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Vertical structure of subsurface
marine heatwaves in a shallow
nearshore upwelling system

Gavin Plume?, Ryan K. Walter'™, Isabelle Cobb?, Michael Dalsin?, Piero L. F. Mazzini?,
Nathan P. Shunk?, lan Robbins! & Thomas P. Connolly?

Marine heatwaves (MHWs) are increasing in frequency and intensity globally and are among the
greatest threats to marine ecosystems. However, limited studies have characterized subsurface
MHWs, particularly in shallow waters. We utilized nearly two decades of full water-column (~ 10 m)
observations from a unique automated profiler in central California to characterize, for the first time,
the vertical structure of MHWs in a shallow nearshore upwelling system. We found MHWs have similar
average durations and intensities across all depths, but there were ~17% more bottom MHW days
than surface MHW days. Nearly one third of bottom MHWs occurred independently of surface MHWs,
indicating that satellites miss a significant fraction of events. MHWs showed distinct seasonality with
more frequent and intense events during the fall/winter when weak stratification allowed for MHWs to
occupy a larger portion of the water column and persist longer. During summer, strong stratification
limited the vertical extent of MHWs, leading to surface- and bottom-trapped events with shorter
durations and intensities. Additionally, MHW initiation and termination across depths was consistently
linked to anomalously low and high coastal upwelling, respectively. This study highlights the need for
expansion of subsurface monitoring of MHWs globally amid a warming planet.

Rising ocean temperatures, driven by anthropogenic climate change, are causing more frequent and intense
marine heatwaves (MHWs), which are prolonged periods of anomalously warm waters!. MHWs have caused
long-term damage to marine ecosystems, threatened critical ocean-based economies, and are among the greatest
threats to marine biodiversity on the planet'=>. MHWSs have been linked with adverse ecological impacts across
trophic levels; the loss of foundational species like seagrasses, kelps, and corals; mass mortality of ecologically
and economically important species; and associated losses in ecosystem services*. MHWS can influence and co-
occur with other stressors, leading to compound extreme events like low-pH, low dissolved oxygen, or harmful
algal bloom (HAB) multi-stressor events®~’. For example, along the California Current, the 2014-2016 North
Pacific Marine Heatwave contributed to the decimation of more than 90% of coastal kelp forests in some areas
and the collapse of the $44 M Northern California abalone fishery®.

While satellite-based sea surface temperature (SST) measurements have yielded considerable insight into
the spatiotemporal trends and dynamics of MHWs, they are limited to detecting surface MHWSs and cannot
delineate the subsurface structure or the presence of MHW:s at depth®. Only recently have researchers begun
to unravel these extremes “hidden” from satellites at depth, with the majority of subsurface and bottom MHW
studies relying on hindcast reanalysis products (e.g., Global Ocean Reanalysis and Simulations—GLORYS)!0-14,
Reanalysis products are usually necessary to observe subsurface MHWs because of the lack of long-term
continuous temperature series with the daily measurements necessary for MHW detection'>~!7. While bottom
MHW studies are rare compared to surface MHW studies, significant findings include that subsurface MHWs
can exist in the absence of surface MHWSs and can persist longer, with a greater intensity, than surface events.
Therefore, subsurface MHW s may have a greater cumulative thermal stress and ecosystem impact!®18-24, MHWs
also exhibit considerable vertical variability—largely influenced by mixed layer dynamics—and can propagate
vertically through the water column!%-222425,

While most studies depend on reanalysis products, others have investigated subsurface temperature
anomalies during MHW events using infrequently sampling platforms such as monthly ship-based profiles or
Argo floats”*?*-%7. Each of these approaches has their own inherent limitations associated with the scarcity of
historical observations through both time and space”%1%?%. For example, ocean reanalysis products are susceptible
to errors in the evolution of subsurface temperatures in areas with limited historical observations”!%!8, As a
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result of sparse subsurface measurements, the characterization and prediction of subsurface MHWs remains a
major global challenge.

MHW studies face additional challenges in shallow (<20 m depth) nearshore coastal regions, which host
some of the most productive, but also vulnerable, marine ecosystemszg. This is true both for surface MHW:s due
to known biases and limitations of remotely sensed SST in the coastal zone, and for subsurface MHWS, due to the
lack of data availability and the high resolution needed for numerical modeling. Satellite-based measurements
in shallow coastal zones are susceptible to signal contamination from land run-off, aerosols, and water vapor
—particularly in Eastern Boundary Current Upwelling Systems (EBUS) with seasonally persistent marine layer
fog—as well as coarse spatial resolution that does not capture smaller coastline features®*-32. For subsurface/
bottom MHWs, there is a lack of long-term continuous data in the nearshore: Argo floats are only found in
deeper open-ocean waters*, sustained ship-based profiling programs are typically monthly or quarterly’,
established glider lines are limited to deeper shelf waters at an insufficient temporal resolution®?, and most long-
term nearshore monitoring stations and buoys are fixed at a single vertical point—usually the surface. Moreover,
hindcast reanalysis products are limited by their grid cell size (typically 8 km or larger horizontally) and may
not accurately capture key small-scale physical processes and important MHW drivers in the nearshore!24343°,
Even computationally expensive, high-resolution regional models may still have biases or limited ability to
validate and assimilate long-term in-situ data®*%. Several studies have characterized subsurface temperature
anomalies and MHWs using long-term moorings in deeper (> 50 m depth) shelf waters and found that seasonal
stratification and local dynamics significantly impact the evolution of these events'”?2”. However, we are not
aware of any studies that have examined the vertical structure of MHW:3 in the shallow (<20 m depth) nearshore
using in-situ data, despite the high productivity and ecological importance of nearshore regions.

In this contribution, we quantify and characterize the vertical structure of MHWs at a shallow nearshore
site located along the California Current EBUS. We take advantage of a unique long-term (2005-2023) dataset
from an automated, high-resolution vertical profiling instrument located at the end of the California Polytechnic
State University Pier at~10 m depth (Fig. 1, site description in section “Site description”). This study provides
the first known investigation into subsurface MHWSs in a shallow (<20 m depth) coastal region, offering an
unprecedented view and critical insight into the vertical structure of nearshore MHWSs and their potential
drivers. The findings have important implications for predicting the impacts to and vulnerabilities of marine
ecosystems in a warming climate.

Results

Climatology and General MHW Characteristics

The Coastal Upwelling Transport Index (CUTI, see section “Environmental data”) climatology showed expected
seasonal variations with peak upwelling in April and May, moderate upwelling through the summer, and
minimal upwelling during the winter months. The peak upwelling season aligned with periods of colder water,
especially in the lower portion of the water column based on the temperature climatology (Fig. 2). The seasonal
upwelling relaxation period (June through October) was characterized by a temperature stratified water column
(>2 °C between surface and bottom). During the late fall and winter months, the water column was typically
well-mixed with minimal temperature stratification.
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Fig. 1. Study area showing the (a) United States West Coast and (b) bathymetry and topography of the Central
California region. The inset in panel (c) shows the details of the SLO Bay region, as well as the location of the
approximately 1 km long Cal Poly Pier (red line). (d) Photo of the Cal Poly pier looking to the northwest.
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Fig. 2. Annual climatology of the (a) Coastal Upwelling Transport Index (CUTI), (b) stratification index
(average temperature difference between 1 and 9.5 m depths), and (c) temperature structure over depth (0.5 m
bins) from the automated profiler at the end of the Cal Poly Pier.

