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Abstract

While the seasonality of wind-driven coastal upwelling in eastern boundary upwelling systems has
long been established, many studies describe two distinct seasons (upwelling and non-upwelling),
a generalized framework that does not capture details relevant to marine ecosystems. In this
contribution, we present a more detailed description of the annual cycle and upwelling seasonality
for an understudied location along the central California coast. Using both the mean monthly
upwelling favorable wind stress and the monthly standard deviation, we define the following
seasons (contiguous months) and a transitional period (non-contiguous months): “Winter Storms”
season (Dec-Jan-Feb), “Upwelling Transition” period (Mar and Jun), “Peak Upwelling” season
(Apr-May), “Upwelling Relaxation” season (Jul-Aug-Sep), and “Winter Transition” season (Oct-
Nov). In order to describe the oceanic response to this upwelling wind seasonality, we take
advantage of nearly a decade of full water-column measurements of temperature and chlorophyll
made using an automated profiling system at the end of the California Polytechnic State University
Pier in San Luis Obispo Bay, a small (~2 km wide near study site) and shallow (~10 m average
bay depth) coastal embayment. Variability and average-year patterns are described inside the bay
during the various upwelling seasons. Moreover, the role of the local coastline orientation and
topography on bay dynamics is also assessed using long-term measurements collected outside of
the bay. The formation of a seasonally variable upwelling shadow system and potential nearshore
retention zone is discussed. The observations presented provide a framework on which to study
interannual changes to the average-year seasonal cycle, assess the contribution of higher-frequency
features to nearshore variability, and better predict dynamically and ecologically important events.
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1. Introduction

Equatorward winds drive coastal upwelling in eastern boundary current upwelling systems
around the world (cf. Chavez and Messié, 2009). In the California Current System (CCS), the
wind-driven upwelling is forced by the atmospheric circulation and geostrophic winds around the
North Pacific High (NPH), a feature that fluctuates seasonally (Huyer, 1983). Along the coastline,
the presence of a coastal boundary and highly polarized alongshore winds (see Fewings et al., 2016
and the references therein) results in a shallow offshore (Ekman) transport of surface waters. This
process is driven by the earth’s rotation (Coriolis) and causes upwelling of cool, nutrient-rich
waters from below the surface Ekman layer to the coastal environment. The upwelled waters occur
along a narrow 5-30 km band adjacent to the coastline, a cross-shelf distance that scales
latitudinally with the internal Rossby radius of deformation (Checkley and Barth, 2009). These
nutrient-rich waters result in elevated levels of primary production and higher trophic level
production (Huyer, 1983; Pennington and Chavez, 2000; Chavez and Messié, 2009 and the
references therein). Due to the low pH and dissolved oxygen (DO) content characteristic of
subthermocline waters, upwelling can also significantly affect nearshore hypoxia and ocean
acidification (OA) (Boehm et al., 2015 and the references therein).

The seasonality of regional upwelling favorable winds in the CCS has long been
established, with many studies describing two distinct seasons: the summer upwelling season and
the winter non-upwelling season (Huyer et al., 1979; Dorman and Winant, 1995; Checkley and
Barth, 2009 and the references therein; Garcia-Reyes and Largier, 2012 and the references therein;
Walter et al., 2014b; Walter and Phelan, 2016). As noted by Garcia-Reyes and Largier (2012), the
more widely adopted bimodal (upwelling and non-upwelling) description of upwelling does not
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called “spring transition” from winter to strong upwelling conditions, an event that has profound
consequences for higher-trophic levels (see review by Checkley and Barth, 2009). Additionally,
the distribution and abundance of different phytoplankton species, including several species that
lead to harmful algal blooms (HABs), fluctuates throughout the year, and particularly within the
upwelling season, in response to changing environmental conditions and small-scale physical
processes (Gentien et al., 2005; Kudela et al., 2005). A more detailed and temporally-resolved
description of upwelling and the oceanic response, beyond the bimodal description, could be useful
for the prediction of dynamically and ecologically important events.

Recognizing the importance of upwelling seasonality, Garcia-Reyes and Largier (2012)
used long-term wind data measured at offshore buoys along the central and northern California
coast (~35-42°N) to describe the seasonal variability of upwelling favorable winds, as well as the
response of the coastal ocean using sea surface temperature (SST) and surface chlorophyll
concentrations. Based on the mean and standard deviation of the monthly upwelling-favorable
wind stress, they defined three distinct upwelling seasons (with the remaining months categorized
as transitional periods): the “Storm Season” (Dec-Jan-Feb) with weak mean and highly variable
upwelling winds; the “Upwelling Season” (Apr-May-Jun) with strong mean equatorward winds
and large standard deviations due to frequent reversals; and the “Relaxation Season” (Jul-Aug-
Sep) with weaker upwelling-favorable winds and low variability (Garcia-Reyes and Largier,
2012). Other studies have also included this third fall relaxation season (also sometimes called the
“Oceanic Season”), particularly when describing central California upwelling (Skogsberg, 1936;
Largier et al., 1993; Pennington and Chavez, 2000; Garcia-Reyes and Largier, 2012). While the
Garcia-Reyes and Largier (2012) study built a strong foundation on which to examine seasonality

in central and northern California, there were strong latitudinal differences in the timing, strength,



and intensity of the upwelling-favorable winds, as well as the corresponding near-surface oceanic
response.

