ABSTRACT
JACOBSEN, JASEN ROBERT. An Eight Year Climatology of Hydrography and Along-Shore
Geostrophic Velocity at Trinidad Head, California (Under the direction of Dr. Stuart Bishop).
Eight years of monthly cross-shelf CTD observations in northern California are analyzed with
the focus of determining the phenology (timing and strength) of the hydrographic response to
upwelling and the California Undercurrent (CU). Additionally, trends of DO are explored as
climate modes shift from a “cool-productive” phase to a warmer, less-productive phase. Previous
studies of the California Current System have shown that the phenology of coastal upwelling
changes with latitude in the vicinity of Cape Mendocino (40N). A recent modeling study has
shown a similar shift in the phenology of the CU. The goal of this study is to use the cross-shelf
observations along the Trinidad Head Line, 70 km north of Cape Mendocino, from 2010-2017 to
develop a seasonal climatology of the hydrography and along-shore geostrophic velocity in the
region in order to assess the phenology of the CU. From the anomaly fields it is determined
whether seasonal anomalies in the hydrographic conditions of the 26.5 σϴ surface co-vary with
climate modes and marine heatwaves. This information will provide the valuable tools necessary
to address whether the phenology of upwelling, the CU, and their relationship to low dissolved
oxygen depict conditions in the northern or central California Current System. Cross-shelf
hydrography is used to compute background potential vorticity and geostrophic velocity in order
to detect the CU over the observation period. The properties of the CU are determined along its
base density layer (26.5 σϴ). The monthly climatology is then further combined into four distinct
seasons demarcated according to average changes in upwelling favorable wind stress captured by
the Cumulative Upwelling Index. Trends of dissolved oxygen are diagnosed along density
surfaces along with that of apparent oxygen utilization (AOU). These results show that upwelling
brings low DO onto the shelf slope in spring. In fall, the inner shelf becomes ventilated, as the