Across the entire time series, we detected 39 aggregate MHW:s (see section “MHW characterization”), with
a mean of 2.2 aggregate MHWSs per year. However, there was large interannual variability in event frequency,
with most events occurring between 2015 and 2021 and a notable absence of MHW:s from 2007 to 2012 (Fig. 3).
The interannual variability of aggregate MHWSs aligned with variations in the basin-scale climate modes, with
aggregate MHWs common during the positive phase of the Pacific Decadal Oscillation (PDO) and Multivariate
El Nifo Southern Oscillation Index (MEI). The 39 aggregate MHWs encompassed 522 individual MHWSs
across each depth bin. For individual MHWSs averaged across all depths, the mean duration was 10.9 days with
a standard deviation of 6.4 days and the mean intensity was 2.0 °C, with a standard deviation of 0.5 °C. Notably,
the greatest MHW intensity was 4.9 °C in September 2015, with anomalies of at least 4.5 °C at all depths (depth
fraction = 100% for this event).

MHW depth and seasonal variability

Small variations in the number of MHW events and total number of MHW days were present across all depths,
with smaller values at the surface (29 events, 297 MHW days) compared to the bottom (31 events, 344 MHW
days) depth. There was minimal variability of MHW duration and intensity metrics with depth (Fig. 4). We note
that these average characteristics across depths do not capture differences in event-scale variability (see section
“event-scale variability and vertical co-occurrence”).

October, November, and December exhibited the greatest percentage of MHW days (Fig. 5b). The high
number of MHW days in March was driven by two long events: a 32-day MHW in 2016 and a 26-day MHW
in 2020. MHWs had the highest mean intensity in the late summer and early fall (September to November),
with the highest intensity in September (Fig. 5¢). September’s high intensity was partially driven by the most
intense MHW in the record in 2015. The relative scarcity of MHW days from April to August aligned with the
major upwelling season and strong seasonal stratification in the water column (Fig. 5b). Notably, August and
September, two months with the strongest climatological stratification (Fig. 2), also displayed the most vertical
variability in MHW occurrence (Fig. 5b).
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Fig. 3. Time series of (a) annual aggregate MHW events (left, blue) and annual data availability (right, red),
(b) monthly PDO index (red = positive/warm phase, blue = negative/cold phase), (c) monthly MEI index

(red =positive, blue =negative), (d) Coastal Upwelling Transport Index (CUTI) climatology (black) and daily
values (gray), and (e) temperature anomalies over depth (0.5 m bins) from the automated profiler at the end of
the Cal Poly Pier. In panel (e), gray indicates missing data.

Event-scale variability and vertical co-occurrence

MHW event-scale vertical variability

The event-scale dynamics of MHW:s revealed depth-dependent characteristics not present in the long-term
averages. There were seven surface-trapped events that only occurred in the upper half of the water column
and eight bottom-trapped events that only occurred in the lower half of the water column (see Supplementary
Figs. S1 and S2 for examples). Only three of 39 aggregate MHW events had a 100% depth fraction (see Fig. S3
for an example), and roughly half (20 out of 39) of aggregate MHW events occurred with a depth fraction less
than 75%. Surface- and bottom-trapped events, as well as other MHW's with low depth fractions, were more
likely to occur in the stratified summer period, while the MHWs that occupied a large portion of the water
column with high depth fractions were observed during periods of weak stratification in the late fall and winter
(more details in section “local oceanic conditions at the event scale”). Event initiation and termination also
commonly coincided with negative and positive CUTI anomalies (CUTIa), respectively, for both high- and
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Fig. 4. MHW statistics at various depths including the (a) number of MHW s (black, bottom axis) and total
number of MHW days (blue, top axis), (b) MHW duration, (c) mean MHW intensity, (d) max intensity, and
(e) cumulative intensity. Black lines denote the median value, dashed grey lines the 25th and 75th quartiles,
and dotted grey lines the 10th and 90th percentiles. Percentiles are calculated across all MHW events at each

depth.

low-stratification events (Supplementary Figs. S1 S2, and S3; see also more details in section “Local oceanic
Conditions at the event scale”).

Vertical co-occurrence

Examination of the Jaccard Index co-occurrence matrix (Eq. 1, Fig. 6a) and conditional co-occurrence matrix
(Eq. 2, Fig. 6b) reveals strong vertical variability in MHW co-occurrence with distinct regimes. As expected,
the highest co-occurrence was found adjacent to the diagonal (100% along the diagonal by definition) of both
matrices since closer depths are more likely to experience MHW:s at the same time. There was also notably higher
co-occurrence in the bottom third of the water column—these deeper depths tended to act as a contiguous block
more than the shallower depths (see yellow square in bottom right corners of Fig. 6a and b). This block also
indicates that bottom-trapped events exhibited a higher depth fraction than surface-trapped events.

The lower rates of co-occurrence away from the diagonal indicate that MHWSs did not occur at the same
time across all depths, for example, during surface- and bottom-trapped events. The Jaccard index varied down
to~50% in the corners of Fig. 6a, which means that MHW days at the surface and bottom only co-occurred
around half of the time. The surface (depth=1 m) had the smallest Jaccard index with other depths, especially
when comparing the surface to the bottom of the water column. Furthermore, based on conditional co-
occurrences, if there was a MHW day at the top surface bin, there was a~75-85% co-occurrence with a MHW
day at depth (Fig. 6b). However, when there was a MHW day at depth, there was only a~60-70% co-occurrence
with a MHW day at the surface (Fig. 6b). This is an important finding since it means that approximately one
third of bottom MHW days exist independently of, or do not occur with, a surface MHW day. Indeed, 11 out of
39 aggregate MHW events never appeared at the surface.

Aggregate MHW events where co-occurrence at different depths took place displayed an initiation time lag
between depths. The average time lag across all MHW:s and all depth pairings was 0.34 days, with the average
time lag between pairs of depths never exceeding 1 day (Supplementary Fig. S4). However, depth pairings in the
upper portion of the water column showed lower time lag variability (standard deviation less than 1.5 days, see
blue square in Supplementary Fig. S4b), whereas the depth pairings in the bottom portion had higher variability
(e.g., 90th percentile lag between 5 and 9 m was 3 days). Aggregate MHWs had a slight tendency to start lower
in the water column and propagate upwards (Supplementary Fig. S4a), but that tendency was a relatively weak
signal with high variability.

