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Analysis of ecosystem impacts from offshore wind (OSW) farm development has primarily focused on localized
effects. However, in Eastern Boundary Current Upwelling Systems (EBUS) like the California Current, OSW farms
can modify the intensity and spatial structure of wind-driven upwelling, inducing non-local (tens of kms away)
changes to seawater temperature. Recent numerical modeling research determined that a hypothetical upper
bound full buildout of OSW farms in central California could warm coastal waters through a reduction in up-
welling. Here, we examine the sensitivity of coastal marine heatwaves (MHWs), which are prolonged extreme
seawater temperatures that are among the greatest threats to marine ecosystems, to seawater temperature in-
creases motivated by OSW-induced warming. Using a novel long-term coastal water temperature record spanning
over four decades, we find that there is the potential for significant increases in MHW days, with individual
MHWSs becoming more intense and prolonged. Although the exact nature of OSW-induced changes to MHWs are
uncertain, this is the first investigation into the potential impacts of OSW development on coastal MHWSs, with
important implications for marine ecosystems in EBUS globally where OSW is being considered. Despite the
potential impacts, OSW remains a critical component to combat the much more pervasive issue of global climate

change.

1. Introduction

Marine heatwaves (MHWs), discrete and prolonged periods of
anomalously warm ocean temperatures, are among the greatest threats
to marine biodiversity on Earth (Smale et al., 2019). MHWs affect ma-
rine ecosystems in a multitude of ways: alteration of species range with
the potential to introduce invasive species, mass mortality of marine
organisms, habitat loss, and MHW-associated multi-stressor events,
including harmful algal blooms, hypoxia, and low pH conditions (Smith
etal., 2023a; Shunk et al., 2024). In the California Current System (CCS),
MHWs and their associated stressors have resulted in the loss of large
areas of species-rich kelp forests, the collapse of valuable fisheries, and
persistent range shifts of marine organisms (Rogers-Bennett and Catton,
2019; Sanford et al., 2019).

Due to human greenhouse gas emissions and the resultant warming,
global averages of MHW frequency, intensity, and duration have all
increased since the early to mid-1900s (Oliver et al., 2018). Compared to
the global trend, MHWs in highly productive Eastern Boundary Current
Upwelling Systems (EBUS), including the CCS, have changed to a lesser
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degree (Oliver et al., 2018; Varela et al., 2018; Izquierdo et al., 2022). In
the strong upwelling region of the CCS, where alongshore equatorward
winds drive upwelling of cold, nutrient-rich waters from below the
thermocline into coastal surface waters, positive trends in MHW fre-
quency and intensity are more muted (Oliver et al., 2018). Based on
analysis from nearshore, in-situ measurements, long-term trends in
MHW characteristics are only detectable over time spans greater than
approximately fifty years (Oliver et al., 2018; Dalsin et al., 2023). In the
nearshore coastal environment along EBUS, wind-driven upwelling has
been observed to act as a buffer against MHWSs in a warming ocean,
providing a cold-water reprieve for marine organisms (Dalsin et al.,
2023; Varela et al., 2021; Garcia-Reyes, 2023).

In an effort to combat the accelerating threat of global warming and
reduce greenhouse gas emissions, California passed Senate Bill 100 (SB-
100) in 2018, requiring the state to produce 100% of its electricity from
renewable sources by 2045. To meet these targets, California has
ambitious plans to build 25 GW of offshore wind-power capacity. In
December of 2022, the Bureau of Ocean Energy Management (BOEM)
held the first ever offshore wind (OSW) energy lease sale along the US
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West Coast in two Wind Energy Areas (WEAs) located in northern Cal-
ifornia (Humboldt WEA) and central California (Morro Bay WEA) with
high-value power generation potential (Bureau of Ocean Energy Man-
agement, 2022; Wang et al., 2022; Wang et al., 2019). Both of these
WEAs are located in regions of moderate to strong upwelling, experi-
encing a combination of wind-driven coastal upwelling (Ekman trans-
port near a coastal boundary) and wind stress curl-driven upwelling also
known as Ekman suction (Checkley and Barth, 2009; Jacox et al., 2018).
Thus, it is critical to understand how OSW development might impact
MHWs via modification to the wind field, and consequently upwelling
and seawater temperatures.