CU emerges and maintains low DO (< 100 μmol kg-1) conditions along the shelf slope. The
seasonal progression of the properties of the CU in this region suggest that the shift in phenology
occurs south of this transect and this transect is more similar to north of Cape Mendocino
compared to farther south. Additionally, the transition of Pacific Decadal Oscillation (PDO),
North Pacific Gyre Oscillation (NPGO), and El Nino-Southern Oscillation (ENSO) from
relatively “cool-productive” states to warmer, less productive states show an inverse relationship
to temperature deeper than the thermocline. This transition resulted in a deepening of isopycnals
and a shallower source depth for upwelling. Accordingly, there was an increase in dissolved
oxygen associated with a decrease in AOU, which suggests that there was less respiration at
depth and less connectivity between deeper water and the surface during the warmer period
compared to the “cool-productive” phase. Lastly, seasonal progression of the isopycnal surfaces
over the shelf suggest geostrophic adjustment may contribute to development of poleward flow
associated with the California Undercurrent in this region. These results provide observational
support to the hypothesis that there is a shift in phenology of the CU in the vicinity of Cape
Mendocino, California.
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CHAPTER 1: Introduction
Regular observations along the Trinidad Head Line in northern California have been
conducted at monthly intervals since 2006 as part of the Southwest Fisheries Science Center
(SWFSC). The nearest regularly occupied transects to the Trinidad Head Line are the Newport
Hydrographic Line, 370 km to the north, and the Bodega Line, 350 km to the south. The
Trinidad Head Line data offers a unique opportunity to estimate a seasonal climatology of the
California Current System (CCS) 70 km north of Cape Mendocino. Cape Mendocino represents
a transition between geographic regions of the CCS that correspond with changes in upwelling
favorable wind stress. One of the main foci of this work is on the California Undercurrent (CU),
which has variability localized along the 26.5 σϴ isopycnal surface. Temperature (T26.5),
background potential vorticity (PV), and geostrophic velocity (v26.5) associated with CU are
examined with the aim of diagnosing whether the observations made along the Trinidad Head
Line are more similar to the northern or central regions of the CCS. Additionally, trends in the
anomalous density, dissolved oxygen, fluorescence (used as a proxy for primary production), and
apparent oxygen utilization (AOU) as proxy for respiration are identified as the climate shifts
from a relatively cool state to a warm state during the observational period. Lastly, a possible
mechanism that may be driving the California Undercurrent in this region is proposed.
1.1 Spatial and Seasonal Climatology of the California Current
The eastern boundary current of the North Pacific Ocean, known as the California
Current System (CCS), can be divided into three sections based on seasonal wind stress patterns
and the subsequent changes in upwelling phenology (Bograd et al., 2009; Checkley & Barth,
2009; Hickey, 1979) (Fig. 1). The southern section extends from Baja to Pt. Conception (34N),
where the wind stress is weak but consistently upwelling favorable (Checkley & Barth, 2009;
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Hickey, 1979). The central section of the CCS between Pt. Conception and Cape Mendocino
(40N) exhibits strong, persistent upwelling favorable wind stress throughout most of the year and
becomes weakly poleward between December and February (Checkley & Barth, 2009; Hickey,
1979). North of Cape Mendocino wind stress progresses from strongly upwelling favorable in
the spring and summer, calm in the fall, to intermittent wind conditions due to passing storms in
the winter (Bograd et al., 2009; Checkley & Barth, 2009; Hickey, 1979; Jacox et al., 2014).
The CCS is a composite of four flow regimes that vary in direction, strength, depth, and
seasonal timing. These currents are known as the California Current, the Inshore Counter
Current, Davidson Current, and the California Undercurrent. The California Current flows
equatorward throughout the year as part of the circulation of the North Pacific gyre. This feature
extends from the surface to ~300m depth with peak flow over the self break at a salinity
minimum (Lynn & Simpson, 1987). Zonally, the California Current is bounded by an offshore
salinity maximum and the Inshore Counter Current. The Inshore Counter Current is a noncontinuous current that flows poleward parallel to topography and is typically present leeward of
topographic deflections (Reid & Schwartzlose, 1962). The Davidson Current develops at the
surface after the fall transition. Storm systems generate downwelling favorable conditions and
coastal runoff that combine to create an offshore density gradient that is in approximate
geostrophic balance with broad, poleward flow (Checkley & Barth, 2009; Hickey, 1979; Lynn &
Simpson, 1987; S. J. Neshyba, 1989).
1.2 The California Undercurrent and the 26.5 σϴ
The California Undercurrent is a narrow ribbon of subsurface poleward flow in
approximate geostrophic balance. The core of the California Undercurrent flows at or shallower
than 26.5 σϴ at a peak velocity in fall between 5.4 cm s-1 and >10 cm s-1 found within 25-30 km
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from the shelf break (Collins et al., 2000, 2003, 2004; Connolly et al., 2014; Garfield et al.,
2001; Lynn & Simpson, 1987; S. J. Neshyba, 1989). This current transports 0.8 Sv (Sv = 1x106
m3 s-1) of low oxygen, spicy (high temperature and salinity), and low potential vorticity (PV)
water from the tropics to the Aleutian Islands (Kurapov et al., 2017; Pierce et al., 2000; Thomson
& Krassovski, 2010). As the undercurrent flows away from the tropics it becomes deeper,
narrower, and closer to the shelf break, consistent with change in the Rossby radius (Pierce et al.,
2000; S. J. Neshyba, 1989).
The spatial and temporal continuity and the forcing mechanism of the California
Undercurrent remain open questions. Observations from RAFOS floats and a system of
underwater gliders suggest that the California Undercurrent flows throughout the year with
possible paucity during the winter storm season as it merges with the Inshore Countercurrent
(Collins et al., 2004; Garfield et al., 2001; Rudnick et al., 2017). What is known about the
forcing of the California Undercurrent relies on a few key features. The California Undercurrent
is in approximate geostrophic balance, it surges as an upwelling event relaxes, the negative
relative vorticity of the undercurrent is greater than planetary vorticity, and in order to reproduce
the persistence of the undercurrent it requires additional incoming energy from sea level
variability south of wind forcing to generate a poleward pressure gradient (Connolly et al., 2014;
Garfield et al., 2001; McCreary, 1981; Molemaker et al., 2015; Pierce et al., 2000).
The seasonal variability (phenology) of the California Undercurrent is distinct north of
Cape Mendocino compared to farther south in both timing and amplitude of temperature (T26.5),
geostrophic velocity (v26.5), and potential vorticity (PV) related to the 26.5 σϴ. North of Cape
Mendocino, changes in these properties propagate at a similar velocity to that of the California
Undercurrent with a seasonal amplitude of 0.6 °C, 0.1 m s-1, and 1 x 10-9 s-3, respectively
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(Kurapov et al., 2017). In contrast, south of Cape Mendocino, the seasonal change of these
properties does not appear to propagate at a similar velocity to the California Undercurrent and
the seasonal amplitude is about half compared to the northern region (see Kurapov et al., 2017,
their fig. 14). Moreover, the background PV and T26.5 are out of phase in the northern region
which suggests alongshore advection of background PV contributes to the seasonal variability in
the region (Kurapov et al., 2017).
1.3 Upwelling, Hydrography, Climate Indices, and the California Current
Away from major rivers the cross-shelf hydrography of northern California is
predominately controlled by upwelling favorable wind stress. There are two mechanisms that
result in coastal upwelling, coastal divergence in the surface layer (coastal upwelling, hereon
after) and Ekman Pumping. Coastal upwelling occurs when equatorward wind stress causes
surface waters near the coast to be transported off shore and replaced by deeper water from
offshore (Jacox & Edwards, 2012). Upwelling driven by Ekman Pumping arises from vertical
velocities at the base of the surface Ekman Layer that result from the vertical component of the
wind stress curl, this process is also known as curl driven upwelling (Pickett & Paduan, 2003).
Both processes for upwelling result in the shoaling of the pycnocline in response to wind stress
and will thus be captured by the depth of the 26.5 σϴ (Kurapov et al., 2017).
