbored a unique community with a predominance of
fucoxanthin pigments, suggesting a diatom-dominated community, which is consistent with the
relatively high Si. This feature, which had a radius of approximately 5 km, propagated west-
ward at 6.5 km day~—!, generating an offshore carbon flux of 0.16 mg m~=2 day~!. This value
is comparable to the average eddy flux of organic carbon in this system [ ].
Submesoscale eddies such as this one are prevalent in the California Current system and are po-
tentially a significant route of carbon supply to oligotrophic offshore regions through cross-shelf
transport.

The remainder of the high-chlorophyll filament that was sampled appears to have been
sourced from farther north, which may include water masses that advected north from the SF
Bay Estuary along the coast and water masses that originate from runoff from rivers between
Cape Mendocino and SF Bay, including the Russian River. The observations from this region
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FIGURE 1. (A) Extreme river discharge to the ocean from the climate model
ensemble CESM-LENS2 quantified as percent of 90 ensemble members with
April discharge exceeding 20,000 m3 s~! integrated over the entire US West
Coast. Shading is the 75% confidence interval. (B) Monthly average salinity
and standard deviation (blue; 2015-2025, except 2023) in the California Cur-
rent offshore of San Francisco from the SMAP satellite. Black line is monthly
average in 2023. (C) Probability density functions of mean stratification in the
upper 100 meters from the California Underwater Glider Network Line 66.7.
(D) Particles are tracked backwards using GLORYS from regions with chloro-
phyll greater than 1 mg/m3. Histogram in light blue shows date at which
particles reach the coast. River discharge is in dark blue and the Coastal Up-
welling Transport Index (CUTI) is in yellow.
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FIGURE 2. (A) Chlorophyll concentration in mg m~3 observed by Sentinel-3A
on April 22, 2023. Black dots show the locations of nutrient samples. Grey dots
show locations of CalCOFI stations. The inset image is a photo taken from
a twin otter airplane showing the boundary between high and low chlorophyll
waters. (B)Nitrate to phosphate ratio from surface CalCOFI observations,
1949-present (grey) and S-MODE observations (pie charts) as a function of
salinity. The pie charts show the relative concentration of each pigment and
the chart size is proportional to chlorophyll-a concentration. The dashed line
is the Redfield ratio.

are anomalously fresh when compared with the historical CalCOFI record (1954-2024), con-
sistent with the anomalously low regional salinity, but have a range of N:P that is similar to
that of historical observations. This may indicate mixing along the water mass trajectories or
N:P ratios in the source waters that are more similar to open ocean conditions. These water
masses had high chlorophyll but significant concentrations of phosphate and nitrate, indicat-
ing potential limitation by micronutrients. The increased proportion of the pigments that are
monovinyl chlorophyll-b suggest a green algae community. This presents a contrasting view of
the impact of river discharge in which the biogeochemical anomalies are relatively limited.

Discussion
Nearly all of the precipitation leading to flooding in northern California is due to ARs, which
transport moisture from the tropics to the mid latitudes [Ralph et al., 2006, Bartusek et al., 2021].

Extreme precipitation from ARs is projected to increase in frequency, which may lead to
increasing land-ocean connections due to increased river discharge. Riverine runoff is one
part of the salinity budget in the California Current, with advection and local precipitation
also contributing, but it has unique implications for both circulation and biogeochemistry
[Hoffman et al., 2022].

Nutrient conditions on land are typically different than in the open ocean, both with higher
nutrients and different nutrient ratios. Terrestrial and coastal environments are also an im-
portant source of micronutrients such as iron, which is often limiting in the California Current
system [Johnson et al., 1999, Hogle et al., 2018]. A release from micronutrient limitation may
explain the low N:P ratios and predominance of diatom-associated pigments in the observations.
This shift in composition could have ecological and biogeochemical implications. For example,
diatom cells may sink more rapidly than other phytoplankton. Here we provide a nuanced view
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of the relevance of land-ocean nutrient transport with anomalous nutrient conditions leading to
high chlorophyll observed in a submesoscale coherent eddy, but less anomalous biogeochemical
signal in a chlorophyll filament. This adds to prior literature suggesting large offshore blooms
in response to anomalous precipitation | ]. Thus, the biogeochemical
implications of riverine-sourced runoff appear to be idiosyncratic and may vary depending on
the timescale since the coastal origin as well as the biogeochemistry of the coastal source.