In this contribution, we present a tuning of the annual cycle and upwelling seasons for an
understudied location along the central California coast. Likewise, we build on the analysis of
Garcia-Reyes and Largier (2012) by considering the oceanic response throughout the entire water
column. A further understanding of the effect of upwelling seasonality on water-column
stratification, as well as the vertical distribution of chlorophyll, provides insight into various
physical and biological processes such as the vertical mixing and flux of nutrients and other scalars
to the surface photic zone, biogeochemical cycling, internal wave and bore dynamics and water
column stability, HAB bloom dynamics and patterns of toxicity, and coastal hypoxia/OA
(Pennington and Chavez, 2000; Gentien et al., 2005; Kudela et al., 2005; Ryan et al., 2008, 2014;
Chavez and Messié, 2009; Checkley and Barth, 2009; Booth et al., 2012; Walter et al., 2012,
2014a, 2014b, 2016; Walter and Phelan, 2016). We take advantage of nearly a decade of full water-
column measurements of temperature and chlorophyll made in a small (~2 km wide near the study
site) and shallow (average bay depth of ~10 m) coastal embayment. Despite the ubiquity of small
coastal embayments along eastern boundary currents worldwide, there are few long-term time
series of full water-column measurements (cf. Pennington and Chavez, 2000). Here, we introduce
an automated profiling system at the end of the California Polytechnic State University (Cal Poly)
Pier located in San Luis Obispo (SLO) Bay. We describe the seasonal dynamics and average-year
patterns of temperature and chlorophyll in relation to the upwelling seasons defined using local
offshore wind characteristics. This represents one of the only studies documenting seasonal cycles
of nearshore variability throughout the water column from a long-term data set in a poorly sampled

region along the California coastline stretching from south of Monterey Bay and the Big Sur



Coastline to north of Point Conception, the latter of which is a major marine biogeographic
boundary (Blanchette et al., 2007; Checkley and Barth, 2009; Chao et al., 2017). The focus of this
paper is the examination of seasonal variability; higher-frequency variability in response to
upwelling and relaxation cycles and local diurnal wind forcing will be reported elsewhere (e.g.,
Walter et al., 2017). Finally, we consider the role that the local coastline orientation and
topography have on bay dynamics and document the formation of a seasonally variable upwelling

shadow and nearshore retention zone in the bay.
2. Experimental Setup and Methods

2.1 Field Site and Data

SLO Bay is a small (~2 km wide in the northern portions of the bay), shallow (average bay
depth of ~10 m), and semi-enclosed coastal embayment located along the eastern boundary of the
Pacific Ocean (Figure 1a). The embayment is located along an understudied stretch of the central
California coast and contains considerable ecological diversity including giant kelp forests. SLO
Bay also features several tourist destinations, a local fishing port, a small breakwater that helps
provide protection from large swells from the northwest, and several piers including the Cal Poly
Pier. The Cal Poly Pier extends nearly 1 km out into the center of the northern portion of the bay
where local water depths are just over 10 m (Figure 1b).
Figure 1 Location

At the end of the Cal Poly Pier is an automated profiling system that has been collecting
oceanographic data intermittently for over a decade (2005-present). In this contribution, we focus
our analysis on the period from 2005-2013 (data availability shown in Figure 2), as to not bias
seasonal descriptions with the anomalously warm conditions measured during the North Pacific

marine heatwave from 2014-2016 (e.g., “the warm Blob” and to a lesser degree El Nifio conditions;



Bond et al., 2015; Gentemann et al., 2017). Marine heatwave conditions from the profiler data will
be reported in a future contribution (Largier et al., in prep). The profiling system is comprised of
an instrument package connected to a winch, which is programmed to take vertical profiles
throughout the water column (nominal water depth of ~ 10 m) every 30 minutes. The instrument
package was originally equipped with a Sea-Bird Electronics 37 SIP conductivity-temperature-
depth (CTD) sensor. In 2017, this sensor was replaced with a Sea-Bird 19+ profiling CTD, which
provides more accurate conductivity (and hence salinity) measurements. Given the inaccuracy in
the conductivity measurements prior to 2017, only the temperature and pressure (depth)
measurements will be reported here. In August 2007, a Wet Labs Eco FLNTU measuring both
chlorophyll-a (hereafter referred to as chlorophyll) and turbidity was installed. Although not
analyzed in this paper, the profiler also has a Wet Labs Bioluminescence Assessment Tool (UBAT)
and a Wet Labs C-Star Transmissometer, both of which were installed in August 2007. Here we
focus our analysis on vertical profiles of the temperature and chlorophyll data, the latter of which
will be used as a proxy for biological productivity.
Figure 2 Location

During each vertical profile, the instrument package is lowered to a depth of 1 m below the
surface where it is allowed to equilibrate for approximately a minute before being lowered to the
bottom of the water column (nominal water depth of ~ 10 m) and back up at a rate of approximately
0.04-0.05 m/s. At the end of each profile (approximately every 30 minutes), the instrument
package receives an automatic freshwater rinse. All of the instruments sample at 1 Hz (except the
UBAT, which samples at 60 Hz) and data streams are collected at the Cal Poly Pier and transmitted
to local servers. Instruments are calibrated annually by their respective manufacturers and the

measurements are integrated into local ocean-observing efforts supported by the Central and



Northern California Ocean Observing System (CeNCOOS) and the Southern California Coastal
Ocean Observing System (SCCOOS). While the data collected are foundational measurements for
other processes and studies (Chao et al. 2017; Walter et al., 2017), this contribution represents the
first comprehensive analysis of the pier profiler data and is meant to provide a basic description of
seasonal cycles.