Upwelling along the coastal region in the northern California Current leads to the
development of low-oxygen conditions that can span the continental shelf (Grantham et al.,
2004). Over the course of an upwelling season there is a cumulative effect on mid-shelf low
oxygen conditions that can be temporally ameliorated by cross-shelf advection and mixing
(Adams et al., 2013). However, over the last 50 years dissolved oxygen has declined by 0.7 μmol
kg-1 yr-1 throughout coastal regions within the CCS (Breitburg et al., 2018; Pierce et al., 2012).
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The interannual variability of wind stress that drives upwelling of low dissolved oxygen
water is connected to climate indices such as Multivariate El Nino Index (MEI), Pacific Decadal
Oscillation (PDO), and North Pacific Gyre Oscillation (NPGO) (Di Lorenzo et al., 2008; Jacox
et al., 2014; Mantua et al., 1997; Wolter & Timlin, 2011). El Nino (positive MEI) decreases the
strength of upwelling and shifts the source water to a shallower depth (Durski et al., 2015;
Frischknecht et al., 2017; Jacox et al., 2014, 2015; Jacox & Edwards, 2012). Traditionally, PDO
has been correlated with the decadal trends in ecosystem shifts (Mantua et al., 1997), but remains
poorly correlated with parameters that reflect upwelling such as sea-surface salinity anomaly
(SSSa), Chlorophyll-a, subsurface nutrients, and oxygen (Di Lorenzo et al., 2008). NPGO
remains significantly correlated to the aforementioned upwelling parameters, particularly in
upwelling cells south of 38N (Chhak & Di Lorenzo, 2007).
Over the course of this study (2010 – 2017) PDO, NPGO, and El Nino transitioned
between states (Figure 11). Both PDO and NPGO transitioned from their “cool-productive”
phase (negative and positive, respectively) to a warm phase in 2013. El Nino made several
transitions over the course of the study period. From 2010 through mid-2012 there was a
“double-dip” La Nina, followed by a return to neutral conditions. From late 2013 through 2015
the largest marine heatwave since the 1980s occurred and was associated with reduced
upwelling, increased stratification, and deeper aragonite saturation horizon estimated from
temperature and DO measurements within the central CCS (Bond et al., 2015; Davis et al., 2018;
Leising et al., 2015). This was accompanied by the “false-start” El Nino in 2014, which grew
into the third largest El Nino on modern record 2015-2016 (Frischknecht et al., 2017).
The influence of climate modes on upwelling and upwelling source waters may mask
decadal trends in low oxygen water at depth and primary production at the surface in upwelling
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regions (Demarcq, 2009). While multi-decadal trends show that oxygen is declining in the
Pacific northwest (Breitburg et al., 2018; Pierce et al., 2012; Pozo Buil & Di Lorenzo, 2017) subdecadal trends in oxygen, at least locally, may be more sensitive to higher frequency changes
(Adams et al., 2013). Identifying any trends and co-variability of dissolved oxygen, respiration,
chlorophyll, as well as properties of the CU as climate indices transition from a relatively cool
period to a much warmer may help improve predictability of low oxygen conditions on the
continental shelf.
The goal of this study is to develop a seasonal climatology of cross-shelf hydrography,
geostrophic velocity, and background PV from eight years of monthly observations along the
Trinidad Head Line. This climatology provides observational evidence of the seasonal cycle of
properties of the CU directly north of Cape Mendocino and will put the region into spatial
context of the broader California Current System. Sub-decadal trends and co-variance with the
properties of the CU, dissolved oxygen, primary production, and climate indices are considered
as MEI, PDO, and NPGO transition from a cooler state to a warmer state. Lastly, observations of
the relationship between the seasonality of background PV and that of v26.5 will be explored in
the context of the depth and position of the surface mixed layer.
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CHAPTER 2: Data and Methods
2.1 Data Collection
The Trinidad Head Line (THL) is a cross-shelf transect in northern California at 41°03’ N
that has been occupied at a nominal monthly interval from 2006 to present. The five stations,
TH01 to TH05, span the inshore region to beyond the shelf break from 2.5 km to 35 km from
shore (figure 1 inset). At the inshore stations (TH01-TH03), full water column Conductivity,
Temperature, and Depth (CTD) casts are conducted in the late afternoon. The two offshore
stations are occupied after sun-down and CTD casts are to 450 m depth.
The 19 plus V2 CTD integrated with an ECO 55 water sampler with 6 4L Niskin Bottles
contains a sensor package that includes Sea-Bird Scientific SBE 43 dissolved oxygen sensor with
initial accuracy ±2%, a C-Star transmissometer, a Biospherical PAR Sensor, and a WetSTAR
Fluorimeter with sensitivity of 0.03 ug/L measuring chlorophyll at ex/em: 460/695 nm. In 2014 a
SBE 18 pH probe with resolution ±0.1 units was added to the sonde and is calibrated before each
cruise (Roxanne Robertson pers. comm.). Here, we consider 278 CTD casts from 54 transects
made between October 2010 and December 2017. Only cruises that occupied all five stations and
made CTD casts to 450 meters at the two offshore stations are considered.
2.2 Objective Mapping
In order to compute geostrophic velocity, observations of temperature and salinity from
each CTD cast were objectively interpolated along depth surfaces. Gauss-Markov interpolation
was used to map these observations to a lateral grid spacing of 0.42 km at 5 m depth intervals
(Bretherton et al., 1976). For horizontal spatial scales up to farthest distance between stations
(31 km) correlation between sites is generally above r = 0.8 for both temperature and salinity.
The correlation length scale may depend greatly on sampling frequency and monthly sampling
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may bias the correlation to be larger. With no zero crossing we relied on previous studies with
higher sampling frequencies for an approximate correlation length scale of 10 km (Collins et al.,
2000; Pelland et al., 2013). A noise to signal ratio of 0.1 was prescribed to prevent aliasing. See
Appendix for more detail on objective mapping procedure. Following previous studies dissolved
oxygen was linearly interpolated because of local potential biological impacts that may not be
spatially correlated to surrounding stations (Adams et al., 2013).
2.3 Cumulative Upwelling Index
Upwelling Index (UI) estimates the volume flux of offshore Ekman transport per 100 m
of coastline and concomitant volume flux from the base of the Ekman Layer in response to wind
stress (Bakun, 1973; Schwing et al., 1996). Positive values correspond to upwelling favorable
conditions and negative values indicate downwelling favorable wind stress. Monthly and daily
UI values were obtained from the NOAA Pacific Fisheries Environmental Laboratory website
(www.pfeg.noaa.gov) at 39°N and 42°N. Monthly UI values were used to compare to
observations along the Trinidad Head Line while daily values were used to determine seasonal
changes in upwelling favorable conditions.
Previous studies have shown that the seasonal strength and timing of upwelling can be
described by Cumulative Upwelling Index (CUI) (Bograd et al., 2009; Pierce et al., 2006). CUI
is the running sum of UI between the first and last day of the year. The annual onset of upwelling
season, the Spring Transition, is defined as the minimum CUI. The peak of upwelling season is
defined as the maximum slope of CUI and the end of upwelling season, the Fall Transition, is
defined as the maximum CUI (Bograd et al., 2009). Based on these definitions the seasonal
delineations were determined by the average annual timing of the spring transition, peak
upwelling, and fall transition over both 39N and 42N.
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2.4 Derived Properties
Meridional geostrophic velocity (vgeo), buoyancy frequency (N2), and background
potential vorticity (PV) are computed for each cross-shelf transect from objectively mapped
temperature and salinity. From each observation of vgeo, N2, PV, Temperature, salinity, potential
density, and dissolved oxygen from the Trinidad Head Line are decomposed into a weighted
mean, trend, seasonal component, and anomaly. The time-weighted mean attempts to
compensate for non-uniform sampling over the course of the sampling period (table 1). The trend
is computed at each grid point over the observational period. The seasonal component is
computed by taking the mean of the same month over the observational period. Lastly, the
anomaly field is the residual after the time-averaged mean and seasonal component are removed.
Meridional geostrophic velocity vgeo is fluid motion that arises from the balance between
planetary vorticity (Coriolis) and pressure gradient force
𝑣𝑔𝑒𝑜 =