The biophysical implications of runoff-supplied nutrient input merit further study. In con-
trast to upwelling filaments, freshwater runoff is relatively light due to its low salinity. The
dynamics of light filaments contrast with those of dense filaments | ]
Rather than sinking, light filaments may be dissipated by shear dispersion, resulting in an
alternative pathway of carbon export and altered spatial distribution of offshore carbon flux
and enhanced submesoscale lateral dispersion | ]. These shear-driven
eddy dynamics may result in enhanced offshore transport rather than enhanced subduction
[ ]. In addition, these observations highlight the need for a more nuanced
understanding of the association between elevated chlorophyll and eddies. Submesoscale eddies
such as that observed here might have high chlorophyll due to coherent trapping and water
mass transport rather than upwelling in the eddy core and transport water quickly enough off-
shore to outpace loss due to grazing. Nonetheless, the observations demonstrate that coherent
submesoscale eddies facilitate cross-shelf exchange | ].

Our observations suggest that increasingly extreme precipitation on land may have ecological
impacts in eastern boundary currents due to changing the nutrient regime, particularly allevi-
ation of micronutrient limitation. These results may also be applicable in other regions with
episodic riverine influence in the open ocean such as the Chilean coast, where precipitation is
also dominated by atmospheric rivers and becoming more extreme | ].
Land management has biogeochemical implications for the open ocean, even in relatively dry
eastern boundary current regions.

Materials and Methods

Monthly sea surface salinity was retrieved from the Soil Moisture Active Passive (SMAP)
mission Level-3 v6.0 data with a spatial resolution of approximately 0.25 degrees. The SSS
product was averaged for the S-MODE operations area | ]. CESM2 Large
Ensemble river discharge (Model for Scale Adaptive River Transport MOSART1.0) in the his-
torical and SSP3-7.0 scenarios integrated over the US west coast was analyzed for the proportion
of the ensemble members with discharge exceeding 2 x 10* m3s™!, which is 96th percentile of
discharge. A 30-year running mean is plotted. Macronutrients and pigments were analyzed
in samples collected from the shipboard underway system. Nutrients were analyzed with a
Quickchem 8500 Lachat Flow Injection Analysis System while pigments were analyzed with
an Agilent RR1200 HPLC. Precipitation estimates were obtained from the high-resolution
ERAS5-Land reanalysis, while integrated vapor transport (IVT) was obtained from the ERAS
reanalysis.

Acknowledgments

The authors are grateful to Pat Kelly, Dawn Outram, the S-MODE science team, the captain

and crew of the R/V Sally Ride, and NASA grant 80NSSC24M0143.

References

[Bartusek et al., 2021] Bartusek, S. T., Seo, H., Ummenhofer, C. C., and Steffen, J. (2021). The Role of
Nearshore Air-Sea Interactions for Landfalling Atmospheric Rivers on the U.S. West Coast. Geophysical Re-
search Letters, 48(6):e2020GL091388.



6 FREILICH

[Cloern et al., 2020] Cloern, J. E., Schraga, T. S., Nejad, E., and Martin, C. (2020). Nutrient Status of San
Francisco Bay and Its Management Implications. Estuaries and Coasts, 43(6):1299-1317.

[Farrar et al., 2025] Farrar, J. T., D’Asaro, E., Rodriguez, E., Shcherbina, A., Lenain, L., Omand, M., Wineteer,
A., Bhuyan, P., Bingham, F., Boas, A. B. V., Czech, E., D’Addezio, J., Freilich, M., Grare, L., Hypolite,
D., Jacobs, G., Klein, P., Lang, S., Leyba, I. M., Li, Z., Mahadevan, A., McWilliams, J., Menemenlis, D.,
Middleton, L., Molemaker, J., O’Neill, L., Perkovic-Martin, D., Pizzo, N., Rainville, L., Rocha, C., Samelson,
R. M., Simoes-Sousa, I., Statom, N., Thompson, A., Thompson, D., Torres, H., Uchoa, 1., Wenegrat, J., and
Westbrook, E. (2025). S-MODE: The Sub-Mesoscale Ocean Dynamics Experiment. Section: Bulletin of the
American Meteorological Society.