To assess regional wind-driven upwelling, hourly offshore winds were obtained from the
National Data Buoy Center (NDBC) Buoy 46011 (Figure 1a, ~ 35 km offshore of SLO Bay).
Equatorward upwelling favorable winds were calculated using the local coastline orientation (150°
from true north; Figure 1a). In order to assess the effect of the semi-enclosed embayment on the
oceanic response to seasonal upwelling, temperature measurements inside the bay (Cal Poly Pier)
are compared to those measured outside of the bay along a straight stretch of coastline (Outside
Bay site, Figure 1b). At the Outside Bay site, Tenera Environmental has been collecting
temperature nearly continuously since 1978 as part of an ecosystem monitoring project for the
Pacific Gas and Electric Co. Diablo Canyon nuclear power plant. In this study, we utilize
measurements spanning the same time period as the Cal Poly Pier profiler (2005-2013) from one
of the long-term sampling locations (Station SC 1), which is located approximately 1.4 km
downcoast from where the heated effluent from the power plant is discharged. The data collected
from Station SC 1 are outside of the effects of the discharge plume and are used in other monitoring
studies as control data for comparison with data from locations in the discharge plume (Steinbeck
et al., 2005). At SC 1, temperature measurements were collected at 20 minute intervals using a
Hugrun Seamon Mini thermistor located at a water depth of 3 m relative to mean lower low water
(MLLW). The temperature measurements from the Outside Bay location (i.e., Station SC 1) were

linearly interpolated to have the same time interval as the Cal Poly Pier profiler data. To account



for local tidal (sea surface height) variations and to provide bounds on the temperature
comparisons between the Cal Poly Pier measurements and the Outside Bay measurements, Pier
measurements at depths of both 3 and 5 m are used in the comparison to Outside Bay
measurements.
2.2 Data Processing

Downcast profiles of temperature and chlorophyll were quality controlled by taking into
account sensor range limits and applying a median filter to remove outliers greater than five
standard deviations from the median during each downcast. This threshold proved to be robust at
removing spikes, while still maintaining thin patches of physically plausible data (e.g.,
phytoplankton thin layers, Sullivan et al., 2010; Durham and Stocker, 2012). Downcast data were
bin-averaged into 0.5 m vertical bins starting at 1 m below the surface to a depth of 9 m. A
maximum depth of 9 m was chosen to maintain a similar number of data points in each vertical
bin based on the changing tidal height. Following Pennington and Chavez (2000), an average-year
time series was calculated by averaging each year’s bin-averaged data within the same 1-day time
window over the entire study period.

Time series of upwelling favorable wind stresses were calculated following Large and
Pond (1981) assuming a neutrally stable atmospheric boundary layer,

T = pCauyolugol, (1)

where p is the density of air, C,; is the drag coefficient, and u, is the wind speed at 10 m above
the sea surface calculated using the equatorward upwelling favorable wind measured at the buoy
(5 m above the sea surface) and the formulation in Large and Pond (1981). While seasonally-
averaged values of upwelling favorable wind stress have long been used to describe wind

characteristics, these mean values do not accurately capture higher-frequency variability



associated with upwelling-relaxation cycles, reversals (along-shore poleward winds), fronts
(storms) in winter months, etc. (Send et al., 1987; Checkley and Barth, 2009; Garcia-Reyes and
Largier, 2012; Fewings et al., 2016; Walter and Phelan, 2016; Flynn et al., 2017 and the references
therein; Walter et al., 2017). Following Garcia-Reyes and Largier (2012), we used a combination
of the wind stress mean and standard deviation of the wind stress to describe the wind
characteristics and upwelling seasonality. Using all available data over all years (2005-2013) for
a particular month, mean upwelling favorable wind stresses were calculated and compared to the
monthly variability (i.e., standard deviation of the wind stress). Average monthly temperature and
chlorophyll profiles were calculated in a similar manner (i.e., using all available data over all
years).

3. Results

3.1 Upwelling Seasonality

Consideration of both the mean monthly upwelling favorable wind stress and the monthly
standard deviation (cf. Garcia-Reyes and Largier, 2012) reveals a distinct clustering of the wind
data into various seasons and a transitional period (Figure 3). We adopt the term season to describe
contiguous months that occupy clear regions of the wind stress parameter space, while the term
period is defined as non-contiguous months that still occupy a distinct portion of the wind stress
parameter space. The annual progression of upwelling winds is defined as follows (Figure 3).
During the “Peak Upwelling” season (Apr-May), upwelling winds are the strongest and most
variable. Later in the summer and into the early fall (Jul-Aug-Sep, “Upwelling Relaxation”
season), the winds are weaker with lower variability. The transition to the winter months (Oct-
Nov, “Winter Transition” season) is characterized by higher variability compared to the

