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A globally growing Blue Economy, including offshore energy development, requires a baseline understanding of
regional oceanographic conditions and current flow fields before installation to be able to evaluate sites and
assess impacts on coastal ecosystems. We leverage more than a decade (2012-2022) of high-resolution surface
current measurements from a high-frequency radar network along the central California continental shelf,
including a previously designated Wind Energy Area (WEA), to characterize seasonal current circulation and
identify seasonal patterns in coherent transport structures using a Lagrangian framework. Finite-time Lyapunov
exponents (FTLEs) are calculated from surface currents to identify Lagrangian coherent structures (LCS) and
characterize seasonal patterns in attracting (convergent) and repelling (divergent) transport structures in the
WEA. Mean current patterns exhibited a strong seasonal cycle, with a pronounced transition from relatively weak
poleward flow in the winter months to strong equatorward flows during the spring months, before currents
relaxed into the late summer and fall. Coincident with the onset of the upwelling season in the spring was a
distinct increase in both attracting and repelling FTLE fields, particularly near the coastline, with elevated values
extending offshore into the WEA. Attracting ridges exhibited a greater spatial extent and occurrence within the
WEA compared to repelling ridges, suggesting a greater propensity for material aggregation (versus dispersal)
and prey aggregation (and potential ecological hotspots). These patterns have critical implications for ecosystem
dynamics, pollutant transport, and environmental risk in and around the WEA. The analysis presented here could
enable the future integration of dynamic oceanographic information, including transport structures derived from
the growing international HFR network, into future marine spatial planning, environmental risk assessment, and
ecosystem-based management.

1. Introduction

Accelerating climate change and global warming due to human
greenhouse gas emissions increasingly threaten ecosystems and econo-
mies globally. This has prompted nations worldwide to develop broader
renewable energy portfolios that increasingly include offshore wind
farms in marine environments (GWEC, 2025). Along the US West Coast,
California has ambitious state-mandated goals of 25 GW of offshore
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wind capacity by the year 2045. In 2022 the Bureau of Ocean Energy
Management (BOEM) held lease sales for two wind energy areas (WEAs)
located in deeper shelf waters in central California and northern Cali-
fornia with high-value power production potential (Wang et al., 2019,
2022). While recent policy developments have introduced uncertainty
regarding the timing and extent of offshore wind development in some
of the lease areas, parallel federal initiatives have renewed consider-
ation of offshore oil and gas leasing in the same broader region (BOEM,
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Fig. 1. Percent data availability for the 6 km surface current grid from 2012 to
2022 across the central California coast. The black outline denotes the offshore
wind energy area (WEA), the red box denotes the region of interest for the
Lagrangian coherent structure (LCS) analysis and FTLE fields, the orange box
denotes the domain of influence that contains approximately 95% of the data
used to calculate FTLEs in the red box, and the red dot denotes the location of
an example time series of currents shown in Fig. 2. The purple (Monterey Bay)
and teal (Chumash Heritage) lines denote the National Marine Sanctuary
boundaries adjacent to the WEA. For HFR site locations see https://hfradar.
ioos.us/hfrnet/.

2026). Although evolving, these potentially competing offshore interests
highlight the need for a long-term baseline understanding of regional
oceanographic conditions that can inform multiple development sce-
narios. For offshore wind development, the sites will require floating
turbines, given the depth on the outer continental shelf. Floating tur-
bines are a rapidly growing technology that may reduce impacts on
human activities, while also capturing stronger and more consistent
winds (Farr et al., 2021). With floating turbines, and similarly oil and
gas development, there are also important environmental considerations
for site planning and ongoing operations in deeper waters. These include
changes to the physical environment and current patterns, impacts to
the biological environment including higher trophic level species and
fisheries, and the potential for pollutant and chemical spills, among
others (Farr et al., 2021; Wang et al., 2022; Dalsin et al., 2025; Renner
et al., 2025).