Scientific Reports |

(2025) 15:6353

| https://doi.org/10.1038/s41598-025-90565-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a)
o

Data Availability (%)
w1

—_ wv

E 8

= =

‘g T

o 3
() .

2 —_

<

>

4 25 %2

£ S

= €

£ IS

g ° :

, =

=

FEE @Y PR S S

Fig. 5. (a) Data availability, (b) percent occurrence of MHW days at each depth, and (c) mean MHW intensity
at each depth, all by month. Percent occurrence of MHW days is normalized by data availability in that month.
The mean MHW intensity is the average intensity of MHW days experienced in that month.
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Fig. 6. Co-occurrence matrices of MHW events between different depths defined with (a) the Jaccard index
(Eq. 1) and (b) the conditional co-occurrence (Eq. 2). For conditional co-occurrence, each value corresponds
to the probability that the row depth is in an active MHW given that a column depth is in an active MHW (e.g.,
top right corner would be the percent co-occurrence of the surface being in a MHW given that the bottom is in
a MHW).
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Local oceanic conditions at the event scale

Upwelling anomalies and event initiation/termination

To further investigate the relationship between MHW initiation/termination and upwelling anomalies, we
calculated composite averages of the CUTIa across all MHWSs and all depths. Negative CUTIa consistently
coincided with MHW initiation (Fig. 7a). In fact, all but one aggregate MHW had a negative CUTIa within
two days before event initiation. A negative CUTIa value indicates either anomalously low upwelling if CUTT is
positive, or downwelling if CUTT is negative. Approximately 59.0% (23 out of 39) of the aggregate MHW events
experienced downwelling (negative CUTIa and CUTI) within two days before event initiation. For context,
downwelling occurred on less than 20% of days in the full time series.

The transition to anomalously strong upwelling (positive CUTIa) consistently coincided with MHW
termination (Fig. 7b). However, CUTIa at termination was more variable (Fig. 7d) than at the initiation (Fig. 7c).
Furthermore, 29 of 39 aggregate MHW events had a positive CUTIa within one day on either side of event
termination, suggesting that there are additional important drivers of MHW termination (see “Discussion
and conclusions”). For reference, the average CUTIa at event initiation and termination, respectively, was
approximately equal to the interquartile range (IQR), or the 25th and 75th percentiles, of CUTIa values across
the entire time series (- 0.5 to 0.5 m?/s).

Depth fraction and stratification

To further explore vertical variability, we examined how water column stratification impacts the depth
fraction of aggregate MHW events. A distinct clustering appears in the relationship between depth fraction
and stratification index (see section “MHW characterization”). During the winter months, aggregate MHW s
consistently displayed a higher depth fraction, and this regularly occurred during periods of low stratification
(Fig. 8, diamonds). These high depth-fraction aggregate MHW events also displayed a higher mean duration
(Fig. 8a), intensity (Fig. 8c), and cumulative intensity (Fig. 8d), thereby imparting the greatest water-column
integrated thermal stress. On the other end, the highest stratification events coincided with the lowest depth
fractions, as well as some of the smallest durations and intensities (Fig. 8). For moderate stratifications, depth
fractions were highly variable. Across all aggregate MHW events, the CUTIa was consistently negative at event
initiation (colorbar in Fig. 8), but there was no clear relationship between the magnitude of the CUTIa and the
depth fraction or stratification index. Finally, the max intensity was roughly the same across all aggregate MHW
events (Fig. 8b).

Discussion and conclusions

This study is the first known analysis of subsurface MHW structure in a shallow nearshore upwelling system.
While previous studies of subsurface and bottom MHWs have relied on relatively data-limited reanalysis
models and sparse in situ sampling, we utilized a unique and novel temperature series spanning nearly two
decades with continuous vertical coverage from the surface to the sea floor in a shallow coastal location in
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Fig. 7. Composite averages of the CUTI anomaly before and after the (a) initiation and (b) termination of
MHW events. Standard deviations are shown in panels (c) and (d).
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Fig. 8. Scatter plots of MHW depth fraction as a function of the water column temperature stratification for all
aggregate events (n=39). Aggregate MHW events are scaled by (a) duration, (b) average max intensity across
active depths, (c) average mean intensity across active depths, and (d) average cumulative intensity across
active depths. The events are colored by the CUTTIa at event initiation. Diamond markers denote MHWSs that
start during the non-upwelling season (October to March), while circles denote the upwelling season (April to
September).

central CA1%!113, Importantly, we found that~ 1/3 of bottom MHW days are hidden at depth and do not co-
occur with surface MHW days (Fig. 6b). Despite being in a shallow depth of only 10 m, surface and subsurface
extreme temperature anomalies (MHWs) were disconnected and occurred independently from one another,
which has major implications for the monitoring and predicting of MHWs in ecologically and economically
important nearshore systems. This work also corroborates findings from other studies on bottom MHWs that
show subsurface dynamics and MHW:s can be distinct from their surface counterparts, implying that satellite
detection is not a reliable method of detecting and/or quantifying subsurface MHWSs even in shallow nearshore
environments'®?"?%. This underscores the importance of sustained in-situ monitoring programs that provide
depth-resolved and/or bottom measurements in a variety of systems.

Furthermore, while we found total MHW days varied slightly with depth, with bottom MHWSs occurring
on~17% more days compared to the surface, average MHW metrics (duration and intensity metrics) did not
vary significantly with depth (Fig. 4). This finding contrasts with studies that found deeper bottom MHWSs
lasting longer and with greater intensities compared to surface MHWs!%-212534 However, the referenced studies
measured MHWs in much deeper shelf waters and/or the open ocean. The difference in behavior of subsurface
MHWs may stem from the unique dynamics found in shallow nearshore systems, which are influenced by higher-
frequency processes that impact both surface and bottom boundary layer dynamics. For example, in this study,
we found that wind-driven upwelling anomalies were a primary driver of MHWs at all depths, with 97% of
aggregate event initiations coinciding with negative CUTIa (anomalously weak upwelling or downwelling) and
74% of aggregate event terminations with positive CUTIa (anomalously strong upwelling) (Fig. 7a, b). Previous
work from this region documented that upwelling-relaxation cycles with a one-to-two-week period resulted
in large advective fluxes of cold (upwelling) and warm (relaxation) water into the upwelling bay system, with
highly variable stratification and mixed layer dynamics®***°. Given the typical timescale of these upwelling-
relaxation cycles, as well as the strong connection of MHW initiation/termination to upwelling anomalies,
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the upwelling-relaxation cycles at least partially control the duration of MHW events in this system. While
other studies have found that upwelling can influence MHW occurrence!”?2%, this study demonstrates coastal
upwelling as a primary driver of both surface and subsurface MHWs, a finding that is likely relevant to coastal
sites in EBUS globally. Future work should investigate the connection between subsurface MHWs in nearshore
upwelling systems and adjacent shelf waters, especially since the offshore stratification, thermocline depth, and
topographic slope interact to influence the depth of origin, and temperature, of cross-shelf upwelling-driven
flows (i.e., the slope Burger number)*!2. We stress the need for high-resolution numerical models of shallow
nearshore systems to investigate detailed dynamics of MHW events, but these models should be validated by
in-situ depth resolved measurements over sufficiently long timescales.