1 𝜕𝑃
𝑓𝜌 𝜕𝑥

where f is the Coriolis parameter, ρ is seawater density, and ∂P/∂x is the cross-shelf pressure
gradient. The pressure gradient force is computed from the cross-shelf specific volume anomaly
and the slope of the density surface of interest. A depth of 500 m was chosen as the reference
level of no motion.
Buoyancy frequency (or Brunt-Vaisala Frequency; N) is the frequency that a fluid parcel
will oscillate when displaced from a stable state
𝑁2 = −

𝑔 𝜕𝜌
𝜌0 𝜕𝑧

where g is the gravitational constant, mean density ρ0 = 1026.0 kg m-3, and ∂ρ /∂z is the vertical
density gradient. The maximum value of N2 occurs where the gradient of density is the largest
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and stratification is strongest. The depth from the surface of the maximum value of N2 is used to
define the surface mixed layer (SML) depth.
Following Kuropov et al., 2017 PV is computed from the depth of the 26.5 σϴ (Z26.5) and
the 26.25 σϴ (Z26.25)
𝑃𝑉 =

𝑓𝑔
∆𝜎
𝜌0 𝑍26.25 − 𝑍26.5

where ∆σ = 0.25 kg m-3 is the density difference between the surfaces. The background PV is
calculated by considering the relative vorticity, ζ, to be negligible compared to f, which is
consistent with Kurapov et al., 2017. The difference in the depths of the 26.25 and 26.5 σϴ (DZ)
and the associated background PV are computed from CTD casts prior to binning to discrete
depths.
Proxies for the rates of primary production at the surface and respiration at depth are
estimated from the concentration of chlorophyll-a (chl-a) in the euphotic zone and apparent
oxygen utilization (AOU) at depth. The concentration of chl-a is quantified for each CTD cast by
averaging the concentration of chl-a from the surface to base of the euphotic zone. The base of
the euphotic zone was identified as the depth where PAR reached 10% of its surface value. After
chl-a is depth-averaged it is averaged over the five stations to estimate the average amount of
chlorophyll for that transect. Respiration along density surfaces deeper than 26.0 is estimated
from AOU defined as the difference between oxygen saturation and the observed oxygen
concentration (Hamme et al., 2004). Lastly, a hypoxic threshold of 62.5 μmol kg-1 (or 2mg/l,
30%) is used to define when conditions are potentially harmful to organisms (Zhang et al., 2010).
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CHAPTER 3: Trinidad Head Line Climatology
3.1 Mean State
The time-averaged hydrography along the Trinidad Head Line shows a general coherence
with the potential density (σϴ) field throughout the water column (Fig. 2). Isopycnals in the
upper 150 m of the water column slope upward toward the coast creating an offshore density
gradient of 0.01 kg m-3 km-1 that is reflected by a SST increase of 2.6°C and SSS decrease of 0.7
PSU over the 36.6 km transect. This offshore density gradient corresponds to a deeper surface
mixed layer (SML) farther from shore (fig. 2, dashed line). The upward slope of the SML
offshore to the coast is reflected by similar structure of dissolved oxygen (DO) and apparent
oxygen utilization (AOU) isopleths above the shelf-break (Fig. 2f, g). At mid-depths, the 26.25
and 26.5 σϴ surfaces are at the self-break, salinity becomes constant with depth, and temperature
decreases, consequently the density surfaces do not slope in the cross-shelf direction. Below 400
m depth isotherms begin to slope toward the seafloor, DO reaches the minimum of 34.5 μmol/kg,
and AOU increases to 277 μmol/kg. The overall structure of the water column is best described
as a two layer system with a stratified upward-sloping surface layer and a bottom layer that is
low in temperature and DO and high in salinity and AOU.
The upper layer of the water column is more variable compared to the deeper layer.
Temperature and salinity show the largest standard deviation within the SML and farthest from
shore. Deeper in the water column the variance of salinity is much smaller than temperature (fig.
2b, d). In the same way, DO and AOU show the largest variation directly below the base of the
average SML and have lower variability at depth (fig. 2 f, h). The variability immediately above
and below the base of the average SML likely stems from its seasonal change in depth, which
will be described in section 3.3.
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The two-layer system analogy also captures the structure of mean geostrophic flow (fig.
3, left panel). Throughout the upper 75 m of the water column average geostrophic velocity
flows equatorward (negative) at velocities greater than 0.2 m s-1. Within the upper layer
geostrophic flow has the largest variability farthest from shore (fig. 3 right panel). As depth
increases equatorward flow and its standard deviation decreases. However, adjacent to the shelfbreak there is a narrow (~2 km) tongue of moderate (~0.05 m s-1) equatorward flow that extends
to 350 m depth. Seaward of the “narrow tongue” of equatorward flow, mean geostrophic velocity
changes direction, and becomes weakly poleward with peak velocity of 0.01 m s-1. To
summarize, the mean state of the Trinidad Head Line is similar to a two-layer system with
distinct alongshore geostrophic flow and water mass properties in the upper 100 m of the water
column compared to depths below the shelf-break.
3.2 Seasonal Transitions and Cumulative Upwelling Index
Cumulative Upwelling Index at 39N and 42N delineated the annual timing of the spring
transition, peak upwelling, and fall transition (Bograd et al., 2009). Over the course of the
observation period the average timing of the spring transition occurred on March 1st, peak
upwelling occurred on June 9th, and fall transition occurred on November 17th (Fig. 4). It follows
that the winter storm season falls between December and February; spring falls between March
and May, as the time where upwelling increases to its peak; summer falls between June and
August as the upwelling conditions wane from the peak; and fall occurs between September and
November as the period where wind stress lessens as evidenced by the low slope of CUI.
While these average transitions of CUI generally capture the seasonal cycle in the region
there is some degree of locational and interannual variability. Generally, average CUI reaches
greater magnitudes at 39°N compared to 42°N, 1.1x104 and 2.6x104 m3 s-1 (100 m coastline)-1,
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respectively (fig. 4). Furthermore, the interannual variability of CUI is greater at 42°N compared
to 39°N (fig. 4, bold line). At both locations CUI was the lowest in 2010 and reached the highest
levels in 2013. Lastly, at both locations, CUI was near or above the mean during the marine