The proposed offshore energy development area and WEA are
located on the outer continental shelf within the California Current. The
California Current is an eastern boundary current that is among the most
productive marine ecosystems in the world, supporting valuable fish-
eries and higher trophic level species (Pauly and Christensen, 1995;
Wang et al., 2022). This productivity is partially fueled by atmospheric
winds that drive the seasonal upwelling of nutrient-rich waters into
coastal zones along a band that extends tens of kilometers from the coast
typically during the spring and summer months (Checkley and Barth,
2009; Garcia-Reyes and Largier, 2012; Walter et al., 2018). The Cali-
fornia Current is a dynamic system shaped by spatiotemporal variability
in surface currents where processes ranging from seasonal to sub-
mesoscale generate fronts, filaments, meanders, and eddies that impact
critical ecosystem processes (Nidzieko and Largier, 2013; Kim et al.,
2011; Payandeh et al., 2023).

To better understand complex flows, researchers have increasingly
utilized Lagrangian coherent structures (LCS). LCS characterize robust
material surfaces that exert a major influence on nearby trajectories over
finite time intervals and play a critical role in organizing fluid motion
and revealing coherent flow patterns (Peacock and Haller, 2013; Haller,
2015; Peng et al., 2024). They objectively identify patterns, such as
eddies, fronts, filaments, or material lines of maximum convergence or
divergence (“ridges™), by quantifying the Lagrangian deformation of
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particle trajectories over a finite time interval. The finite-time Lyapunov
exponent (FTLE) is a widely used tool to approximate LCS (Shadden
et al., 2005). FTLEs are computed from the largest eigenvalue of the
Cauchy-Green strain tensor and quantify the rate of separation of nearby
particle trajectories over a finite integration interval. Ridges in
forward-time FTLE fields approximate repelling LCS and identify
maximum stretching or divergence, while ridges in backward-time FTLE
fields approximate attracting LCS and identify regions of maximum
convergence. Regions with enhanced frontal activity (e.g., upwelling
fronts, filaments, eddies, instabilities, etc.) often coincide with elevated
FTLE values because these features are associated with enhanced
stretching and transport barriers that separate distinct water masses (e.
g., fronts).

Both forward-time repelling ridges and backward-time attracting
ridges are ecologically relevant for offshore infrastructure applications.
Attracting ridges can aggregate and concentrate plankton and organic
matter by promoting convergence. These regions of elevated prey den-
sity can enhance predator foraging efficiency and success for higher
trophic levels. This has been observed for valuable fish species and
marine mammals, including whales (Harrison et al., 2013; Watson et al.,
2018; Baudena et al., 2021; Fahlbusch et al., 2022, 2024; Veatch et al.,
2025a). Thus, elevated attracting FTLE values are often useful indicators
of biological hotspots. In contrast, repelling ridges enhance the separa-
tion of nearby trajectories and can promote larval dispersal, potentially
increasing connectivity among populations.

Attracting and repelling LCS also identify barriers to contaminant
dispersion and forecast pollutant transport, which is particularly rele-
vant in regions where multiple offshore energy sources are being
considered (Lekien et al., 2005; Olascoaga and Haller, 2012). Regions
with many attracting ridges are sensitive to negative impacts from
pollutant spills since pollutants will tend to converge and concentrate
there. This convergence increases the potential for negative ecosystem
impacts since the encounter rate between prey, predators, and pollutants
is higher, but it may offer advantages in cleanup efforts given the con-
centration to a smaller and more defined area. Repelling ridges, on the
other hand, are regions where pollutant dispersal will be locally
maximum and lead to more difficult cleanup efforts. Thus, LCS (and the
FTLE fields identifying them) have emerged as a critical tool for eluci-
dating complex fluid patterns and providing an important understand-
ing of how hidden flow structures can impact marine ecosystems (Peng
etal., 2024). Here, we quantify both attracting and repelling FTLEs since
they may both be of interest to different stakeholders, marine spatial
planning objectives, and scenario planning exercises.