A recent study utilized an ocean-atmosphere numerical model (3 km
spatial resolution regional ocean model for the inner nest) to simulate
the effects of OSW development in the two California WEAs (as well as a
prior area of interest near the Morro Bay WEA termed the Diablo Canyon
Call Area) and found moderate changes to the wind stress curl-driven
upwelling, particularly in the central California region (Raghukumar
et al., 2023). Using a hypothetical upper bound full buildout scenario (e.
g., max number of turbines across both the Morro Bay WEA and Diablo
Canyon Call Area), the authors found moderate reductions in the
wind-stress curl along the eastern (landward) side of the central Cali-
fornia OSW farms that led to reductions in upwelling. The change in
vertical transport led to an increase in average seawater temperatures of
approximately 0.1-0.4 °C in the coastal regions on the eastern (land-
ward) side of the hypothetical central California OSW farms, with
consistent temperature increases across all seasons (see Figures 1 and 2
in Raghukumar et al., 2023). In this communication, we consider the
potential impact of the reduction in upwelling and subsequent increases
of the mean temperature due to the potential development of OSW in
central California on nearshore MHWs. We utilize a novel long-term
temperature record in central California previously analyzed for
MHWs (Dalsin et al., 2023) and examine how a range of temperature
increases, which model the potential impact of the hypothetical upper
bound full buildout scenario in central California and associated un-
certainties, modify MHW characteristics in the region. This study pro-
vides the first known investigation into the potential impact of OSW
development on coastal MHWSs, with important implications for marine
ecosystems in EBUS where OSW is being considered.

2. Methods
2.1. Temperature and MHW data

We utilize seawater temperature data detailed in Dalsin et al., 2023.
These data were obtained from a nearshore measurement site (~3 m
nominal depth; 35.2055°N, 120.8500°W) landward from the central
California OSW region (Fig. S1). The data span over four decades
(1978-2020), with measurements taken at 20-min intervals. MHWs
were calculated using the MATLAB MHW toolbox (Zhao and Marin,
2019) following the standard MHW definition: a period of five or more
consecutive days where the daily average ocean temperature exceeds
the 90th percentile threshold (Hobday et al., 2016). The climatology and
90th percentile threshold were computed using an 11-day moving
average for each day of the year. We quantified the following MHW
metrics: duration, mean intensity (mean temperature anomaly), cumu-
lative intensity (time-integrated temperature anomaly), and maximum
intensity (peak temperature anomaly) (Hobday et al., 2016). We also
categorized the MHWs as moderate (maximum intensity that is 1-2x the
90th percentile threshold), strong (2-3x), and severe (3-4x) (Hobday
et al., 2018).

2.2. Modeling mean temperature changes induced by OSW
Based on the ocean-atmosphere model projections from Raghukumar

et al., 2023, upwelling was reduced on the eastern (landward) side of the
central California OSW farm due to a reduction in wind stress curl.
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Consequently, seawater temperature averages landward of the OSW
buildout were found to increase by approximately 0.1-0.4 °C
(Raghukumar et al.,, 2023). Seasonal variations in the modeled
OSW-induced ocean temperature differences were minimal and
remained positive throughout the year (see Figure 1 in Raghukumar
et al., 2023). In this work, we modeled the potential warming effect from
the hypothetical full buildout scenario in central California. We utilized
a constant temperature offset between 0 and 0.5 °C, where a 0 °C tem-
perature offset represents the status quo with no OSW development in
the central California WEA (e.g., the results from Dalsin et al., 2023).