In addition to upwelling anomalies, we also found that stratification was a key control on MHW characteristics.
During fall and winter months when stratification was minimal, MHWSs occurred over a much higher depth
fraction with a larger cumulative thermal stress (Fig. 8). The greatest number of MHW days also occurred
during the fall and winter months, with the clear seasonality likely impacting the complex life cycles of some
marine species®. During summer months, strong stratification limited depth fraction and resulted in a greater
number of surface- or bottom-trapped events, with important ecological considerations and potential impacts.
Seasonal variation of MHW behavior likely occurs because stratification is an important control on vertical
diffusion of heat, mixing, and depth penetration of temperature anomalies’. Future work, potentially with
high-resolution numerical models, should investigate the relative role of advective fluxes, vertical transport and
mixing, and air-sea heat fluxes in controlling nearshore MHWSs across different seasons and forcing conditions.
For example, we found that during downwelling or anomalously low upwelling events (negative CUTIa) in the
stratified summer period, the transport of warm water anomalies can lead to bottom-trapped events that are
limited to the benthic environment. Moreover, previous studies have shown that MHW duration and cumulative
intensity positively correlate with MHW horizontal spatial extent®?*** and since winter events in this study
tended to be longer duration with a higher cumulative intensity, it is also possible that they have a much greater
horizontal spatial extent and overall ecosystem impact. On the other hand, it is possible that summer MHW
events are localized to the semi-enclosed embayment, since an upwelling shadow system develops inside the bay
during the summer upwelling season, and high retention times can lead to increased stratification and warming
of the bay waters relative to outside the bay**1*44. High retention times within the bay are also favorable for near-
bottom hypoxia®®. Bottom-trapped MHWs in this system, and upwelling shadows in general, may therefore
coincide with multiple stressor compound events (e.g. MHW:s coinciding with low dissolved oxygen, low pH,
and/or HAB events) in a way that surface MHWSs do not.

The number of MHWSs annually at this site largely mirrored the general regional results from an adjacent
coastal location?, with fewer MHWs during cool phases of the PDO prior to 2014. This was followed by
increases in MHW events later in the record with the largest number of aggregate MHWs documented in 2015
during the record El Nifio [see also peak in Dalsin et al. (2023)*] and Northeast Pacific Marine Heatwave
from 2014-2016 that spanned the US West Coast (note that the profiler in this study had no data in 2014
during the so-called “warm blob” event—see Fig. 3). This linkage suggests a partial regional coherence in
MHW events, but investigating the detailed dynamical links between larger-scale oceanographic conditions and
nearshore MHWS, and in particular the vertical structure of these events, should be addressed in future work.
Understanding this connection remains a grand challenge due to, for example, a lack of long-term subsurface
data, satellite biases in coastal regions, and nearshore modeling challenges at a high enough resolution over long
enough time periods (see section “Introduction”).

Reliable predictions and forecasting of subsurface and bottom MHWSs, which are currently limited, will require
more sustained monitoring programs that can characterize subsurface MHWs hidden at depth, particularly in
coastal regions’. These measurements can be used to develop the robust and spatially resolved temperature
climatologies needed to accurately quantify subsurface MHWS, but they can also improve validation of high-
resolution numerical models and reanalysis products for subsurface MHW characterization®!">. With more
accurate forecasts, stakeholders and resource managers can adapt active management strategies and proactive
approaches that mitigate potential impacts during high-risk periods like strong El Nifio years?’. These results
suggest that long-term forecasts of large-scale basin-scale climate modes (PDO, MEI) in the North Pacific, in
conjunction with short-term weather forecasts of regional wind-forcing (upwelling), could be used to develop
a MHW risk metric, and will be considered in future work. Moreover, reliable prediction and forecast systems
will be sensitive to future climate-change induced changes to stratification, wind-driven upwelling, and the
frequency and intensity of basin-scale climate modes*:.

This study documented, for the first time, some of the unique characteristics of subsurface MHWS in a
shallow nearshore upwelling system. Expansion of subsurface monitoring and additional studies of subsurface
MHWs in EBUS are needed globally since EBUS may serve as thermal refugia for cold water organisms in a
warming planet and provide reprieve from globally increasing MHW trends®.

Methods

Site description

Temperature measurements were collected in San Luis Obispo (SLO) Bay, a small coastal embayment located
in central California in the North Pacific Ocean (Fig. 1). Like the larger California Current EBUS, the SLO Bay
region hosts giant kelp forests and valuable commercial and recreational fisheries®®*!. The habitats adjacent to
SLO Bay also support high-value fisheries, including groundfish and Dungeness Crab, and as such, SLO Bay is
home to a major regional fishing port>®*!. SLO Bay also lies adjacent to the Pt. Buchon marine protected area.
In this region, seasonally variable coastal upwelling is the dominant driver of physical, chemical, and biological
variability; upwelling also drives the flux of deep, cold, and nutrient-rich waters into nearshore regions fueling
primary productivity**4>52%, The major upwelling season typically lasts from March to September, with peak
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upwelling occurring in the spring and moderate upwelling in the later summer months, the latter of which
coincides with significant water column stratification*!. In the weak upwelling season (late fall and winter
months), the water column is typically well-mixed*!. Overall, circulation patterns and temperature variability in
SLO Bay are controlled by upwelling seasonality, although higher-frequency upwelling-relaxation cycles (1-2-
week period) and strong local diurnal wind forcing can also significantly influence dynamics*+4%4%. The timing
of seasonal warming and cooling is consistent across nearshore sites in the region, but climatological surface
temperatures within the bay are up to~1 °C warmer than a nearby location outside of the bay where previous
work on nearshore MHW variability has focused®**%. SLO Bay also has a high propensity for significant hypoxic
events and HABs, and thus it is important to understand MHW drivers to aid future studies on the potential for
multi-stressor events with synergistic, adverse impacts?>°233,

Temperature measurements

Temperature measurements throughout the water column in a depth of approximately 10 m were collected using
a winch-controlled autonomous profiler at the end of the~1 km long California Polytechnic State University
Pier in SLO Bay. The automated profiling system contains several sensors, including a Sea-Bird electronics
conductivity-temperature-depth (CTD) sensor*!, and is supported by the Central and Northern California
Ocean Observing System [CeNCOOS; (https://data.caloos.org/?&sensor_version=v2#metadata/103545/station
/data)]. Temperature measurements were collected starting in May 2005 and are analyzed here through the end
0f 2023, resulting in a nearly 19-year dataset. Approximately every 30 min, the profiler lowers to a water depth of
1 m and equilibrates for one minute. Then, the profiler descends at ~4 cm/s to the sea floor. Any measurement
more than five standard deviations from the median temperature of each profile was removed, and temperatures
were binned into 0.5 m depth increments. Daily averages (see section “MHW detection”) were calculated at
each depth bin, resulting in a 19-year daily-averaged temperature time series at each 0.5 m depth increment
from 1 to 9.5 m (18 depth bins total). One day gaps were linearly interpolated, and only days with temperature
measurements at all depths were considered. After interpolation and intersection, 70% of days had temperature
values (see Figs. 3 and 5 for data availability).