A recent study examined seasonal variability in FTLE fields using
multi-year surface current records derived from high-frequency radar
(HFR) networks (Veatch et al., 2025b). They quantified seasonal vari-
ability in attracting FTLE fields in the Mid-Atlantic Bight, showing
enhanced attracting features during the spring and summer seasons.
Building on this framework, we examine both attracting and repelling
FTLE fields in the California Current in the vicinity of a proposed
offshore energy development region. Using more than a decade
(2012-2022) of high-frequency radar observations, we quantify persis-
tent seasonal patterns in surface currents and FTLE fields in and around
the central California outer shelf region. Rather than identifying indi-
vidual transient LCS events, our objective is to characterize recurring
seasonal patterns in attracting and repelling transport structures over
the available observational record. We then examine the implications of
these seasonal patterns for ecosystem dynamics, pollutant transport, and
marine spatial planning.

2. Methods
2.1. Wind Energy Area (WEA)

The central California region is located in the highly productive
California Current. In 2022, BOEM held a successful lease sale for an
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Fig. 2. Example time series showing the east-west (blue, positive east) and north-south (red, positive north) velocity components from the northwest corner of the
wind energy area (WEA, red dot shown in Fig. 1). Panel (a) shows the entire record from 2012 to 2022, while each subsequent panel shows zoomed in regions during
the time period denoted in the black box. For example, panel (b) shows the annual time series from 2021 (zoom in of the black box in panel (a)).

offshore WEA tens of kilometers off the central California coast (Fig. 1),
with plans for the future development of hundreds of floating offshore
wind turbines (Wang et al., 2022). This region is located adjacent to two
national marine sanctuaries in the Monterey Bay National Marine
Sanctuary and the newly designated Chumash Heritage National Marine
Sanctuary. Moreover, the area supports a high diversity and abundance
of marine mammals, including numerous whale species, that feed and
migrate in the highly productive area (Calambokidis et al., 2024). This
region is also home to numerous high-value fisheries (Wang et al., 2022,
2024). Recent policy developments in the United States have introduced
uncertainty regarding offshore wind energy development and timelines
in this region; however, the broader continental shelf region remains an
active area of consideration for development of multiple offshore energy
sectors, including offshore wind, oil, and gas (BOEM, 2026).

2.2. High-frequency radar (HFR) surface current data

A network of high-frequency radars along the central California coast
produces hourly maps of surface currents spanning several hundred
kilometers from the coast with a horizontal resolution on the order of
kilometers. The network along the California coast is one of the longest
and most complete coastal surface current datasets in the world,
providing accurate long-term measurements of spatial variability at a
relatively high resolution, both temporally (hourly) and spatially (6 km
used here) (Paduan and Washburn, 2013). This technology uses Doppler
backscatter in the high-frequency portion of the electromagnetic

spectrum to produce radial velocities at a single radar site, with two or
more sites combining to create total vector products. HFR-derived sur-
face currents have been validated with surface currents measured using
several other approaches (see Review by Paduan and Washburn, 2013
and the references therein). We utilized hourly data from the 6 km
product from 2012 through 2022 in a bounding box surrounding the
WEA (Fig. 1; data available at https://www.ncei.noaa.gov/th
redds-ocean/catalog/ioos/hfradar/rtv/catalog.html). Fig. 1 shows the
percent availability of hourly data across the central California region.
For quantifying variability across months, we calculated monthly mean
current vectors at each location across all respective months over more
than a decade of data. We also computed current ellipses at each loca-
tion across each respective month by performing a principal axes anal-
ysis at each location and plotting major and minor axes as ellipses. These
ellipses denote how the variance in the magnitude and direction of
surface currents at each location changes across different months of the
year.