heatwave in 2014 and 2015.
3.3 Seasonal Ensemble of Cross-shelf Conditions
The seasonal evolution of wind stress described in section 3.2 leads to seasonal
transitions in the structure of cross-shelf hydrography and geostrophic velocity. The transition
from winter storms to equatorward wind conditions results in the shoaling of cold, salty, low DO
water. Similarly, the relaxation of upwelling favorable wind stress after the fall transition is
accompanied by deepening of isopycnals and a reversal in geostrophic flow. This section
describes how the seasons defined by changes in wind conditions elicit the seasonal response of
hydrographic and geostrophic conditions along the Trinidad Head Line.
Winter hydrography and geostrophic velocity is connected to the passage of storms that
generate relatively deep SML and isopycnals. The SML comprises warm, less saline, and
oxygenated water compared to the remainder of the year (fig. 5, 1st column). The transition of the
SML from relatively shallow in the nearshore to 70 m deep at a distance of 20 km from shore
demarcates the inshore and offshore SML, respectively. The offshore SML has an average
temperature and salinity of 12.8°C and 32.6 psu. At depths deeper than 350 m DO become
hypoxic as AOU increases to greater than 240 μmol kg-1. Above the base of the SML average
winter geostrophic velocity is strongly equatorward (-0.22 m s-1). While this ensemble shows
that weak poleward flow is present offshore of the shelf break (fig. 5, bottom row) care must be
taken in the interpretation due to the low number of observations in the month of December
(table 1). Geostrophic flow in January is strongly equatorward in the upper 200 m of the water
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column and is near zero at deeper depths (fig. 6). Following this, the region of zero velocity
becomes confined to 100m depth and velocity decreases to -0.15 m s-1 as the SML reaches its
deepest point in February.
As the season progresses from winter storms to the onset upwelling favorable in spring
(fig. 4), the water column over the shelf responds accordingly. The offshore SML (defined as
above) cools and freshens to 11.6°C and 32.5 psu (fig.6, 2nd column). Isopycnal surfaces begin to
slope upward toward the coast, although to a greater extent in the upper water column. In turn,
the inner shelf temperature increases by 1.1°C and salinity increases by 0.33 psu. The threshold
of hypoxia shoals by 40 m to 310 m depth. Geostrophic velocity remains equatorward at
velocities greater than 0.20 m s-1 within the upper 150 m of the water column and decreases to
zero by 400 m depth.
Through the summer the cumulative effect of upwelling is seen in the depth of the SML,
the slope of isopycnals, and that the overall water column is cooler and less oxygenated. The
offshore SML shoals to 20 m depth and migrates 3 km farther from shore. Isopycnals shallower
than 26.0 σϴ outcrop and remain tilted upward toward the coast (fig.6, 3rd column). Despite that
the average water column temperature is at its lowest value (8.6°C compared to the maximum of
9.5°C in fall), water deeper than 300 m warms by 0.28°C. Hypoxic waters shoal an additional 10
m and are now located at 300 m depth. Similar to spring, average geostrophic velocity in the
summer is predominately equatorward, although the depth of flow greater than 0.20 m s-1 shoals
by 40 m.
As the season progresses from summer to fall, wind stress begins to relax (fig. 4) and inturn the SML and isopycnals deepen. As the offshore SML deepens to 40 m the shallowest
isopycnals remain outcropped while isopycnals deeper than 25.5 σϴ slope downward toward the
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coast. Isotherms display a similar shape and bow to the top and bottom toward the coast. Deeper
in the water column hypoxic water returns to the same depth as in winter (360 m).
While the cross-shelf isopycnals deepen in fall, geostrophic velocity begins to flow
poleward (within the upper 500 m of the water column). The seasonal ensemble shows that the
core of poleward geostrophic velocity occurs offshore of shelf-break with its base near the 26.5
σϴ surface (fig. 5 bottom row). Further examination of monthly ensembles (fig. 6) suggest that
poleward geostrophic flow is different in September (n=6) compared to October (n=7). Poleward
flow over the September ensemble occupies the majority of the observed water column (deeper
than the 26.5 σϴ surface), and is primarily located offshore of the shelf-break (fig. 6). In contrast,
the October ensemble shows that poleward flow is confined to the upper 200 m of the water
column (shallower than the 26.5 σϴ surface), with peak flow above the shelf-break. However, in
both September and October ensembles, the strongest poleward flow occurs where the
isopycnals bow away from each other toward the coast.
The seasonal progression of wind stress stimulates changes in cross-shelf hydrography
and the structure of the density field and related geostrophic velocity. In winter, the SML and the
26.25 and 26.5 σϴ surfaces remain at their deepest location while shallower isopycnals maintain
minimal vertical slope in the cross-shelf direction. With the transition to upwelling season the
isopycnals begin to slope upward toward the coast and low DO (≤ 62 μmol kg-1) water begins to
shoal. From peak upwelling to the fall transition the SML and isopycnals are at their shallowest
points and remain tilted upward toward the coast. At this time low DO water occupies its
shallowest depth. As wind stress reduces in fall, the SML and deepest isopycnals relax to deeper
depths generating the characteristic bowing of the isopycnals toward the coast observed in
studies of the California Undercurrent (Collins et al., 2000; Rudnick et al., 2017). The change in
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cross-shelf density structure is associated with the onset of subsurface poleward geostrophic
flow.
3.4 Climatology of the 26.5 σϴ Surface
In order to further diagnose the subsurface climatology along the Trinidad Head Line
monthly ensembles of the qualities of the 26.5 σϴ surface are considered. Monthly ensembles of
the temperature (T26.5), salinity (S26.5), background PV, DO26.5, and AOU26.5 are computed
offshore of the 200 m isobath. The relationship between these parameters and their seasonal
amplitudes will be used to put these observations into geographic context. Monthly ensembles of
dissolved oxygen (DO26.5) and apparent oxygen utilization (AOU26.5) provide additional
information on seasonal changes along this isopycnal.
The seasonal ensemble of DO26.5 maintains an inverse relationship with AOU26.5, T26.5,