On the other extreme, the temperature offset of 0.5 °C accounts for a
hypothetical full buildout of both the Morro Bay WEA and previously
considered Diablo Canyon Call Area (as modeled by Raghukumar et al.,
2023) as well as various uncertainties that could push this warming
higher (e.g., increased turbine sizes, changes in turbine density, OSW
area expansions, upwelling changes, unresolved processes, etc. — see
Discussion for additional details). We note that the Diablo Canyon Call
Area is not currently under consideration for OSW development and was
not included in the December 2022 lease sale with the Morro Bay WEA.
As aresult, reductions in upwelling, and therefore seawater temperature
changes of up to 0.4 °C modeled by Raghukumar et al. (2023) represent
an extreme development scenario. However, California has ambitious
plans to build 25 GW of OSW capacity by 2045, and thus, expansions
into the Diablo Canyon Call Area and beyond are possible (but also
dependent on the proposed Chumash National Marine Sanctuary). Thus,
we analyzed the effect of a range of temperature offsets, from 0 to 0.5 °C
in 0.1 °C increments, effectively conducing a sensitivity analysis, rep-
resenting seawater temperature increases resulting from varying de-
grees of OSW development and inherent uncertainties in the modeled
changes and assumptions made here. While a constant temperature
offset does not model time-variable changes associated with OSW
development and the consequent upwelling and seawater temperature
response, the range of constant offsets is meant to bound the range of
possible warming scenarios, with the understanding that changes to
MHWs would likely be variable in time and space (these caveats are
further detailed in the Discussion).

Positive trends in seawater temperature due to climate change have
increased MHW frequency and intensity in many locations on a decadal
or multidecadal time scale (Oliver et al., 2018). On these longer time-
scales, ecosystems can shift and adapt more easily, and thus a moving
baseline climatology is recommended to better quantify the ecological
impacts of MHWs (Amaya et al., 2023a). In the case of OSW develop-
ment in an EBUS, warming effects will occur on short timescales relative
to longer-term changes. Given the lack of adjustment time for marine
organisms to adapt to these stepwise-like temperature changes, we uti-
lize the same baseline climatology and 90th percentile MHW threshold
from the 1978-2020 record. We then add a range of constant temper-
ature offsets to the original time series and recalculate MHWs at each
offset to represent the range of potential effects from OSW development
and associated uncertainties. This approach aims to produce MHW
metrics (e.g., frequency, intensity, duration) that would best capture
potential impacts to marine organisms in the short term following OSW
implementation.

3. Results
3.1. MHW metrics and trends

MHW metrics summed across the entire dataset (e.g., total number of
MHWs, total MHW days, total cumulative intensity) all increased with
progressively larger temperature offsets (Fig. 1). Compared to the base
case (0 °C offset) the 0.5 °C upper bound temperature offset increased
the number of MHWs by 58%, the total MHW days by 77%, and total
cumulative intensity by 82% (Table 1). With increasing temperature
offset, linear trends (e.g., slope of metric with respect to temperature
offset changes) for the frequency, total MHW days, and total cumulative
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Fig. 1. Barplots of the (a) number of MHWs, (b) total MHW days, and (c), total cumulative intensity for each temperature offset from 0 to 0.5 °C over the period from
1978 to 2020. The 0 °C offset represents the base case (no OSW development and hence no temperature offset, as in Dalsin et al., 2023). Each bar is separated by the
MHW category, based on the maximum intensity (e.g., maximum intensity between 1-2x the 90th percentile threshold for moderate, 2-3x for strong, and 3-4x for
extreme; see Section 2.1). In panel (c), black dots denote the cumulative intensity from the base case, dark gray dots denote the cumulative intensity from pre-existing
MHW days present in the base case only accounting for the increase in MHW intensity, and light gray dots denote the total cumulative intensity.

Table 1

Summary of total MHW statistics in Fig. 1 from 1978 to 2020.
Offset (°C) 0 0.1 0.2 0.3 0.4 0.5
Number of MHWs 80 91 96 101 113 126
Moderate MHWSs 55 62 63 66 74 87
Strong MHWs 25 28 32 34 38 37
Severe MHWs 0 1 1 1 1 2
MHW Days 1104 1267 1398 1566 1755 1957
Cumulative Intensity (°C 2721 3136 3495 3937 4432 4950

days)

intensity were all statistically different from zero (p < 0.01). Trends
were then divided by the time span of the dataset to obtain a change in
the MHW statistic per year per degree Celsius offset. There was an in-
crease of 2 MHWs/year/°C offset, 39 MHW days/year/°C offset, and
103 °C days/year/°C offset (cumulative intensity). Additionally, with
increasing temperature offset, the maximum intensity of each MHW
increased, and more MHWSs were categorized as strong (e.g., 25 in the
base case vs. 37 with 0.5 °C offset; Fig. 1). No MHWSs were categorized as
severe in the base case, but one severe MHW appeared at the 0.1 °C
offset and two at 0.5 °C (Table 1 and Fig. 1).