MHW detection

MHWs were detected according to the Hobday et al.>* definition as “contiguous periods of anomalously warm
water;” with a minimum of five consecutive days exceeding the 90th percentile temperature threshold for a given
day of the year®. MHW3 separated by two days or less were combined into a single MHW. While the 19-year
data timeframe is less than the optimal length of 30 years for calculating a climatology, the shortened time
series likely does not have a significant impact on MHW characteristics or major conclusions™ [see Schlegel
et al. (2019) for a detailed discussion of suboptimal datasets and associated uncertainties in MHW detection].
MHWs were detected independently for each depth bin. Following Hobday et al.*%, the seasonal climatology
for each depth was calculated by averaging data from all years that were within an 11-day window centered on
a given day of the year; the same data were used to estimate the 90th percentile threshold>*. No detrending of
the temperature time series was done following Gupta®*. MHW events were detected and characterized using
a MATLAB MHW Toolbox*. The intensity of a MHW is defined as the daily-averaged temperature minus the
climatological average for that day of the year. The cumulative intensity of an individual event is defined as the
daily-averaged temperature minus the climatological average integrated over the MHW duration. The maximum
intensity of a MHW is the greatest difference between the daily-averaged temperature and climatological average
during an individual MHW.

MHW characterization

We calculated the vertical co-occurrence of MHW: s between each depth with two methods: the Jaccard index
and the conditional co-occurrence. First, the Jaccard index is defined as the intersection of MHW occurrence at
two depths divided by the union of MHW occurrence at those depths®®. That is, for a set of MHW days at depth
a and depth b (MHW,_ and MHW , respectively), the Jaccard index is:

\MHW, N MHW,|
\MHW, UMHW,|

Ja,b = Jb,a - X 1007 (1)

where the multiplication by 100 converts from a fraction to percentage. Thus, the Jaccard index measures the
similarity of MHW occurrences between two depths relative to all MHW days across those depths, where
J(a,b)=0% signifies that depths a and b never experience a co-occurring MHW and J(a,b)=100% equates to
depths a and b having 100% overlap of all MHW days at those depths.

We termed the second method we used to quantify co-occurrence the “conditional co-occurrence’, which is
the intersection of MHW occurrence at two depths divided by MHW occurrence at a single depth. That is, for a
depth g, the conditional co-occurrence with depth b (Cy5) is the intersection of MHW days at a and b divided
by the set MHW,

_ [MHW, N MHW,|
- [MHEW,|

Ca x 100, @)

where the multiplication by 100 converts from a fraction to percentage. This calculation, analogous to a
conditional probability, quantifies the percentage of MHW events that happen at depth a given that there is a
MHW event at depth b. While the Jaccard index will produce a symmetric matrix when comparing different
depths (J(a,b) =]J(b,a)], the conditional co-occurrence yields an asymmetric matrix because MHW frequency and
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duration varies by depth. In Eq. (2), Cq 1, uses the denominator of MH W, whereas Cj , uses the denominator
of MHW , both with the same numerator. As a trivial example, if depth a has a MHW on days 1, 2, and 3, and
depth b has an MHW on day 1 but not days 2 or 3, the conditional co-occurrence of depth a given depth b (C4 )
is 100% (i.e., 100% of MHW days at depth b co-occur with MHW days at depth a), while the conditional co-
occurrence of depth b given depth a (Ch,,) is 33.33% (i.e., only 33.33% of the MHW days at depth a co-occur
with MHW days at depth b). The conditional co-occurrence was useful to identify whether there are surface
MHWSs not seen at the bottom, and vice versa.

We also investigated what we term “aggregate MHW events”, where an aggregate event begins when a MHW
starts at any depth and ends when there is no longer an active MHW at any depth. During aggregate MHW
events, we quantified the depth fraction (percentage of depths where a MHW was detected during an aggregate
event, regardless of duration) and the bulk stratification index (average temperature difference between 1 and
9.5 m depth). For aggregate MHW events, intensity metrics are defined as the average intensity across depths
that are in active MHW status during the aggregate event (e.g., the maximum intensity of an aggregate MHW
active at 1 m, 1.5 m, and 2 m is the average of the maximum intensity of the MHW at those respective depths
during the aggregate MHW). We also quantified the time lag in MHW initiation between the co-occurring
depths of aggregate MHW events. Finally, we classified surface-trapped MHW:Ss as those that occur only in the
upper half of the water column (between 1-5 m), while bottom-trapped events occur only in the lower half of
the water column (between 5.5-9.5 m).

Environmental data

To assess the role of basin-scale climate modes on MHW interannual variability, we examined the MEI and the
PDO?. The MEI measures the strength of El Nifio (positive) and La Nifia (negative) events and is defined using
the leading combined empirical orthogonal function of SST, sea level pressure, zonal surface wind, meridional
surface wind, and ocean-emitted radiation in the Pacific Ocean basin (https://psl.noaa.gov/enso/mei/). The
Pacific Decadal Oscillation is an interdecadal climatic pattern of SST anomalies in the North Pacific calculated
as the first mode of the empirical orthogonal function of SST anomalies in this region (https://www.ncei.noaa.g
ov/access/monitoring/pdo/).

To investigate the influence of coastal upwelling on MHW variability, we utilized the CUTI, which measures
the vertical transport of water into the surface mixed layer?. CUTI is calculated daily at 1° latitudinal bins
(35° N used here) over an area that extends 75 km offshore and is available since 1988 (see area in Fig. 2 of
Jacox et al.*%; https://mjacox.com/upwelling-indices/). We also calculated CUTIa, defined as the difference
between the daily CUTI and the climatological CUTI value, with CUTI climatology calculated in the same way
as temperature climatology (see section “MHW detection”) over the entire period of availability since 1988. We
examined the composite average of CUTIa values at each depth across all MHW events to assess whether event
initiation and/or termination were influenced by anomalous upwelling.

Data availability
The temperature data used here will be made available by the corresponding author upon reasonable request. All
other data are publicly available.

Received: 30 September 2024; Accepted: 11 February 2025
Published online: 21 February 2025

References

1. Oliver, E. C.]. et al. Longer and more frequent marine heatwaves over the past century. Nat. Commun. 9(1324), 2018. https://doi.o
1rg/10.1038/541467-018-03732-9 (2018).

2. Holbrook, N. J. et al. A global assessment of marine heatwaves and their drivers. Nat. Commun. 10, 2624 https://doi.org/10.1038/
$41467-019-10206-z (2019).