“Upwelling Relaxation” season. During the winter months (Dec-Jan-Feb, “Winter Storms”
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season), there is weak upwelling, but high variability. The transition between the “Winter Storms”
and “Peak Upwelling” seasons in March, as well as the transition between the ‘“Peak Upwelling”
and “Upwelling Relaxation” seasons in June, is termed the “Upwelling Transition” period (i.e.,
non-contiguous Mar and Jun months, but still distinct in the parameter space). The coefficient of
variation (standard deviation divided by the mean) is denoted by gray lines in Figure 3 and ranges
from a minimum value of around 1 during the “Upwelling Relaxation” season to a maximum of
about 2 during the “Winter Storms” season.
Figure 3 Location
3.2 Temperature and Chlorophyll

The average annual cycle of the upwelling favorable wind stress and vertical profiles of
both temperature and chlorophyll are depicted in Figure 4. During the “Peak Upwelling” (Apr-
May) season, the strongest upwelling winds coincide with the coldest waters (~10 °C) of the year.
These upwelled waters persist for several months along the bottom portion of the water column
with minimal vertical stratification. Chlorophyll concentrations, which are more variable in time
due to bloom events, also peak during this time of the year. Following a transition into the
“Upwelling Relaxation” season (Jul-Aug-Sep), a decrease in upwelling is followed by an increase
in near-surface temperatures and the development of a warm layer of water near the surface within
SLO Bay. This season is marked by strong vertical temperature stratification that persists until the
“Winter Transition” season (Oct-Nov). Enhanced levels of chlorophyll in the near-surface warm
layer also persist until October. During the “Winter Storms” season (Dec-Jan-Feb), the water
column is well-mixed and chlorophyll concentrations are minimal.

Figure 4 Location
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Average monthly profiles of the mean, standard deviation, and vertical gradients of
temperature show the evolution of the annual cycle in more detail (Figure 5). During the “Winter
Storms” season (Dec-Jan-Feb), the mean temperature is uniform throughout the water column,
there is minimal temperature variability (as measured by the standard deviation), and the vertical
temperature gradient (stratification) is close to zero. After a transition (Mar), the drastic increase
in upwelling winds during the “Peak Upwelling” season (Apr-May) is discernible in the mean
temperature profiles with a decrease in temperature over the bottom portions of the water column.
Vertical temperature gradients increase slightly during this time and a near-surface (~3 m depth)
thermocline begins to develop. The “Peak Upwelling” season also displays the largest standard
deviations compared to any other time during the year. Following a transitional month (Jun), the
“Upwelling Relaxation” season (Jul-Aug-Sep) is characterized by the warmest surface waters
throughout the entire year, enhanced temperature variability, and the strongest vertical
stratification observed during the annual cycle with a pronounced thermocline near the surface.
During, the “Winter Transition” season (Oct-Nov) the strong vertical stratification begins to erode
as the near-surface region cools until returning back to the “Winter Storms” season (Dec-Jan-Feb)
profiles.

Figure S Location

Similarly, the monthly progression of vertical chlorophyll profiles is highlighted in Figure
6. During the “Winter Storms” season (Dec-Jan-Feb), mean chlorophyll levels are minimal with
almost no vertical gradients and little variability as measured by the monthly standard deviation.
As the upwelling winds intensify during the ‘“Peak Upwelling” season (Apr-May), average
chlorophyll concentrations increase to some of the highest concentrations seen throughout the year

and exhibit a local maximum in the middle of the water column (e.g., ~6 m depth in May). This
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time of the year also exhibits the largest chlorophyll standard deviation, which is comparable to
the mean concentrations and likely driven by bloom events. As the winds subside and the system
transitions into the “Upwelling Relaxation” season (Jul-Aug-Sep), chlorophyll concentrations
remain high over the upper portions of the water column, but decrease near the bottom, resulting
in strong vertical gradients. The near-surface variability in chlorophyll is also pronounced during
this season, again comparable to the mean concentrations. The “Winter Transition” season (Oct-
Nov) is highlighted by a sharp decline in near-surface chlorophyll (both the mean and standard
deviation) and decreasing vertical gradients until returning to the values seen during the “Winter
Storms” season (Dec-Jan-Feb).
Figure 6 Location

To investigate the link between biological productivity and upwelling forcing, chlorophyll
as a function of upwelling strength is plotted in Figure 7. The monthly depth-averaged chlorophyll
concentration (calculated using the average of all depth-averaged downcast profiles in a particular
month for a particular year) as a function of the monthly upwelling favorable wind stress shows
considerable year to year variability (Figure 7a), which is likely due to bloom events (Pennington
and Chavez, 2000; Chavez and Messié, 2009; Chavez et al., 2011; Garcia-Reyes and Largier,
2012). The largest average chlorophyll concentrations typically occur during the spring and
summer months (“Peak Upwelling” season, “Upwelling Transition” period, and “Upwelling
Relaxation” season), while the “Winter Transition” and “Winter Storms” seasons are consistently
low-chlorophyll months. Interestingly, the largest chlorophyll concentration months for an
individual year are observed for moderate upwelling favorable wind stress (cf. Garcia-Reyes and
Largier, 2012; Garcia-Reyes at al., 2014). This pattern may be driven by a combination of (1) the

mid-range optimum hypotheses presented by Botsford et al. (2006), whereby low winds can lead
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to nutrient limitations while high winds can lead to advective losses from the shelf [see also Jacox
et al. (2016) for a discussion of the wind/nitrate parameter space that maximizes chlorophyll
concentrations], and (2) the idea of a high retention zone in the bay during certain conditions that
can lead to a local “bloom incubator” (Ryan et al., 2008; Ryan et al., 2014), which is discussed
further below.