2.3. Lagrangian coherent structures

2.3.1. LCS toolbox

We identified LCS by calculating FTLE fields using HFR data and the
widely utilized LCS Tool in MATLAB (Onu et al., 2015). The toolbox
calculates FTLE fields by numerically integrating particle trajectories
through a time-dependent velocity field. The toolbox uses a regular grid
of initial particle positions and computes the flow map, which describes
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Fig. 3. Monthly mean current vectors over the entire record from 2012 to 2022
denotes the offshore WEA. A scale quiver is shown in panel (a).

the displacement of each particle from its initial position to its final
position over a finite time integration window. Spatial gradients of the
flow map are used to calculate the Cauchy-Green strain tensor, whose
eigenvalues and eigenvectors characterize the deformation of fluid
parcels. The largest eigenvalue (Anmax) of the Cauchy-Green strain tensor
(C) is used to compute the FTLE over the integration window (T):

1
FTLE(Xy: to,T) = g Indmes (€0, o)) - @

FTLE fields were calculated by releasing particles at a spatial reso-
lution of approximately 600 m (e.g., 10x the native ~6 km resolution of
the HFR product) following established methods (Shadden et al., 2009;
Fahlbusch et al., 2022). Following Fahlbusch et al. (2022) from a nearby
region, we utilized a 48 hr integration period for FTLE calculations, a
time period that minimizes the influence of tidal currents and captures
transport structures in the vicinity of the WEA and area of interest here.
A timescale choice of 48 hr is also relevant for rapid operational
response in the case of pollutant spills like oil, and this timescale also
had the best correlations with blue whale foraging patterns in the Santa
Barbara Channel (Fahlbusch et al., 2022). We also tested integration
times of 1 and 3 days and found that major results and general patterns
were not sensitive to these integration times.

2.3.2. Particle tracking runs
To alleviate spurious FTLE fields as a result of missing HFR data, and

/
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Longitude

in and around the central California wind energy area (WEA). The black outline

avoid introducing artifacts from interpolation schemes, we first ran
particle tracking runs to determine a domain of influence over which to
assess HFR data availability for inclusion in FTLE calculations. This
domain of influence represents the spatial region over which particle
trajectories influence FTLE fields inside of the WEA and region of in-
terest (Fig. 1). Cumulative Lagrangian particle trajectories and positions
were calculated using the LCS Tool over 48 hr windows continuously
over the entire time period for both forward and backward in time runs.
Particles were released inside of the WEA (red box, Fig. 1) to visualize
the spatial region over which velocity fields influence particle trajec-
tories that originate inside of the WEA. The domain of influence was
selected because it contained approximately 95% of the hourly particle
positions over the entire record from 2012 to 2022 (see Section 3.2).

2.3.3. FTLE fields and seasonal patterns

We used the particle release experiments described above to deter-
mine the 48 hr runs over which FTLE fields would be computed. Given
the interest in features inside of the WEA (red box, Fig. 1), we used a
threshold criterion of 95% HFR data availability within the domain of
influence (orange box, Fig. 1) defined by the particle tracking runs to
determine 48 hr integration time periods over which to calculate FTLE
fields. FTLE calculations require a dataset with no missing velocity data.
Points with small amounts of missing data predominantly at edge
boundaries were interpolated using nearest neighbor to avoid intro-
ducing non-physical artifacts. We found that major results were not
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FTLE values in the red box.

the domain of influence determined from the particle tracking runs.
These individual FTLE fields computed over 48 hr windows (see

FTLE fields

were computed over 48 hr windows over the entire 11 years for both

sensitive to the 95% availability threshold. Following this,

Figure S1 for examples) were then used to create monthly composite

forward and backward runs in which there was 95% data availability in
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Fig. 6. Mean and standard deviation of finite-time Lyapunov exponent (FTLE) fields calculated using 48 hr integration windows over the entire record from 2012 to
2022 for both forward [repelling ridges, panels (a) and (c)] and backward [attracting ridges, panels (b) and (d)] in time. Spatial statistics of FTLE values within the
WEA (black outline) are reported in the top right of each panel using the format: median (25th percentile, 75th percentile) [10th percentile, 90th percentile].

averages. Monthly composite averages were calculated by averaging the
48 hr FTLE fields over each month of the year over the full dataset (e.g.,
all January FTLE values over all 11 years, etc.), and the variability was
determined from the standard deviation. Finally, spatial statistics (me-
dian, 10th, 25th, 75th, and 90th percentile) of FTLE values inside of the
WEA were calculated.