[Gruber et al., 2011] Gruber, N., Lachkar, Z., Frenzel, H., Marchesiello, P., Miinnich, M., McWilliams, J. C.,
Nagai, T., and Plattner, G.-K. (2011). Eddy-induced reduction of biological production in eastern boundary
upwelling systems. Nature Geoscience, 4(11):787-792. Publisher: Nature Publishing Group.

[Hoffman et al., 2022] Hoffman, L., Mazloff, M. R., Gille, S. T., Giglio, D., and Varadarajan, A. (2022). Ocean
Surface Salinity Response to Atmospheric River Precipitation in the California Current System. Journal of
Physical Oceanography, 52(8):1867-1885.

[Hogle et al., 2018] Hogle, S. L., Dupont, C. L., Hopkinson, B. M., King, A. L., Buck, K. N., Roe, K. L.,
Stuart, R. K., Allen, A. E., Mann, E. L., Johnson, Z. I., and Barbeau, K. A. (2018). Pervasive iron limitation
at subsurface chlorophyll maxima of the California Current. Proceedings of the National Academy of Sciences,
115(52):13300-13305.

[Jhugroo et al., 2024] Jhugroo, K., O’Callaghan, J. M., and Stevens, C. L. (2024). The impact of high rainfall
events on the submesoscale salinity field in a coastal sea: Greater Cook Strait, New Zealand. New Zealand
Journal of Marine and Freshwater Research, pages 1-27.

[Johnson et al., 1999] Johnson, K. S., Chavez, F. P., and Friederich, G. E. (1999). Continental-shelf sediment
as a primary source of iron for coastal phytoplankton. Nature, 398(6729):697-700.

[Kudela and Chavez, 2004] Kudela, R. M. and Chavez, F. P. (2004). The impact of coastal runoff on ocean color
during an El Nino year in Central California. Deep Sea Research Part II: Topical Studies in Oceanography,
51(10):1173-1185.

[Lagos-Zuniga et al., 2024] Lagos-Zuniga, M., Mendoza, P. A., Campos, D., and Rondanelli, R. (2024). Trends
in seasonal precipitation extremes and associated temperatures along continental Chile. Climate Dynamics.
[McWilliams et al., 2015] McWilliams, J. C., Gula, J., Molemaker, M. J., Renault, L., and Shchepetkin, A. F.
(2015). Filament frontogenesis by boundary layer turbulence. Journal of Physical Oceanography, 45(8):1988—

2005.

[Nagai et al., 2015] Nagai, T., Gruber, N., Frenzel, H., Lachkar, Z., McWilliams, J. C., and Plattner, G.-K.
(2015). Dominant role of eddies and filaments in the offshore transport of carbon and nutrients in the California
Current System. Journal of Geophysical Research: Oceans, 120(8):5318-5341.

[Ralph et al., 2006] Ralph, F. M., Neiman, P. J., Wick, G. A., Gutman, S. I., Dettinger, M. D., Cayan, D. R.,
and White, A. B. (2006). Flooding on California’s Russian River: Role of atmospheric rivers. Geophysical
Research Letters, 33(13).

[Seitz and Freilich, 2025] Seitz, L. R. and Freilich, M. A. (2025). Joint Effects of Submesoscale Lateral Disper-
sion and Biological Reactions on Biogeochemical Flux. Geophysical Research Letters, 52(7):e2024GL114112.
_eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029,/2024GL114112.

[Swain et al., 2018] Swain, D. L., Langenbrunner, B., Neelin, J. D., and Hall, A. (2018). Increasing precipitation
volatility in twenty-first-century California. Nature Climate Change, 8(5):427—433.

Affiliations
(a) BROWN UNIVERSITY, DEPARTMENT OF EARTH, ENVIRONMENTAL, AND PLANETARY SCIENCES
(b) BROWN UNIVERSITY, DIVISION OF APPLIED MATHEMATICS
(c) JET PROPULSION LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY
(d) OREGON STATE UNIVERSITY
(e) UNIVERSITY OF RHODE ISLAND

(f) UNIVERSITY OF CALIFORNIA SAN DIEGO, SCRIPPS INSTITUTION OF OCEANOGRAPHY