Figure 7b shows monthly depth-averaged chlorophyll concentrations as a function of
monthly upwelling wind stresses averaged over all years for a particular month. While there is
large variability (error bars in Figure 7b), the “Peak Upwelling” season, “Upwelling Relaxation”
season, and June transition month (part of the “Upwelling Transition” period) show the largest
chlorophyll concentrations and content. These results establish the link between upwelling forcing
and biological productivity, but other parameters such as light levels and nutrient concentrations
are needed to further describe this relation (e.g., Jacox et al., 2016).

Figure 7 Location
3.3 Upwelling Shadow System

To assess the influence of the semi-enclosed embayment on temperature variability, the
average seasonal cycle at the Cal Poly Pier is compared to the average temperature outside of the
bay along a straight stretch of coastline (Figure 8). Both sites show a similar annual cycle with
minimum temperatures during the spring (Apr-May, “Peak Upwelling” season) followed by a
rapid warming during the transition into the “Upwelling Relaxation” season. During the “Winter
Storms” season (Dec-Jan-Feb), both sites display nearly identical mean temperatures. In contrast,
with the start of upwelling favorable winds and the transition into the “Peak Upwelling” season
(Apr-May), near-surface temperatures inside the bay at the Cal Poly Pier (3 m and 5 m depth) do

not cool to the same extent as the Outside Bay site (3 m depth MLLW). Temperatures inside the

14



bay near the surface remain warmer than outside of the bay throughout the spring and summer
months (“Peak Upwelling” season, “Upwelling Transition” period, and “Upwelling Relaxation”
season) with average temperatures inside the bay reaching almost 2 °C warmer than outside the
bay at the equivalent depth. It is not until the “Winter Transition” season (Oct-Nov) that the two
locations return to the same mean temperature. In contrast to the shallower measurements (3 m
and 5 m depth) inside the bay, the near-bottom (9 m depth) temperature displays a nearly identical
seasonal cycle to the shallower measurements outside the bay (3 m depth MLLW). This indicates
that recently upwelled waters outside the bay likely flow through the bay at depth underneath a
trapped warm surface layer, similar to other embayment systems (cf. Pifiones et al., 2007;
Woodson et al., 2009). This bottom flow and delivery of outside bay waters may be increased
during the development of a local undercurrent observed during enhanced local diurnal wind
forcing (Walter et al., 2017).
Figure 8 Location

The northern portion of SLO Bay, and the location of the Cal Poly Pier profiler, is sheltered
from regional northwesterly winds by local topographic features. While the temperature variability
in the bay is primarily controlled by regional upwelling, the oceanic response inside the bay differs
from that along the adjacent open coastline. This dynamic situation is characteristic of an
“upwelling shadow” system found in bays of different sizes throughout eastern boundary current
upwelling systems including Monterey Bay in central California (Graham and Largier, 1997; Ryan
et al., 2008, 2014; Woodson et al., 2009; Walter et al., 2016), Antofagasta Bay in northern Chile
(Pifiones et al., 2007), Cartagena Bay in central Chile (Bonicelli et al. 2014), Bodega Bay in
northern California (Roughan et al. 2005), and San Luis Obispo Bay in central California (this

study and Walter et al., 2017), among others. In these systems, local coastline orientation and
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topographic features shelter the system from prevailing upwelling favorable winds, resulting in the
development of a retention zone, the persistence of a warm surface layer, and inshore currents
moving opposite the direction of the wind-driven surface flow. An example highlighting the
upwelling shadow is seen in the NOAA Advanced Very High Resolution Radiometer (AVHRR)
sea surface temperature (SST) image in Figure 9. In this image, a strong front separates the warm
water mass inside the bay (upwelling shadow) from the cold waters outside the bay (upwelling
plume) that extend across the mouth of the semi-enclosed embayment. Seasonal SST composites
were not calculated because of the presence of clouds during most upwelling periods that would
bias calculations.
Figure 9 Location

To further quantify temperature differences between the Cal Poly Pier and Outside Bay
sites, box plots organized by month are computed (Figure 10; AT, where a positive value indicates
that inside the bay was warmer than outside the bay). During the spring and summer months (“Peak
Upwelling” season, “Upwelling Transition” period, and “Upwelling Relaxation” season),
temperature differences are mainly positive with the upper limit of the whiskers (~2.7c, where ¢
is the standard deviation) extending well over 4 °C during June and July. During the “Winter
Transition” and “Winter Storms” seasons, temperature differences are distributed about zero with
a much smaller range. Figure 10 also shows the percentage of the time where AT > 0. Throughout
the spring and summer months (“Peak Upwelling” season, “Upwelling Transition” period, and
“Upwelling Relaxation” season), the bay is warmer than the equivalent depth outside the bay
around 80-90% of the time, indicative of an upwelling shadow system. Near-bottom waters inside
the bay (9 m depth) are warmer than outside bay waters near the surface (3 m depth MLLW) less

than 50% of the time, indicative of similar temperature waters.
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Figure 10 Location
4. Discussion