2.4. Coastal upwelling transport index

The coastal upwelling transport index (CUTI) was utilized to assess
seasonal patterns in coastal upwelling and potential linkages with sea-
sonal FTLE patterns. The CUTI index provides a measure of vertical
transport near the coast, driven by Ekman transport, wind-stress curl
driven upwelling, and cross-shelf geostrophic transport in one-degree
latitude bins extending 75 km offshore (Jacox et al., 2018). We uti-
lized the monthly CUTI index at a latitude of 35°N, which encompassed
the study region (data  available at  https://mjacox.
com/upwelling-indices/). We calculated monthly composite CUTI av-
erages from 2012 to 2022 and compared them with the spatial median of
the monthly mean FTLE fields inside of the WEA.

3. Results
3.1. Surface current seasonal patterns

The surface currents in this region are characterized by variability
across a range of scales, including seasonal changes, synoptic-scale
variability (1-2 week cycles), and higher-frequency (diurnal and semi-
diurnal) variability (Fig. 2). The seasonal mean current structure shows
relatively weak (~0.05 m/s) currents during the winter months (Jan-
Mar), with currents moving poleward and to the northwest (approxi-
mately parallel to the coast) in December and January (Fig. 3a-c). There
is an abrupt transition to strong equatorward currents in April and May
(~0.15 m/s), with some of the strongest currents observed during the
annual cycle during this spring transition (Fig. 3d-e). Moving into the
summer months and persisting through the early fall, the currents
weaken slightly (~0.10 m/s) and start to veer offshore and towards the
southwest (Fig. 3f-j). Starting in late fall, the currents transition to

moving offshore (towards the west) and eventually turn to move pole-
ward (towards the northwest) heading into December (Fig. 3k-1).

The current ellipses displayed variability across all months of the
year in and around the WEA (Fig. 4). Along the coastal boundary, cur-
rent ellipses were more polarized and oriented parallel to the coast.
There was typically greater variance in currents during the spring and
early summer months (e.g., major axis magnitude of ~0.14 m/s in
winter months versus ~0.16 m/s in April to June), indicated by larger
current ellipses, especially in the region between the coastline and the
WEA (Fig. 4d-f).

3.2. Particle tracking

The position of particles released every 48 hr in the WEA summed
over the entire record from 2012 to 2022 is shown in Fig. 5. The domain
of influence (orange box, Fig. 5) over which particle trajectories have a
major influence on FTLE calculations inside of the WEA (red box, Fig. 5)
captured 94.54% of the particle positions for forward in time (Figs. 5a)
and 94.67% for backward in time (Fig. 5b), indicating that FTLE cal-
culations are most sensitive to data availability within this domain.

3.3. FTLE seasonal patterns

Mean FTLE fields over the entire time period were substantially
larger near the coast (~0.35-0.40 dh compared to farther offshore
inside of the WEA (~0.20-0.35 d’l) for both forward-time (repelling
ridges) and backward-time (attracting ridges) runs (Fig. 6). The
attracting ridges generally had larger mean values extending farther
from the coastline, with moderate values (~0.35 d™1) calculated along
the eastern edges of the middle and southern portions of the WEA and a
spatial median in the WEA of 0.31 d™! (Fig. 6¢). Repelling ridge FTLE
values were minimal throughout the entire WEA (spatial median of 0.28
d’l) except for moderate values (~0.30-0.35 d’l) in the southeastern
corner (Fig. 6a). The standard deviation of the FTLE field generally
mirrored the mean patterns, with large variability in FTLE fields closer
to the coastline and outside of the WEA (up to ~0.35 d_l) and moderate
variability (~0.25 d™!) extending into the eastern edges of the WEA
(Figs. 6b and 6d).
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forward in time runs (repelling ridges). The percentages in each label denote the percentage of 48 hr integration windows in which the data availability in the domain
of influence exceeded the 95% data threshold for each respective month and were included in the FTLE calculations (Fig. 5). The black outline denotes the offshore
wind energy area (WEA). Spatial statistics of FTLE values within the WEA (black outline) are reported in the top right of each panel using the format: median (25th

percentile, 75th percentile) [10th percentile, 90th percentile].