3. Smale, D. A. et al. Marine heatwaves threaten global biodiversity and the provision of ecosystem services. Nat. Clim. Change 9,
306-312. https://doi.org/10.1038/s41558-019-0412-1 (2019).

4. Smith, K. E. et al. Biological impacts of marine heatwaves. Ann. Rev. Mar. Sci. 15, 119-145. https://doi.org/10.1146/annurev-mari
ne-032122-121437 (2022).

5. Burger, E. A, Terhaar, J. & Frolicher, T. L. Compound marine heatwaves and ocean acidity extremes. Nat. Commun. 13, 4722.
https://doi.org/10.1038/s41467-022-32120-7 (2022).

6. Tassone, S. J., Besterman, A. E, Buelo, C. D., Walter, J. A. & Pace, M. L. Co-occurrence of aquatic heatwaves with atmospheric
heatwaves, low dissolved oxygen, and low pH Events in estuarine ecosystems. Estuaries Coasts 45, 707-720. https://doi.org/10.100
7/$12237-021-01009-x (2022).

7. Shunk, N. P, Mazzini, P. L. E & Walter, R. K. Impacts of marine heatwaves on subsurface temperatures and dissolved oxygen in the
chesapeake bay. J. Geophys. Res. 129, €2023]C020338. https://doi.org/10.1029/2023]C020338 (2024).

8. Rogers-Bennett, L. & Catton, C. A. Marine heat wave and multiple stressors tip bull kelp forest to sea urchin barrens. Sci. Rep.
9(15050), 2019. https://doi.org/10.1038/s41598-019-51114-y (2019).

9. Holbrook, N. J. et al. Keeping pace with marine heatwaves. Nat. Rev. Earth Environ. 1(482-493), 2020. https://doi.org/10.1038/s43
017-020-0068-4 (2020).

10. Amaya, D. J. et al. Bottom marine heatwaves along the continental shelves of North America. Nat. Commun. 14, 1038. https://doi.
0rg/10.1038/s41467-023-36567-0 (2023).

11. Fernandez-Barba, M., Huertas, I. E. & Navarro, G. Assessment of surface and bottom marine heatwaves along the Spanish coast.
Ocean Model. 190, 102399. https://doi.org/10.1016/j.0cemod.2024.102399 (2024).

12. Fragkopoulou, E. et al. Marine biodiversity exposed to prolonged and intense subsurface heatwaves. Nat. Clim. Change 13, 1114-
1121. https://doi.org/10.1038/s41558-023-01790-6 (2023).

13. Saranya, J. S. & Nam, S. H. Subsurface evolution of three types of surface marine heatwaves over the East Sea (Japan Sea). Prog.
Oceanogr. 222, 103226. https://doi.org/10.1016/j.pocean.2024.103226 (2024).

14. Sun, D, Li, E, Jing, Z., Hu, S. & Zhang, B. Frequent marine heatwaves hidden below the surface of the global ocean. Nat. Geosci 16,
1099-1104. https://doi.org/10.1038/s41561-023-01325-w (2023).

Scientific Reports |

(2025) 15:6353 | https://doi.org/10.1038/541598-025-90565-4 nature portfolio


https://psl.noaa.gov/enso/mei/
https://www.ncei.noaa.gov/access/monitoring/pdo/
https://www.ncei.noaa.gov/access/monitoring/pdo/
https://mjacox.com/upwelling-indices/
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-019-10206-z
https://doi.org/10.1038/s41467-019-10206-z
https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1038/s41467-022-32120-7
https://doi.org/10.1007/s12237-021-01009-x
https://doi.org/10.1007/s12237-021-01009-x
https://doi.org/10.1029/2023JC020338
https://doi.org/10.1038/s41598-019-51114-y
https://doi.org/10.1038/s43017-020-0068-4
https://doi.org/10.1038/s43017-020-0068-4
https://doi.org/10.1038/s41467-023-36567-0
https://doi.org/10.1038/s41467-023-36567-0
https://doi.org/10.1016/j.ocemod.2024.102399
https://doi.org/10.1038/s41558-023-01790-6
https://doi.org/10.1016/j.pocean.2024.103226
https://doi.org/10.1038/s41561-023-01325-w
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Juza, M., Fernandez-Mora, A. & Tintoré, ]. Sub-regional marine heat waves in the mediterranean sea from observations: long-term
surface changes, sub-surface and coastal responses. Front. Mar. Sci. 9, 785771. https://doi.org/10.3389/fmars.2022.785771 (2022).
Ryan, S. et al. Depth structure of Ningaloo Nino/Nifia events and associated drivers. J. Clim. 34, 1767-1788. https://doi.org/10.11
75/JCLI-D-19 (2020).

Schaeffer, A. & Roughan, M. Subsurface intensification of marine heatwaves off southeastern Australia: the role of stratification
and local winds. Geophys. Res. Lett. 44, 5025-5033. https://doi.org/10.1002/2017GL073714 (2017).

Dayan, H., McAdam, R, Juza, M., Masina, S. & Speich, S. Marine heat waves in the Mediterranean Sea: an assessment from the
surface to the subsurface to meet national needs. Front. Mar. Sci. 10, 1045138. https://doi.org/10.3389/fmars.2023.1045138 (2023).
Hu, S. et al. Observed strong subsurface marine heatwaves in the tropical western Pacific Ocean. Enviro. Res. Lett. 16, 104024.
https://doi.org/10.1088/1748-9326/ac26f2 (2021).

Kohn, E. E., Vogt, M., Miinnich, M. & Gruber, N. On the vertical structure and propagation of marine heatwaves in the Eastern
Pacific. J. Geophys. Res. 129, €2023]C020063. https://doi.org/10.1029/2023]C020063 (2024).

Groflelindemann, H., Ryan, S., Ummenhofer, C. C., Martin, T. & Biastoch, A. Marine heatwaves and their depth structures on the
Northeast U.S. Continental Shelf. Front. Clim. 4, 857937. https://doi.org/10.3389/fclim.2022.857937 (2022).

Schaeffer, A., Sen Gupta, A. & Roughan, M. Seasonal stratification and complex local dynamics control the sub-surface structure
of marine heatwaves in Eastern Australian coastal waters. Commun. Earth Environ. 4, 304. https://doi.org/10.1038/s43247-023-00
966-4 (2023).

Pinto, G., Mollmann, C., Hinrichsen, H.-H., Lehmann, A., & Quaas, M. Longer and more frequent marine heatwaves in the
Western Baltic Sea. https://doi.org/10.21203/rs.3.rs-3910435/v1 (2024).

Zhang, Y., Du, Y, Feng, M. & Hobday, A. J. Vertical structures of marine heatwaves. Nat. Commun. 14, 6483. https://doi.org/10.10
38/s41467-023-42219-0 (2023).

Elzahaby, Y. & Schaeffer, A. Observational insight into the subsurface anomalies of marine heatwaves. Front. Mar. Sci. 6, 745.
https://doi.org/10.3389/fmars.2019.00745 (2019).