4.1 Seasonality

Previous studies documenting seasonal changes along the California Current have focused
their analysis over larger spatial scales (i.e., on the order of the California Current) and in much
deeper waters, while relatively few studies have focused on smaller spatial scales (i.e., on the order
of small embayments) and shallower waters. In this contribution, we consider the monthly mean
and standard deviation of the upwelling favorable wind stress to define distinct upwelling seasons
tuned for SLO Bay. Moreover, we build on the original analysis of Garcia-Reyes and Largier
(2012) by considering seasonal changes to the vertical distribution of temperature and chlorophyll.
This is similar to the analysis of Pennington and Chavez (2000) from the well-studied, but much
larger (~ 30 km wide) and deeper (>1000 m in the center where the Monterey Submarine Canyon
bisects the bay), Monterey Bay. Small and shallow coastal embayments, such as SLO Bay in this
study, are ubiquitous in major upwelling systems around the world, but have received considerably
less attention in the literature.

During the “Winter Storms” season (Dec-Jan-Feb), weak, but highly variable, winds are
characteristic of episodic storm systems that tend to erode near-surface stratification and deepen
the offshore thermocline through wind-driven mixing. The response in SLO Bay is a well-mixed
water column with uniform temperatures and the lowest chlorophyll concentrations observed
during the annual cycle, the latter of which is likely driven by a combination of reduced light
availability (shorter days and higher turbidity), deep mixing of photosynthesizing phytoplankton,
a depressed offshore nutricline (and thermocline), and the lack of transport of subthermocline

waters rich in nutrients to the coastal region via wind-driven upwelling.
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Starting in March, the upwelling intensity increases dramatically, driven by seasonal
changes in the NPH (Huyer, 1983). This signals a transition (Mar of the “Upwelling Transition”
period) to the classic upwelling season in California, and this time period has been termed the
“spring transition” (Checkley and Barth, 2009). This is a critical time of the year as many marine
organisms have life histories that are adjusted to seasonal changes in the environment (i.e.,
phenology; Bograd et al., 2009). This transition is typified by shoaling of the offshore thermocline
and nutricline and the transport of cold, nutrient-rich waters into the nearshore (Pennington and
Chavez, 2000). As the upwelling winds continue to intensify into the “Peak Upwelling” season
(Apr-May), shoaling of the offshore thermocline continues due to a combination of both the
positive offshore wind stress curl (i.e., Ekman pumping) that acts to lift offshore isotherms and
coastal upwelling (cf., Chavez and Messié, 2009). The nearshore response is characterized by cold
waters throughout the bottom portions of the water column as well as peaks in chlorophyll
concentrations throughout the water column, the latter of which is presumably driven by the
pumping of nutrients into the shallow photic zone. Previous research suggests that the strong
upwelling during this time of the year supports fast-growing diatoms (Kudela et al., 2005). This
season is also typified by the most variability in upwelling favorable winds, due to frequent wind-
relaxation and reversals (Send et al., 1987). This translates into highly variable vertical temperature
and chlorophyll structure in the nearshore embayment as the ocean responds to variable upwelling
and cross-shelf exchange.

The second month of the “Upwelling Transition” period occurs in June, which is
characterized by decreased wind stress magnitudes. This decrease in upwelling (and hence
reduction in the offshore advection of warm waters in the surface Ekman layer), in addition to

increased solar heat fluxes, leads to a warming of the near-surface region in SLO Bay while still

18



maintaining high levels of biological productivity. During the “Upwelling Relaxation” season (Jul-
Aug-Sep) in the late summer, the wind stress subsides further and becomes much less variable.
During this time period, strong vertical temperature and chlorophyll gradients develop with
enhanced chlorophyll levels observed in the upper warm layer. This strong vertical stratification
likely inhibits vertical mixing of nutrients into the warm surface layer (cf. Walter et al., 2014a).
These conditions with strong thermal stratification, locally enhanced nutrient supply below the
thermocline, low wind stress, and retentive properties (i.e., upwelling shadow) favor highly motile
dinoflagellate blooms, which are known to migrate vertically and aggregate near the surface (Ryan
et al., 2008; Ryan et al., 2014). During the “Winter Transition” season (Oct-Nov), vertical
temperature and chlorophyll gradients start to erode as the surface layer cools until the distributions
become uniform in the “Winter Storms” season (Dec-Jan-Feb).

We note that other studies, particularly in central California systems, have defined three
distinct upwelling seasons: a spring and early summer upwelling season, a fall relaxation season
(sometimes called the “Oceanic Season”), and a winter non-upwelling/storm season (sometimes
termed the “Davidson Current Period”) (Skogsberg, 1936; Largier et al., 1993; Pennington and
Chavez, 2000; Garcia-Reyes and Largier, 2012). Naturally, there are transitions between the
aforementioned seasons. Here, we define contiguous months that occupy a distinct portion of the
wind stress parameter space as seasons (e.g., “Peak Upwelling” in Apr-May, “Upwelling
Relaxation” in Jul-Aug-Sep, “Winter Transition” in Nov-Oct, and “Winter Storms” in Dec-Jan-
Feb), while the term period is used for non-contiguous months that occupy a well-defined portion
of the wind stress parameter space (e.g., the “Upwelling Transition” period in Mar and Jun). As
others have noted (cf. Pennington and Chavez, 2000 and the references therein; Garcia-Reyes and