3.2. MHW modification by temperature offset

The increases in MHW metrics following the temperature offset can
be attributed to three mechanisms: (1) emergence of new MHWs, (2)
lengthened duration and heightened intensity of pre-existing MHWs,
and (3) pre-existing MHWSs merging to form a single MHW event with a

longer duration (e.g., Fig. 2). For example, from July to September of
1998, the base case shows three distinct MHWSs with durations of 10, 11,
and 5 days respectively (Fig. 2a). At 0.2 °C offset, the first MHW is un-
changed in duration, but the second and third MHWs are substantially
lengthened to 19 and 23 days respectively (Fig. 2b). At 0.5 °C offset, the
cool reprieve separating the first two MHWSs was eliminated and these
events merged to become a single event spanning 35 days (Fig. 2c).

When considering how temperature offset affects cumulative in-
tensity, we examined the contribution of MHW days that emerged due to
the offsets from either increasing the intensity on existing MHW days
(“pre-existing MHW days™) or through the lengthening of pre-existing
MHW days and generation of additional MHW days not present in the
base case (“new MHW days”; Fig. 1¢). The emergence of new MHW days
is the dominant contributor to changes in cumulative intensity at the
0.5 °C offset, accounting for 75% of the change relative to the base case
(Fig. 1c). That is, only 25% of the increase in cumulative intensity is due
to increasing the intensity of pre-existing MHW days (Fig. 1c).

3.3. MHW metric distributions

Examination of the distribution of MHW metrics across all events for
the various offsets highlights an increase in the most extreme events
with the longest durations and cumulative intensities. For smaller off-
sets, the mean and median of the respective MHW metrics (duration,
mean intensity, cumulative intensity, maximum intensity) increase as
the offset increases (Fig. 3). However, above the 0.3 °C offset, the means
and medians begin to decrease slightly due to the emergence of new
MHWs that have shorter durations along with lower mean, cumulative,
and maximum intensities (Fig. 3). Even though MHWs are further
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Fig. 2. Example temperature and MHW time series from June-October 1998 at (a) 0 °C offset, (b) 0.2 °C offset, and (c), 0.5 °C offset. Shown are the climatology
(gray), daily-averaged temperature (black), 90th percentile threshold (light red), and MHW events shaded in dark red with arrows labeling duration. The 0 °C offset
represents the base case (no OSW development and hence no temperature offset, as in Dalsin et al., 2023), from which the climatology and threshold were calculated.
MHW event durations are shown in each panel with black arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 3. Frequency/count (color bar) histograms of MHW metrics (vertical axes) across each temperature offset (horizontal axes). Quantities shown are (a) duration,
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alization. The 0 °C offset represents the base case (no OSW development and hence no temperature offset, as in Dalsin et al., 2023). (For interpretation of the
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lengthened and sometimes combined at larger temperature offsets (e.g.,
Fig. 2), generation of shorter MHWSs maintain or decrease the mean and
median of the distributions (Fig. 3). For duration and cumulative in-
tensity, the means are larger than the medians because of a small
number of MHWSs with long durations greater than 40 days (Fig. 3a and
c). Nonetheless, increasing temperature offsets generally led to increases
in the frequency of the most extreme and prolonged MHWs.

4. Discussion

While previous studies have examined the impacts of OSW on local
stratification (Copping et al., 2013), vertical transport (Ludewig, 2015),
and air-sea heat fluxes (Akhtar et al., 2022), this is the first work to
consider the implications for MHWs. Raghukumar et al., 2023 demon-
strated that the hypothetical upper bound full buildout scenario in
central California, which includes the newly leased Morro Bay WEA and
previously considered Diablo Canyon Call Area, has the potential to
reduce wind stress curl-driven upwelling, leading to warmer seawater
temperatures on the eastern (landward) side of the WEA. Utilizing the
projected OSW-induced temperature changes from Raghukumar et al.,
2023), and accounting for other uncertainties and potential warming
mechanisms (discussed below), we applied a range of constant tem-
perature offsets (0.1, 0.2, ...0.5 °C) to a novel in-situ temperature record
spanning more than four decades from an adjacent nearshore site in
central California and examined the sensitivity of calculated MHW
metrics to these warming offsets. Under these assumptions, small
changes in warming could lead to 0.2-1 additional MHWs/year, 4-20
more MHW days/year, and 10-52 more °C days/year of MHW cumu-
lative intensity in the nearshore region adjacent to the OSW develop-
ment. We find that a stepwise temperature offset increases MHW metrics
in three distinct ways: (1) increasing the intensity of pre-existing MHWs,
(2) lengthening and occasionally merging of pre-existing MHWs, and (3)
generating new MHWs. Approximately 75% of the observed increase in
cumulative intensity (similar to “degree heating days” and a measure of
cumulative ecosystem stress during MHWs) was explained by the
addition of new MHW days, either from new MHWs generated from the
offset or the lengthening of MHWSs present in the base case (no offset or
OSW development).