and S26.5 (fig. 7) and determines their seasonal amplitude. From winter (DJF) to spring (MAM)
AOU26.5, T26.5, and S26.5 decline to their minimum as DO26.5 increases to 118 μmol kg-1. By early
fall T26.5, S26.5, and AOU26.5 increase to their maximum as DO26.5 reaches its minimum. Seasonal
amplitudes of T26.5, S26.5, DO26.5, and AOU26.5 are 0.36 °C, 0.07 PSU, 29.8 μmol kg-1, 27.1 μmol
kg-1, respectively. Overall, the seasonal characteristics of the 26.5 σϴ are low AOU26.5, minimum
T26.5 and S26.5, and maximum DO26.5 in spring, while in early fall, the isopycnal is characterized
by elevated AOU26.5, T26.5, and S26.5, with low DO26.5.
Similarly, background PV and geostrophic velocity along the 26.5 σϴ surface (v26.5)
maintain an inverse correlation throughout the seasonal ensemble, and remain coupled to Z26.25
and Z26.5 (fig. 8). From the end of winter to the end of spring background PV increases to its
maximum before declining by 1.77x10-9 s-3 at the end of summer. Throughout this period v26.5
remains predominantly equatorward. Leading up to the fall transition between July and
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September, Z26.25 and Z26.5 increase by 60 m and 70 m, respectively, and the layer depth between
Z26.25 and Z26.5 (DZ) expands to its maximum, which in turn, causes background PV to decline.
At the same time, v26.5 changes direction and begins to flow poleward, reaching 0.17 m s-1 by the
beginning of fall.
Comparing the monthly ensemble of hydrography (T26.5, S26.5, DO26.5, AOU26.5) to that of
the physical parameters (v26.5, DZ, and background PV) suggests that they have a similar
seasonality. Excluding November and December due to the low number of observations (table 1)
most parameters reach an extrema in May and September. In May, DO26.5 and background PV
are at their maximum, while T26.5, S26.5, AOU26.5 and DZ are at their minimum. In September
T26.5, S26.5, AOU26.5, DZ, and v26.5 are at their maximum and DO26.5 and background PV are at
their minimum. Only the maximum equatorward v26.5 (most negative) departs from the seasonal
extremes and occurs in July. Most notably peak poleward v26.5 is associated with low background
PV, low DO26.5, elevated spice, and high AOU.
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Chapter 4: Hydrographic Trends and Climate Indices
4.1 Trends of Temperature, Salinity, and Density
There are significant (p < 0.05) trends in density, temperature, salinity, and oxygen at
depths between the shelf break and shallower than 400 m (Fig. 9). These trends show that the
water is warming and freshening consistent with a decrease in density. The region of significant
temperature trend occurs shallower than that of salinity, and where these regions overlap, results
in the largest density change (Fig. 9b, d). The largest temperature change (0.3 °C yr-1) occurs
near the base of the SML and there is no significant trend deeper than 200 m. Salinity is
declining near the coast but the trend is significant deeper than the base of the SML. These
changes are reflected in the decrease in density throughout most of the water column. The largest
decrease in density (-0.15 σϴ yr-1) to is observed at the base of the mixed layer and a constant
rate decline (-0.05 σϴ yr-1) is seen through the remaining water column. The negative trend of
density at all depths suggest that isopycnals are becoming deeper over time.
4.2 Trends of Chlorophyll, Dissolved Oxygen, and Respiration
Over the course of the time series the amount of chlorophyll fluorescence at the surface
declined as dissolved oxygen increased and apparent oxygen utilization (AOU) decreased at
depth (fig. 10). Prior to 2012 the average concentration of chlorophyll fluorescence reached
values on the order of 1.0 mg m-3 in the spring (fig. 10, top). From 2012 on, the annual maximum
of the average integrated chlorophyll reached values on the order of 0.5 mg m-3. Accompanying
the decline in chlorophyll, AOU along the 26.5 σϴ and deeper isopycnals also declined (fig. 10
middle). Accordingly, DO along the same isopycnal surfaces increased (fig. 10, bottom). Trends
of DO and AOU on density surfaces shallower than the 26.5 σϴ were not significant (p > 0.05, α
= 0.05). The +2.4 μmol kg-1 yr-1 trend of DO shows the highest correlation (r2 = 0.4965) along
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the 26.8 σϴ isopycnal with an while the trend of AOU is -2.4 μmol kg-1 yr-1 with the highest
correlation (r2 = 0.4889) along the 26.7 σϴ isopycnal. This suggests that as the average amount of
chlorophyll declined at the surface and oxygen increased due to a reduction in respiration at
depth.
4.3 Covariation of the 26.5 σϴ Surface with Climate Indices
To determine if the properties of the 26.5 σϴ surface are sensitive to the shift climate
indices that occurred over the course of the study period lagged correlations were computed on
time scales ranging from zero to the length of the time series (table 2). PDO and NPGO have
significant (p < 0.05) correlation with the de-trended anomalies of the properties of the 26.5 σϴ
(Z26.5 , T26.5, S26.5, DO26.5, background PV, v26.5) with the caveat that PDO is not correlated with
background PV and NPGO is not correlated with DO26.5. At the same time MEI is only
correlated with background PV and v26.5. Naturally, where there are significant correlations, the
r2 values remain below 0.16 due to the low number of changes in climate modes over the course
of these observations. Accordingly, this analysis is limited to identifying end-members
associated with the shift in climate modes.
The transition of MEI, PDO, and NPGO from their cool phases to their warmer phases
may affect anomalies of Z26.5, background PV, v26.5, T26.5, and DO26.5 and differently (fig. 11).
During the “cool” phase, at the beginning of the time series, positive (deeper) Z26.5 anomalies are
more common than the negative anomalies, background PV and DO26.5 anomalies are near zero,
and v26.5 anomalies are mostly positive. Surprisingly, there are more positive T26.5 anomalies
despite the persistent La Nina and “cool-productive” PDO and NPGO. Following this, the
climate indices begin their transition to warmer phases, and the marine heatwave arrives in late2015. Consequently, the anomaly of Z26.5 exceeds 50 m, DO26.5 anomaly decreases, while the
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anomaly of T26.5, v26.5 and background PV transition from positive to negative. After the marine
heatwave the climate indices progress into their warm states and the 2015-2016 El Nino continue
to build. These persistent warm conditions are associated with neutral Z26.5, a reduction in DO26.5
and background PV, while T26.5 remains anomalously low until the end of the El Nino event.