Jackson, J. M., Johnson, G. C., Dosser, H. V. & Ross, T. Warming from recent marine heatwave lingers in deep British Columbia
Fjord. Geophys. Res. Lett. 45, 9757-9764. https://doi.org/10.1029/2018 GL078971 (2018).

Scannell, H. A, Johnson, G. C., Thompson, L., Lyman, J. M. & Riser, S. C. Subsurface evolution and persistence of marine heatwaves
in the Northeast Pacific. Geophys. Res. Lett. 47, €2020GL090548. https://doi.org/10.1029/2020GL090548 (2020).

Holser, R. R., Keates, T. R., Costa, D. P. & Edwards, C. A. Extent and magnitude of subsurface anomalies during the Northeast
Pacific blob as measured by animal-borne sensors. J. Geophys. Res. 127, 7. https://doi.org/10.1029/2021JC018356 (2022).

Dalsin, M., Walter, R. K. & Mazzini, P. L. E. Effects of basin-scale climate modes and upwelling on nearshore marine heatwaves and
cold spells in the California Current. Sci. Rep. 13, 12389. https://doi.org/10.1038/s41598-023-39193-4 (2023).

Izquierdo, P,, Taboada, E G., Gonzalez-Gil, R., Arrontes, J. & Rico, J. M. Alongshore upwelling modulates the intensity of marine
heatwaves in a temperate coastal sea. Sci. Total Environ. 835, 155478. https://doi.org/10.1016/j.scitotenv.2022.155478 (2022).
Smale, D. A. & Wernberg, T. Satellite-derived SST data as a proxy for water temperature in nearshore benthic ecology. Mar. Ecol.
Prog. Ser. 387, 27-37. https://doi.org/10.2307/24873469 (2009).

Smit, A. J. et al. A coastal seawater temperature dataset for biogeographical studies: Large biases between in situ and remotely-
sensed data sets around the coast of South Africa. PLoS ONE 8, e81944. https://doi.org/10.1371/journal.pone.0081944 (2013).
Zaba, K. D. & Rudnick, D. L. The 2014-2015 warming anomaly in the Southern California Current System observed by underwater
gliders. Geophys. Res. Lett. 43, 1241-1248. https://doi.org/10.1002/2015GL067550 (2016).

Elzahaby, Y., Schaeffer, A., Roughan, M. & Delaux, S. Oceanic circulation drives the deepest and longest marine heatwaves in the
East Australian Current System. Geophys. Res. Lett. 48, €2021GL094785. https://doi.org/10.1029/2021GL094785 (2021).

Jacox, M. G., Fiechter, J., Moore, A. M. & Edwards, C. A. ENSO and the California current coastal upwelling response. J. Geophys.
Res. 120, 1691-1702. https://doi.org/10.1002/2014JC010650 (2015).

Hayashida, H., Matear, R. ], Strutton, P. G. & Zhang, X. Insights into projected changes in marine heatwaves from a high-resolution
ocean circulation model. Nat. Commun. 11(4352), 2020. https://doi.org/10.1038/s41467-020-18241-x (2020).

Cervantes, B. T., Fewings, M. R. & Risien, C. M. Subsurface temperature anomalies off central oregon during 2014-2021. J.
Geophys. Res. 129, 456. https://doi.org/10.1029/2023]C020565 (2024).

Lentz, S. ]. & Fewings, M. R. The wind- and wave-driven inner-shelf circulation. Ann. Rev. Mar. Sci. 4, 317-343. https://doi.org/10
.1146/annurev-marine-120709-142745 (2012).

Walter, R. K. et al. Local diurnal wind-driven variability and upwelling in a small coastal embayment. J. Geophys. Res. 122, 955-
972. https://doi.org/10.1002/2016]C012466 (2017).

Trautman, N. & Walter, R. K. Seasonal variability of upwelling and downwelling surface current patterns in a small coastal
embayment. Cont. Shelf Res. 226, 104490. https://doi.org/10.1016/j.csr.2021.104490 (2021).

Lentz, S. J. & Chapman, D. C. The importance of nonlinear cross-shelf momentum flux during wind-driven coastal upwelling. J.
Phys. Oceanogr. 34, 2444-2457. https://doi.org/10.1175/JPO2644.1 (2004).

Jacox, M. G. & Edwards, C. A. Effects of stratification and shelf slope on nutrient supply in coastal upwelling regions. J. Geophys.
Res. 116, C03019. https://doi.org/10.1029/2010JC006547 (2011).

Chauhan, A. et al. Distribution and impacts of long-lasting marine heat waves on phytoplankton biomass. Front. Mar. Sci. 10,
1177571. https://doi.org/10.3389/fmars.2023.1177571 (2023).

Walter, R. K., Armenta, K. J., Shearer, B., Robbins, I. & Steinbeck, J. Coastal upwelling seasonality and variability of temperature
and chlorophyll in a small coastal embayment. Cont. Shelf Res. 154, 9-18. https://doi.org/10.1016/j.csr.2018.01.002 (2018).
Walter, R. K. et al. Seasonal controls on nearshore dissolved oxygen variability and hypoxia in a coastal embayment. Estuar. Coast.
Shelf Sci. 278, 108123. https://doi.org/10.1016/j.ecss.2022.108123 (2022).

Gentemann, C. L., Fewings, M. R. & Garcia-Reyes, M. Satellite sea surface temperatures along the West Coast of the United States
during the 2014-2016 northeast Pacific marine heat wave. Geophys. Res. Lett. 44, 312-319. https://doi.org/10.1002/2016GL071039
(2017).

Hobday, A. J. et al. With the arrival of El Nifo, prepare for stronger marine heatwaves. Nature 621, 303-328 (2023).

Bograd, S. J. et al. Climate change impacts on eastern boundary upwelling systems. Annu. Rev. Mar. Sci. 15, 303-328. https://doi.o
rg/10.1146/annurev-marine-032122 (2023).

Garcia-Reyes, M. et al. Most eastern boundary upwelling regions represent thermal refugia in the age of climate change. Front. Mar.
Sci. 10, 1158472, https://doi.org/10.3389/fmars.2023.1158472 (2023).

Wang, Y. H., Walter, R. K., White, C. & Ruttenberg, B. I. Spatial and temporal characteristics of California commercial fisheries
from 2005 to 2019 and potential overlap with offshore wind energy development. Mar. Coast. Fish. 14, €10215. https://doi.org/10.
1002/mcf2.10215 (2022).

Wang, Y. H. et al. High-resolution assessment of commercial fisheries activity along the US West Coast using Vessel Monitoring
System data with a case study using California groundfish fisheries. PLoS ONE 19, €0298868. https://doi.org/10.1371/journal.pon
€.0298868 (2024).