While the findings in this study raise concern about nearshore im-
pacts of the central California WEA, it is important to note that they
represent an upper-bound of changes to MHWs, a worst-case scenario
that may not be realized. As the authors of Raghukumar et al., 2023
note, there is inherent uncertainty in the projections made from their
model, and upwelling changes were site-dependent, with the Humboldt
WEA inducing much smaller changes in upwelling. Furthermore, only
the Morro Bay WEA has been leased for OSW development in central
California, with the Diablo Canyon Call Area no longer under consid-
eration, the latter of which was included in the modeling study
(Raghukumar et al., 2023). Excluding the Diablo Canyon Call Area from
the model would reduce the area of OSW development and number of
turbines in the region, thereby diminishing predicted upwelling changes
and the consequent seawater temperature and MHW changes. Addi-
tionally, while regional ocean models (e.g., 3 km resolution inner nest
used in Raghukumar et al., 2023) do not always accurately capture
complex dynamics found in the shallow nearshore, previous studies in
central California have shown that regional-scale upwelling is the
dominant control on nearshore temperature variability on seasonal and
intra-seasonal (1-2 week upwelling-relaxation cycles) time scales
(Dalsin et al., 2023; Walter et al., 2018, 2022, 2024). Moreover, the
definition of MHWs (see Section 2.1) naturally filters higher-frequency
phenomena that drive warming above the 90th percentile threshold
with periods shorter than five days (e.g., “heat spikes”) and thus
regional-and basin-scale variability are likely more influential in
shaping nearshore MHWs at this location (Dalsin et al., 2023). A con-
stant temperature offset does not capture the exact dynamics, but rather
is intended to highlight how small changes in regional upwelling due to
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OSW development and the resultant non-local warming could lead to
non-trivial changes in coastal MHWs. Moreover, the range of warming
offsets also takes into account potential uncertainties in the warming,
including: 1) utilizing 10 MW turbines (as in Raghukumar et al., 2023)
versus much larger 15 MW turbines currently being considered; 2)
changes in turbine spacing and density; 3) vertical mixing in the ocean
from the turbines (Christiansen et al., 2023) not considered by Raghu-
kumar et al. (2023); 4) changes in upwelling and upper-ocean mixed
layer dynamics (see below); 5) future expansions in OSW development
not previously considered given lofty goals of 25 GW of installed ca-
pacity by 2045 in CA; 6) future climate-change-driven warming along
the CA Current, the magnitude of which is highly uncertain (Pozo Buil,
2021); and 7) other uncertainties associated with the model output and
assumptions made here. Future studies could develop and configure a
high-resolution nearshore model, which is beyond the scope of this
study, to more accurately predict detailed dynamics and spatiotemporal
variability in local MHW events.

Over the last century, the California Current has warmed modestly
compared to the global ocean, with trends in MHWs only observable on
time scales greater than 40 years (Oliver et al., 2018; Dalsin et al., 2023).
It has been shown that upwelling has helped mitigate the effects of a
warming ocean in EBUS (Garcia-Reyes, 2023), though it is uncertain if
these thermal refugia will persist in the future, as stratification will
likely intensify with further climate change, potentially reducing the
cooling (and MHW-mitigating) effect of upwelling (Pozo Buil, 2021;
Bograd et al., 2023). However, future changes in upwelling favorable
winds (e.g., Bakun hypothesis), although uncertain and site-dependent,
could also impact thermal refugia in EBUS (Bograd et al., 2023; Bakun,
1979). The results presented here suggest that the development of OSW
in EBUS, and subsequent changes to upwelling, and consequently
nearshore warming, may diminish the MHW-buffering effect typically
found along coastal regions of EBUS (Dalsin et al., 2023; Varela et al.,
2021).