The forward in time (repelling ridges) FTLE fields showed distinct
monthly changes (Fig. 7). During the winter months (Dec-Feb), FTLE
values were minimal inside of the WEA (spatial median of 0.25 dlin
January), with moderate FTLE values (~0.4 d_l) closer to the coast.
Starting in March and extending through the spring and early summer
months, FTLE values near the coast increased substantially to the largest
values observed over the year (~0.5 d™1). Inside of the WEA, FTLE
values increased substantially (spatial median of ~0.33 d™! in May),
especially in the southeastern region (~0.4 d~!). May showed the
greatest mean FTLE fields throughout most of the WEA. In the late
summer months, the FTLE values inside of the WEA started to decrease
into the fall months (spatial median of 0.3 dlin July), with moderate
patches of elevated FTLE values observed throughout the southeastern
corner. The monthly standard deviation values for the forward in time
FTLE (Fig. 8) largely mirrored the seasonal variability in the mean fields.
In general, the standard deviation was higher closer to the coastline (up
to ~0.4 d~! in winter), with increased variability during the spring and
early summer months. Variability inside of the WEA also peaked in these
months (spatial median of ~0.17 d~! in January versus 0.23 d~! in

May).

The backward in time (attracting ridges) FTLE fields also displayed a
distinct seasonality and pattern of increasing FTLE values during the
spring and early summer months and closer to the coastline (Fig. 9). In
general, there were larger mean FTLE values that extended into the WEA
during the fall and winter months compared to the repelling ridges
(spatial median of 0.25 d~! for repelling versus 0.29 d ! for attracting in
January). During the spring and summer months, FTLE fields increased
substantially closer to the coastline and inside of the WEA (spatial me-
dian of 0.29 d~! in January versus 0.34 d ! in May). The elevated mean
values also extended throughout nearly the entire WEA domain, espe-
cially in April and May (e.g., 90th percentile of 0.39 d~! for attracting
versus 0.36 d ™! for repelling in April). Whereas there were typically
larger mean FTLE values in the southeastern corner of the WEA in a
given month for the forward in time (repelling ridges), the middle edge
of the WEA closest to the coastline generally displayed the largest values
(~0.40-0.45d Hina given month for the backward in time (attracting
ridges) runs, which is also captured in the mean FTLE fields over all time
(Fig. 6). The variability of the backward in time FTLE fields, as measured
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Fig. 8. Monthly standard deviation of finite-time Lyapunov exponent (FTLE) fields calculated using 48 hr integration windows over the entire record from 2012 to
2022 for forward in time runs (repelling ridges). The percentages in each label denote the percentage of 48 hr integration windows in which the data availability in
the domain of influence exceeded the 95% data threshold for each respective month and were included in the FTLE calculations (Fig. 5). The black outline denotes
the offshore wind energy area (WEA). Spatial statistics of FTLE values within the WEA (black outline) are reported in the top right of each panel using the format:
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by the monthly standard deviation, also showed enhanced variability in
the spring and summer months extending into the WEA (spatial median
of 0.20 d™! in January versus 0.25 d~! in May; Fig. 10).

The seasonal evolution of both repelling and attracting FTLE fields
within the WEA was broadly consistent with the Coastal Upwelling
Transport Index (CUTL Fig. 11). Composite monthly CUTI values
increased during the spring and early summer and declined through the
fall months until reaching winter minima, which was generally consis-
tent with seasonal changes in the spatial median of the monthly mean
FTLE fields inside of the WEA (Fig. 11).