Largier, 2012 and the references therein), interannual variability may cause differences in the

19



timing of certain upwelling regimes (i.e., seasons and periods), particularly during the “Upwelling
Transition” period and “Winter Transition” season (see further discussion of temporal variability
below). It also appears that the variability in the other regimes (‘“Peak Upwelling”, “Upwelling
Relaxation”, and “Winter Storms” seasons) is largely driven by synoptic variability (i.e., storm
events and/or upwelling/relaxation cycles lasting days to weeks) and remains more consistent year-
to-year in the Figure 3 parameter space (not shown). Some of the major differences between this
site and locations further north in central and northern California (Pennington and Chavez, 2000;
Garcia-Reyes and Largier, 2012) is that (1) peak upwelling subsides by June whereas it climaxes
in June elsewhere, (2) moderate mean upwelling favorable winds persist later into the fall (i.e.,
“Winter Transition” season), and (3) stronger mean upwelling occurs in March.
4.2 Scales of Variability and Implications

Understanding the drivers of physical and biological variability, and the appropriate time
and length scales at which these processes occur, is critical when examining the dynamics of a
particular system. Temporally, this study considers an average year computed using nearly a
decade of data. This averaging removes interannual variability that may be associated with a host
of propagating perturbations and low-frequency basin-wide phenomena. However, it does provide
a foundation on which to study interannual changes to this mean seasonal structure (e.g., North
Pacific marine heatwave from 2014-2016, Largier et al., in prep), as well as anticipated effects of
climate change on the upwelling system (cf. Bakun et al., 2015). Moreover, seasonal and monthly
averages also remove higher-frequency variability associated with upwelling-relaxation cycles,
offshore intrusions of eddying filaments, storm events, local diurnal wind forcing, and tidal
forcing, although these features are collectively captured in the monthly standard deviation of

temperature and chlorophyll distributions (Nidzieko and Largier, 2013; Walter et al., 2017). The
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observations presented here are meant to provide a framework on which to study changes to this
seasonal structure and assess the relative contribution of these higher-frequency features to
nearshore variability (e.g., local diurnal wind forcing in SLO Bay in Walter et al., 2017), as well
as future climatic changes. Understanding the dominant seasonal signal allows for better
predictions of dynamically and ecologically important events. This may include, for example,
periods where there is a greater likelihood of seeing environmental conditions favorable for HABs
(Kudela et al., 2005), extended pooling of subthermocline waters low in DO and pH (Booth et al.,
2012; Walter et al., 2014b; Boehm et al., 2015), or stratified conditions that are favorable for
increased frontal activity and high-frequency internal waves that promote active mixing in the
water column (Walter et al., 2016; Walter et al., 2017).

Spatially, the dynamics of upwelling systems are modulated due to the effects of varying
coastline orientation and topographic features. Small-scale coastal embayments exist throughout
boundary current upwelling systems and many have been shown to play substantial roles in
shaping the physical and biological environment by amplifying and/or reducing the influence of
upwelling and downwelling processes and local circulation patterns (see Section 3.3). Here, we
document an upwelling shadow system that may promote enhanced residence times in SLO Bay
and a nearshore retention zone. These upwelling shadow systems, which have been termed local
bloom incubators, promote enhanced stratification and reduced wind-driven mixing, conditions
that are favorable for elevated chlorophyll levels, surface aggregations of dinoflagellates, and
HABs (Ryan et al., 1998, 2014; Kudela et al., 2005). Understanding the role of these warmer
nearshore retention zones in the broader ecology of the region may be particularly important for
the transport and recruitment of larvae (Roughan et al., 2005), as well as the poleward expansion

of species. For example, this region regularly receives intrusions of warm surface water that
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originate from offshore eddies generated along the upwelling front near Point Conception
(Nidzieko and Largier, 2013), or from poleward propagating buoyant plumes generated during
regional wind relaxations around Point Conception (Washburn et al., 2011; Suanda et al., 2016), a
major marine biogeographic boundary (Blanchette et al., 2007; Checkley and Barth, 2009). It is
possible that this warm upwelling shadow region could serve as a “stepping-stone refuge” for
larvae of poleward expanding species, although further field data would be required to verify this
hypothesis.

Due to a lack of long-term platforms and sensors with sufficient vertical resolution to
resolve vertical variability in shallow waters, vertical variability is often overlooked. This is
despite the fact that fine-scale vertical processes, in comparison to large-scale horizontal processes,
may have an equal, if not more important, influence on physical processes, marine ecosystem
dynamics and functioning, and the distribution and abundance of marine organisms (Sullivan et
al., 2010; Durham and Stocker, 2012). Here, highly resolved vertical profiles highlight the
presence of strong vertical gradients in both temperature and chlorophyll. The strong stratification
that develops seasonally has the ability to control physical (and biological) processes in the bay.
In particular, Walter et al. (2017) documented the interaction of strong local diurnal wind forcing
in SLO bay with existing stratification, leading to frontogenesis, the propagation of highly
nonlinear internal waves and solitons, and a local undercurrent. Moreover, the vertical distribution
of chlorophyll and fine scale patchiness is increasingly recognized as an important biological
signature in the coastal ocean (Sullivan et al., 2010; Durham and Stocker, 2012). In addition to
vertical variations, lateral gradients in stratification and water properties across the upwelling
shadow front likely produce sharp changes in plankton communities (Ryan et al., 2014). Future