The consistent equatorward winds in EBUS like the California Cur-
rent make them appealing regions for OSW development (Wang et al.,
2019). These same winds drive upwelling, the dominant mechanism of
physical, chemical, biological variability in coastal regions along EBUS
(Bograd et al., 2023). Extracting energy from the wind field via OSW
development in EBUS therefore poses a risk to nearby ecosystems
through both temperature and biogeochemical changes. To date, there
has been little development of OSW in EBUS, but strong interest and
future plans for development (e.g., US West Coast, Western Australia,
etc.). As aresult, very little is understood about the ecological impacts of
OSW in EBUS. The central California WEA therefore presents a unique
opportunity to study the impacts of OSW in an EBUS. While previous
work has outlined potential ecological changes in the vicinity of the
WEA itself (Farr et al., 2021; White et al., 2024) this study shows that
there is potential for non-local (e.g., tens of kilometers from the WEA)
impacts from OSW development that need to be considered.

OSW impacts on nearshore marine ecosystems and fisheries are
likely to be species-specific and site-dependent. Benthic and sessile or-
ganisms are likely to be most affected by OSW-induced warming and
MHWs because of their inability to migrate out of the affected region.
Similarly, highly mobile species may only be partially affected,
assuming that thermal displacement distances will only be moderately
affected in the regional extent of the OSW development (Raghukumar
et al.,, 2023; Jacox et al., 2020). Over longer time scales, it is also
possible that community-wide changes occur, similar (though smaller in
magnitude) to what has been documented in the presence of thermal
outfalls in power-generating systems (Schiel et al., 2004), and a new
climatological baseline would be needed for MHW analyses (Amaya
et al., 2023b). On the other hand, others have argued that a fixed
climatological baseline (so called fixed-baseline definition) is more
appropriate  for long-term MHW  analysis, even  with
climate-change-driven warming, since it captures increasing risks (e.g.,
due to climate change or an OSW farm) and maintains a consistent
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definition that the scientific community and policymakers have adopted
(Sen Gupta, 2023). For further discussion on fixed versus shifting
baselines, we refer the reader to Smith et al., 2024). While there are
many documented and potential localized impacts in the immediate
vicinity of deepwater floating OSW farms (Farr et al., 2021), there are
limited studies that have suggested the potential for a non-local change
tens of kilometers away such as the increase in nearshore MHWSs
documented here. Nearshore marine ecosystems like the species-rich
giant kelp forests found along the California coast may not have been
previously considered in impact analyses, especially for OSW develop-
ment with floating turbines in deeper waters far from the coast. Strategic
placement of nearshore conservation areas and marine protected areas
(MPAs) in the regional extent of OSW farms could be an important
management strategy to reduce potential impacts on certain fisheries
(Ziegler et al., 2023), although ecosystem-wide resilience to increasing
MHWs in MPAs is uncertain (Smith et al., 2023b).

While the potential ecosystem impacts discussed above are highly
uncertain, and will depend on a multitude of factors include the actual
changes to temperature and MHWSs, given that the central California
WEA will likely be the first large-scale deepwater floating development
in an EBUS, careful monitoring of the region’s nearshore ecosystems
should be performed to help inform future development in EBUS glob-
ally. Before, after, control and impact (BACI) analyses that consider
nearshore organisms and fisheries could capture changes to MHWs in
the region and potential ecosystem impacts resulting from OSW devel-
opment (Methratta, 2020; Livermore et al., 2023). BACI studies and
others of a similar nature could provide a basis for nearshore marine
management strategies for other US West Coast OSW developments and
globally for OSW in EBUS (Methratta, 2020; Livermore et al., 2023).
Central California represents a unique opportunity to study non-local
impacts of OSW development, including changes to MHWs, with
important implications for EBUS globally where OSW development is
critical to reducing greenhouse gas emissions amid a warming climate.
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