4. Discussion and conclusions

In this contribution, we analyzed over a decade of surface currents
from a network of high-frequency radars to characterize mean current
patterns and transport structures, derived from a Lagrangian coherent
structure analysis, in and around a proposed offshore wind energy re-
gion along the outer continental shelf of central California. We found a
strong seasonal cycle in both the mean Eulerian (Fig. 3) and Lagrangian

(Figs. 7 and 9) flow fields. During the spring months, there was an abrupt
transition from generally weak poleward flows (~0.05 m/s) observed
during the winter months to more intensified equatorward flows
(~0.15 m/s) (Fig. 3). This time period also coincided with a large in-
crease in both forward in time (repelling ridges, Fig. 7) and backward in
time (attracting ridges, Fig. 9) mean FTLE fields closer to the coastline,
with increased FTLE values also extending into the WEA (e.g., within
WEA, spatial median FTLE values increased by 32% for repelling ridges
and 17% for attracting ridges between January and May). Both forward
and backward in time runs showed distinct spatial differences between
repelling and attracting fields, respectively, with stronger repelling
ridges in the southeastern corner (~0.4 d™1) and stronger attracting
ridges in the center edge of the WEA (~0.40-0.45 d’l) closest to the
coastline (Figs. 6, 7, and 9). In general, attracting FTLE fields exhibited
stronger values and a broader spatial extent inside of the WEA (spatial
median of 0.31 d™!) compared to repelling FTLE fields (spatial median
of 0.28 d71), suggesting potential for increased material aggregation
across this region.

The seasonality of the mean surface currents and enhanced transport
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Fig. 9. Monthly mean of finite-time Lyapunov exponent (FTLE) fields calculated using 48 hr integration windows over the entire record from 2012 to 2022 for
backward in time runs (attracting ridges). The percentages in each label denote the percentage of 48 hr integration windows in which the data availability in the
domain of influence exceeded the 95% data threshold for each respective month and were included in the FTLE calculations (Fig. 5). The black outline denotes the
offshore wind energy area (WEA). Spatial statistics of FTLE values within the WEA (black outline) are reported in the top right of each panel using the format: median

(25th percentile, 75th percentile) [10th percentile, 90th percentile].

structures, and in particular the increases observed during the spring
and summer months, is consistent with the well-established dynamics of
the California Current upwelling system (Strub et al., 1987; Strub and
James, 2000; Checkley and Barth, 2009; Garcia-Reyes and Largier,
2012). The spring and summer upwelling season was also characterized
by a sharp increase in both attracting and repelling FTLE fields in and
around the proposed wind energy development region, particularly near
the coastline (Figs. 7 and 9). These seasonal patterns are consistent with
recent observations from the Mid-Atlantic Bight from Veatch et al.
(2025b) that also reported enhanced attracting FTLE features in the
spring and summer due to seasonal stratification. The spatial gradients
and seasonal timing in FTLE magnitude in this study likely reflect the
influence of upwelling-driven dynamics (intensified currents, fronts,
filaments, eddies, and instabilities that drive substantial horizontal
stirring) within a coastal band that extends tens of kilometers from the
coastline (see Fig. 11; Strub et al., 1991; Castelao et al., 2006; Capet
et al., 2008; Nidzieko and Largier, 2013; Kessouri et al., 2020). The
extension of elevated FTLE signals away from the coastline and into the
proposed wind energy area during the upwelling season highlights the

importance of the offshore extension and spatiotemporal variability of
these dynamic features.

One potential uncertainty is that the 6 km horizontal resolution of
the HFR product may not fully resolve smaller submesoscale processes
and their associated stirring. Moreover, in addition to the seasonal
variability documented here, intraseasonal and synoptic-scale vari-
ability in the upwelling wind forcing (e.g., upwelling-relaxation cycles,
Trautman and Walter, 2021) is also likely important in governing the
dynamics of particle aggregation, separation rates, and the evolution of
FTLE fields. While the goal of the present study is to establish seasonal
patterns using more than a decade of observations, a more dynamical
approach that explicitly examines the evolution of FTLE fields under
different wind-forcing regimes and during individual events would
provide additional insight into the physical mechanisms governing
transport structure formation. Future work should also investigate
temporal trends (see Figure S2 for a time series of FTLE fields) and
interannual variability, as well as the response of FTLE fields to extreme
events (anomalous upwelling, storms, etc.).