Barth, A., Walter, R. K., Robbins, I. & Pasulka, A. Seasonal and interannual variability of phytoplankton abundance and community
composition on the Central Coast of California. Mar. Ecol. Prog. Ser. 637, 29-43. https://doi.org/10.3354/meps13245 (2020).
Walter, R. K., Dalsin, M., Mazzini, P. L. F. & Pianca, C. Compound marine cold spells and hypoxic events in a nearshore upwelling
system. Estuar. Coast. Shelf Sci. 300, 108706. https://doi.org/10.1016/j.ecss.2024.108706 (2024).

Scientific Reports |

(2025) 15:6353

| https://doi.org/10.1038/s41598-025-90565-4 nature portfolio


https://doi.org/10.3389/fmars.2022.785771
https://doi.org/10.1175/JCLI-D-19
https://doi.org/10.1175/JCLI-D-19
https://doi.org/10.1002/2017GL073714
https://doi.org/10.3389/fmars.2023.1045138
https://doi.org/10.1088/1748-9326/ac26f2
https://doi.org/10.1029/2023JC020063
https://doi.org/10.3389/fclim.2022.857937
https://doi.org/10.1038/s43247-023-00966-4
https://doi.org/10.1038/s43247-023-00966-4
https://doi.org/10.21203/rs.3.rs-3910435/v1
https://doi.org/10.1038/s41467-023-42219-0
https://doi.org/10.1038/s41467-023-42219-0
https://doi.org/10.3389/fmars.2019.00745
https://doi.org/10.1029/2018GL078971
https://doi.org/10.1029/2020GL090548
https://doi.org/10.1029/2021JC018356
https://doi.org/10.1038/s41598-023-39193-4
https://doi.org/10.1016/j.scitotenv.2022.155478
https://doi.org/10.2307/24873469
https://doi.org/10.1371/journal.pone.0081944
https://doi.org/10.1002/2015GL067550
https://doi.org/10.1029/2021GL094785
https://doi.org/10.1002/2014JC010650
https://doi.org/10.1038/s41467-020-18241-x
https://doi.org/10.1029/2023JC020565
https://doi.org/10.1146/annurev-marine-120709-142745
https://doi.org/10.1146/annurev-marine-120709-142745
https://doi.org/10.1002/2016JC012466
https://doi.org/10.1016/j.csr.2021.104490
https://doi.org/10.1175/JPO2644.1
https://doi.org/10.1029/2010JC006547
https://doi.org/10.3389/fmars.2023.1177571
https://doi.org/10.1016/j.csr.2018.01.002
https://doi.org/10.1016/j.ecss.2022.108123
https://doi.org/10.1002/2016GL071039
https://doi.org/10.1146/annurev-marine-032122
https://doi.org/10.1146/annurev-marine-032122
https://doi.org/10.3389/fmars.2023.1158472
https://doi.org/10.1002/mcf2.10215
https://doi.org/10.1002/mcf2.10215
https://doi.org/10.1371/journal.pone.0298868
https://doi.org/10.1371/journal.pone.0298868
https://doi.org/10.3354/meps13245
https://doi.org/10.1016/j.ecss.2024.108706
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

54. Hobday, A.]J. et al. A hierarchical approach to defining marine heatwaves. Prog. Oceanogr. 141, 227-238. https://doi.org/10.1016/j
.pocean.2015.12.014 (2016).

55. Schlegel, R. W,, Oliver, E. C. J., Hobday, A. J. & Smit, A. ]. Detecting marine heatwaves with sub-optimal data. Front. Mar. Sci. 6,
737. https://doi.org/10.3389/fmars.2019.00737 (2019).

56. Sen-Gupta, A. Marine heatwaves: definition duel heats up. Nature 617, 465. https://doi.org/10.1038/d41586-023-01619-4 (2023).

57. Zhao, Z. & Marin, M. A MATLAB toolbox to detect and analyze marine heatwaves. J. Open Source Soft. 4, 1124. https://doi.org/10
.21105/joss.01124 (2019).

58. Mazzini, P. L. F. & Pianca, C. Marine heatwaves in the chesapeake bay. Front. Mar. Sci. 8, 750265. https://doi.org/10.3389/fmars.20
21.750265 (2022).

59. Jacox, M. G., Edwards, C. A., Hazen, E. L. & Bograd, S. J. Coastal upwelling revisited: Ekman, Bakun, and improved upwelling
indices for the U.S. West Coast. J. Geophys. Res. 123, 7332-7350. https://doi.org/10.1029/2018]C014187 (2018).

Acknowledgements

R. Walter was supported by NSF OCE-2242164, P. Mazzini by NSF OCE-2242166 and OCE-1948921, and T.
Connolly by NSF OCE 2242163. We acknowledge support from the NOAA IOOS program through CeNCOOS
for the Cal Poly Pier profiler data. Students were generously supported by the William and Linda Frost Fund
and the Santa Rosa Creek Foundation in the Cal Poly Bailey College of Science and Mathematics. This material
is based on work supported by the Teacher-Scholar Mini Grant Program awarded by the Cal Poly Division of
Research.

Author contributions

Conceptualization: Gavin Plume, Ryan K. Walter, Isabelle Cobb, Piero L.F. Mazzini; Data Analysis: Gavin Plume,
Ryan K. Walter, Isabelle Cobb, Michael Dalsin; Investigation: Gavin Plume, Ryan K. Walter, Isabelle Cobb, Piero
L.E Mazzini; Supervision: Ryan K. Walter; Writing—Original Draft: Gavin Plume, Ryan K. Walter; Writing—
Review and Editing: Gavin Plume, Ryan K. Walter, Isabelle Cobb, Michael Dalsin, Piero L.F. Mazzini, Nathan P.
Shunk, Ian Robbins, and Thomas P. Connolly.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-90565-4.

Correspondence and requests for materials should be addressed to R.K.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:6353 | https://doi.org/10.1038/541598-025-90565-4 nature portfolio


https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.3389/fmars.2019.00737
https://doi.org/10.1038/d41586-023-01619-4
https://doi.org/10.21105/joss.01124
https://doi.org/10.21105/joss.01124
https://doi.org/10.3389/fmars.2021.750265
https://doi.org/10.3389/fmars.2021.750265
https://doi.org/10.1029/2018JC014187
https://doi.org/10.1038/s41598-025-90565-4
https://doi.org/10.1038/s41598-025-90565-4
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Vertical structure of subsurface marine heatwaves in a shallow nearshore upwelling system
	﻿Results
	﻿Climatology and General MHW Characteristics
	﻿MHW depth and seasonal variability
	﻿﻿Event-scale variability and vertical co-occurrence
	﻿MHW event-scale vertical variability
	﻿Vertical co-occurrence


	﻿﻿Local oceanic conditions at the event scale
	﻿Upwelling anomalies and event initiation/termination
	﻿Depth fraction and stratification

	﻿﻿Discussion and conclusions
	﻿Methods
	﻿﻿Site description
	﻿Temperature measurements
	﻿﻿MHW detection
	﻿﻿MHW characterization
	﻿﻿Environmental data

	﻿References