21
Chapter 5: Discussion
5.1 Cross-shelf Patterns of the Trinidad Head Line and the California Undercurrent
The mean state of the Trinidad Head Line (fig. 2) show spatial patterns that are consistent
with those expected in the northern California Current System (Checkley & Barth, 2009; Hickey,
1979). The cross-shelf increase in surface temperature and decrease of surface salinity likely
represent the two dominant processes that affect the SML in the region, the California Current
and coastal upwelling. The seaward decrease in salinity (fig.3c) within the SML suggests that
this is the eastward extent of the California Current salinity minimum (Lynn & Simpson, 1987)
The near-shore low temperature, high salinity, and upward sloping isopycnals (fig. 2a) suggest
that seasonal upwelling affects the average state of cross-shelf hydrography.
The seasonal ensemble shows how the relationship between offshore low salinity waters
and coastal upwelling evolves over time, which seems related to the onset of poleward velocity
(fig. 5). In winter (DJF), the offshore low density waters within SML extend from the shelf break
offshore. In spring (MAM) this feature migrates farther from shore as the isopycnals begin to
shoal and slope upwards toward the coast, consistent with the timing of upwelling season
(Bograd et al., 2009). As the season progresses through the fall transition, upwelling favorable
conditions relax, and the offshore SML and density surfaces are allowed to relax back toward the
shore. At the same time geostrophic velocity becomes poleward, which seems to suggest that the
California Undercurrent (CU) is only present in the fall in this region.
The relaxation of coastal upwelling in fall could possibly generate subsurface poleward
flow through geostrophic adjustment. Geostrophic adjustment occurs when an initially
unbalanced field of mass (and momentum) equilibrate to geostrophic balance (Blumen, 1972). If
this process occurs over a sloping bottom with denser water upslope it can result in a down-slope
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undercurrent (Hsueh & Cushman-Roisin, 1983). Moreover, it has been shown that this process is
associated with low PV water (Hermann et al., 1989). Here, the imbalance is set up by seasonal
upwelling that transports dense water upslope, which generates an upwelling front with dense
water inshore and lower density water offshore (fig. 6). The system cannot completely adjust to
equilibrium until upwelling favorable wind stress relaxes in the fall (fig. 5). After the forcing
(upwelling favorable wind stress) is no longer applied, geostrophic adjustment begins, which
might explain the shoreward migration of low salinity water and diverging isopycnals (fig. 6, 2nd
row). To test this hypothesis future work should address the energetics of the seasonal relaxation
of isopycnals in both observational and modelling environments.
5.2 Geographic Context of the Trinidad Head Line
The California Current System can be divided into three major geographic sections that
maintain distinct seasonal patterns based on wind stress and hydrographic response (Checkley &
Barth, 2009; Hickey, 1979). In particular, Cape Mendocino divides the northern and central
regions (fig. 1). In addition to wind stress this division can be seen in the properties of the 26.5
σϴ surface where north of Cape Mendocino the seasonal amplitude of T26.5 (0.6 °C) and
background PV (2 x 10-9 s-3) are twice that of to the south (Kurapov et al., 2017). These
observations show that 70 km north of Cape Mendocino T26.5 and background PV have a
seasonal amplitude of 0.36°C and 1.79 x 10-9 s-3, respectively. However, the values reported by
Kurapov et al., were averaged over a 30 km band offshore of the 200 m isobath and the
observations here are over the inner 15 km offshore of the 200 m isobath (2017).
These results suggest opposite conclusions based on background PV compared to T26.5.
With respect to background PV, the properties of the 26.5 σϴ are more similar to the northern
California Current System, but with respect to T26.5 they seem to be more similar to the central
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California Current System. However, Kurapov et al., show that PV and T26.5 are out of phase
north of 40° N (2017), a result that is also shown in this study. These findings suggest that the
properties of the 26.5 σϴ at Trinidad Head Line are more similar to the northern California
Current System compared to south of Cape Mendocino.
5.3 Trends of Dissolved Oxygen near the Continental Shelf Break
Previous studies of the California Current show that DO is declining along density
surfaces but this study shows the opposite trend. At the Newport Hydrographic Line off central
Oregon from the 1960s to 2000s DO declined by 0.7 μmol kg-1 yr-1 within the core of the
California Undercurrent (Pierce et al., 2012). Here, we see that DO increased at a rate of 2.4
μmol kg-1 yr-1 over an 8 year time period along the same σϴ surface. However, this was
accompanied by the decrease AOU at the same rate (fig. 10). This suggests that the increase in
DO is due to declining respiration at depth.
Respiration below the euphotic zone is primarily controlled by temperature and available
substrate. Here, we see a significant increase in temperature at the average position of 26.5 σϴ
and shallower (fig. 9) suggesting that temperature dependent respiration should increase.
Because there is a decrease in respiration, it may be attributed to a decrease in substrate supplied
by marine snow. The decrease in chlorophyll suggests that there may have been a decrease in
productivity in the region. The decrease in productivity is consistent with the transition from
“cool-productive” phases of PDO and NPGO to warmer less productive conditions at the end of
the time series (fig. 11). Moreover, the relationship between warm climate modes and cooler
temperatures at depth, suggest the possibility that stronger surface stratification prevents
connectivity of deeper water to the surface, as seen during cooler climate models, which is
consistent with the deepening of the thermocline in 2015 found by (Davis et al., 2018). This
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transition to warmer conditions is likely not the sole driver of marine snow production as there
could be a change in zooplankton grazing that impacts the quantity and quality of organic matter
supplied to microbes in deep water. The mechanism driving the decreased respiration at depth
warrants further study as it likely contributes to oxygen and carbon dynamics within coastal
upwelling zones.
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Chapter 6: Conclusion and Summary
This study described the mean state and seasonal progression of hydrography,
geostrophic velocity, and background potential vorticity at Trinidad Head, California. From the
climatology of the 26.5 σϴ surface we determined that the region 70 km north of Cape
Mendocino is more similar to the northern California Current than the central California Current.
Additionally, we suggest that geostrophic adjustment after the fall transition may be driving the
poleward flow associated with the California Undercurrent in this region. Future work should
address this hypothesis from an energetics perspective. Another finding is that dissolved oxygen
along density surfaces deeper than 26.5 σϴ increased over the 8 year observation period at the
same rate that apparent oxygen utilization decreased (fig. 10). This decrease in respiration (fig.
10b) may have been caused by a decrease in supply of organic matter (Pomeroy & Wiebe, 2001)
to deep waters in this region. Future work should investigate pathways through which respiration
in deep water can be reduced on sub-decadal time scales. Lastly, we found significant but inverse
trends of properties of the 26.5 σϴ surface with climate modes, which may suggest that
conditions deeper in the water column are affected differently than those near the surface. The
results of this study highlight the importance of long term ocean observing systems on resolving
trends and connections to climate variability that are necessary for robust predictions of marine
systems.
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A.1: Objective Mapping and Standard Error
Prior to computing geostrophic velocity MATLAB was used to objectively interpolate
both the temperature and salinity (Bretherton et al., 1976). Here, average temperature will used
as an example to demonstrate the mapping procedure, as well as the calculation of standard error.
First, the weighted average is computed based on the number of observations for each
month (table 1),
𝑇̅ =