studies should focus on further resolving spatial changes in stratification and water properties (e.g.,
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chlorophyll, dissolved oxygen, plankton communities, etc.) inside and outside of the upwelling

shadow system.
5. Conclusions

Given the ubiquity of small-scale coastal embayments in upwelling systems worldwide, a
better understanding of their role in both regional and local oceanography and marine ecosystems
is warranted. This contribution describes, for the first time in detail, nearly a decade of
oceanographic data collected using an automated water-column profiling system at the end of the
Cal Poly Pier, located in a shallow coastal embayment in a poorly sampled region along the
California coastline and near a major marine biogeographic boundary. Using full water-column
measurements of temperature and chlorophyll, we consider the oceanic response to seasonally-
variable coastal upwelling. Rather than using a bimodal description of upwelling seasonality (i.e.,
upwelling and non-upwelling seasons), distinct upwelling seasons (contiguous months) and a
transition period (non-contiguous months) are defined by considering both the mean and standard
deviation of the monthly upwelling favorable wind stress: “Winter Storms” season (Dec-Jan-Feb),
“Upwelling Transition” period (Mar and Jun), “Peak Upwelling” season (Apr-May), “Upwelling
Relaxation” season (Jul-Aug-Sep), and “Winter Transition” season (Oct-Nov). The seasonal
structure of temperature and chlorophyll variability in response to these upwelling regimes
provides a strong foundation for an improved understanding of the interplay between regional
(large-scale) and local (small-scale) processes. Future studies should further assess small-scale
spatial structure and variability throughout the upwelling shadow system to better understand the
role of differential exposure to regional upwelling on local processes (both physical and

biological).
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Figure 1: (a) Bathymetry and topography of the central California coastline highlighting important
locations including SLO Bay and the location of the offshore buoy used for upwelling seasonality
analysis. The white arrow indicates the direction of upwelling favorable winds (150° from true
north). (b) Zoomed in map of northern SLO Bay (~2 km wide near the Cal Poly Pier) showing the
location of the automated profiling package (white x) at the end of the Cal Poly Pier (solid white
line), as well as the thermistor location located outside the bay (white x). The 10, 20, and 40 m

isobaths are shown as gray lines.
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Figure 2: Daily CTD data availability for all years (black), as well as the total number of profiles
over all years (2005-2013) available each day (colorbar). Note that chlorophyll measurements were

added in August 2007 and coincide with the available CTD measurements from that point forward.
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Figure 3: Monthly variability (standard deviation of the upwelling favorable wind stress) as a
function of the monthly mean upwelling favorable wind stress (positive = upwelling favorable,
along-shore equatorward) over the entire study period. Colored symbols denote the various
upwelling seasons (contiguous months, dotted ellipses around these seasons) and the “Upwelling
Transition” period. The black arrows show the temporal progression between seasons and the
“Upwelling Transition” period months. The light gray lines denote lines of constant coefficient of
variation (CV). Hourly wind data over all years (2005-2013) were used to calculate monthly

statistics.
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standard deviation). Also shown are monthly mean winds (black dots) and variability (black error
bars denote one standard deviation). Data are from NDBC buoy 46011 (Figure 1a). Daily vertical

profiles of the mean (b) temperature and (c) chlorophyll concentration from the Cal Poly Pier.
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Figure 6: Monthly vertical profiles calculated over the entire study period (2007-2013 for
chlorophyll) of the (a) mean chlorophyll concentration, (b) chlorophyll variability (monthly
standard deviation), and (c) vertical chlorophyll gradients. Colored symbols denote the different

upwelling seasons (contiguous months) and the “Upwelling Transition” period.
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Figure 7: (a) Depth-averaged chlorophyll concentrations for each month and year from 2007-2013

as a function of the mean monthly upwelling favorable wind stress for a particular year. One

standard deviation from the mean is denoted by vertical gray lines. (b) Depth-averaged chlorophyll

concentrations averaged over all years for each month. One standard deviation from the mean is

denoted by vertical error bars. The colors denote the various upwelling seasons (contiguous

months) and the “Upwelling Transition” period.
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Figure 8: Average-year temperatures comparing the Cal Poly Pier (3 m depth, red; 5 m depth, blue;
9 m depth, green) to the Outside Bay location (3 m depth at MLLW, black). Averages were
calculated using ten-day windows and data from 2005-2013. One standard deviation from the
mean is shown in gray shading and dashed red lines for the Outside Bay and Cal Poly Pier (3 m

depth) locations, respectively.
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Figure 9: AVHRR SST image from 12 October 2011 highlighting the upwelling shadow that forms

inside of SLO Bay and at the Cal Poly Pier.
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Figure 10: (a) Median boxplots for the temperature difference (AT) between the Outside Bay and
Cal Poly Pier (3 m depth) sites. A positive AT indicates that the Cal Poly Pier site is warmer than
the Outside Bay location. (b) Percent of the time that the Cal Poly Pier site (3 m depth, red; 5 m
depth, blue; 9 m depth, green) is warmer than the Outside Bay site (i.e., AT > 0). Both panels (a)

and (b) incorporate all measurements from 2005 to 2013 and are organized by month.
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