The seasonal and spatial patterns in FTLE fields also shape potential
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ecological responses in this region. The seasonal intensification of
attracting ridges during the spring and summer upwelling season also
aligns with periods of peak biological productivity in the California
Current System, as the upwelling of nutrient-rich subthermocline waters
fuels productivity along the coast (Checkley and Barth, 2009; Walter
et al., 2018; Barth et al., 2020; Fig. 11). This correspondence suggests
that the observed transport structures may contribute to organizing prey
fields and shaping the spatial structure of marine food webs in the region
(e.g., Veatch et al., 2025a). It is important to note that the attracting
FTLE fields exhibited spatial variability within the WEA, especially
along the eastern boundary, suggesting that ecological impacts may not
be uniform across the WEA. In contrast, repelling ridges enhance the
stretching and dispersal of water parcels and may indirectly influence
primary productivity through transport and filamentation rather than by
localized biological aggregation as in attracting ridges. The extension of
moderate to strong attracting FTLE ridges into portions of the WEA
during this biologically active upwelling season highlights that the WEA
may overlap with ecologically important aggregation and feeding zones
for higher trophic level migratory species including whales and pelagic
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fisheries (Fahlbusch et al., 2022; Watson et al., 2018). Future work
should incorporate spatiotemporal data layers on both fishing effort (e.
g., Wang et al., 2024) and whale tagging data (e.g., Calambokidis et al.,
2024) to further assess the relationship between attracting FTLE fields
and whale migration patterns (Fahlbusch et al., 2022) and fisher
behavior in the vicinity of the WEA (Watson et al., 2018).

The development of seasonal patterns of both attracting and repel-
ling FTLE values provides a valuable framework for assessing environ-
mental risks associated with potential offshore wind energy
development, operations, and maintenance. The observed seasonal
strengthening of both attracting and repelling FTLE fields suggests that
the transport and fate of pollutants may vary substantially throughout
the year, with stronger aggregation and dispersal processes occurring
during the spring and summer upwelling season. These seasonal patterns
have direct implications for the timing of construction, maintenance,
and operational activities, as these activities could be scheduled to
minimize overlap with times of enhanced ecological vulnerability. More
broadly, the integration of LCS analyses into marine spatial planning
exercises may allow for the incorporation of dynamic oceanographic
information into future siting decisions and buildout scenarios. Future
work could also integrate these LCS analyses into ecosystem models of
fisheries and whale migration pathways to improve predictions of spe-
cies distributions and help inform management actions, such as reducing
the risk of whale strikes. Together, these applications could enable a
more thorough evaluation of trade-offs between renewable energy
development and ecosystem conservation, providing a framework that
can be applied to other regions where offshore energy and other
emerging blue economy activities are being considered (White et al.,
2024).

This study takes advantage of more than a decade of high-resolution
(6 km) surface current observations to evaluate the seasonal and spatial
evolution of FTLE fields on the outer continental shelf of central Cali-
fornia, providing a critical baseline for assessing potential environ-
mental change associated with future offshore energy developments, as
well as broader shifts in upwelling systems under climate change
(Bograd et al., 2023). The growing national and international HFR
network continues to enable the observation of dynamic surface pro-
cesses in the ocean at unprecedented spatial and temporal scales
(Paduan and Washburn, 2013; Roarty et al., 2019). Building on this
capability, the Lagrangian coherent structures derived from these
long-term observations provide a framework for characterizing seasonal
transport patterns relevant to ecosystem dynamics and environmental
risk assessment (pollutant transport, search and rescue, etc.). The sea-
sonal patterns developed here represent a scalable framework for sup-
porting marine spatial planning and sustainable ocean use in a rapidly
evolving Blue Economy.
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