where,

∑𝑛𝑖=1(𝑤𝑖 ∙ 𝑇𝑖 )
∑𝑛𝑖=1 𝑤𝑖

wi is the weight of the ith transect, and
Ti is the temperature field for the ith transect.

Then, from the weighted average (𝑇̅), temperature is objectively interpolated between
stations
𝑑 2
𝑧 2
𝑨 = exp (−1 ∙ (( ) + ( ) )) + 𝜀
𝐿
𝐷
2
𝑑̃
𝑧 2
𝑪 = exp (−1 ∙ (( ) + ( ) ))
𝐿
𝐷

𝑇̅𝐼 = 𝑪 ∙ (𝑨\𝑇̅)
̅̅̅̅
̅̅̅̅
𝑇𝑂𝐼 = 𝑇̅𝐼 + 𝑇̅𝑆 + 𝑇
𝑚
Where

A is the covariance matrix between observations
d is lateral (cross shelf) distance between observations
L is the horizontal correlation length scale (10 km)
z is the depth coordinate

35
D is the vertical correlation length scale (10 m)
ε is the observation noise (0.1)
C is the covariance matrix between observations and mapping
𝑑̃ is the distance between observation and mapping coordinate
𝑇̅𝐼 is the interpolated vector along depth bin
𝑇̅𝑆 is the lateral slope of observations
̅̅̅̅
𝑇𝑚 is the lateral mean
̅̅̅̅
𝑇𝑂𝐼 is the objectively interpolated value
Next, the standard error is computed by first generating weights (W)
a1 = [A; ones(1,nxm)]
a2 = [C '; ones(1,nxi)]
a3 = [ones(nxm,1);0]
W = [a1,a3]\a2
Then the error variance is computed
z = 1-diag(W'*a2)
And finally, the error variance is scaled to the standard deviation
T_Error (n,:) = std(T)*(z.^0.5)

The standard error of the objectively interpolated mean of temperature and salinity can be
seen in figure A.1.
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Tables
Table 1 Number of Trinidad Head Line transects each month that were used for analysis. These
transects occupied all five stations and made casts to 450 m at the offshore two stations. The
number of transects used for each month and season ensemble are shown at the bottom two rows.

Dec
2010
2011
2012
2013
2014
2015
2016
2017
n

Jan

1

Mar

1
1

2
1
2

Feb

1
3
10

1
1
1
5

Apr

1
1
1
1
1
3

1
1
4
14

May
1
1
1
1
1
1
1
7

Jun
2
1
1

4

Jul
1
1
1
1
1
1
6
15

Aug

Sep

1
1
1

2

1
1
5

1
1
1
1
6

Oct
1
1
1
1
1
1
1
7
15

Nov

1
1
2
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Table 2 Correlation between climate indices, Multivariate El Nino Index (MEI), Pacific Decadal
Oscillation (PDO), and North Pacific Gyre Oscillation (NPGO) and the depth (Z26.5), geostrophic
velocity (GV26.5), temperature (T26.5), salinity (S26.5), dissolved oxygen concentration (DO26.5) of
the 26.5 σϴ, and the background Potential Vorticity (PV) between the 26.25 and 26.5 σϴ offshore
of the 200 m isobath. The second column shows the maximum correlation at lag in months (third
column. The bolded rows highlight significant trends (p > 0.05, α = 0.05).

Index
MEI

PDO

NPGO

Variable
Z26.5
v26.5
PV
T26.5
S26.5

r
-0.253
0.389
0.35
0.281
-0.297

Lag
(months)
9
9
3
18
18

P-value
0.076
0.009
0.012
0.073
0.071

Slope
-7.130
0.064
7.81E-10
0.198
-0.104

Intercept
1.023
0.020
-6.49E-11
-0.034
0.012

DO26.5

0.2466

3

0.695

0.802

2.961

Z26.5
v26.5
PV
T26.5
S26.5
DO26.5

-0.33
0.336
0.26
0.361
-0.361
0.309

10
10
13
10
10
-3

0.010
0.033
0.160
0.011
0.013
0.040

-7.708
0.041
4.37E-10
0.171
-0.086
3.121

2.408
0.033
2.32E-10
0.006
-0.003
2.325

Z26.5 0.296
v26.5 0.381
PV 0.329
T26.5 -0.0347
S26.5 0.361
DO26.5 -0.2182

18
-18
-16
18
18
3

0.006
0.011
0.019
0.003
0.002
0.088

12.856
0.068
6.79E-10
-0.321
0.169
-3.303

2.595
0.026
1.25E-10
-0.039
0.015
2.962
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FIGURES

Figure 1: Map of the California Current System. Major regions, currents, geographic features,
and the approximate location of the Trinidad Head Line with the cross-shelf profile and stations
(inset). Adopted from Checkly & Barth 2009.

39

Figure 2 Weighted time-averaged cross-shelf hydrography (left column) and corresponding
standard deviation (right column) along the Trinidad Head Line. Temperature (a, b), salinity (c,
d), dissolved oxygen (e, f), and apparent oxygen utilization (g, h) are shown with potential
density contours spaced by 0.5 σϴ as black lines, the 26.25 and 26.5 σϴ are in bold, and the base
of the surface mixed layer is highlighted by the dashed grey line.
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Figure 3 Weighted time-averaged geostrophic velocity (left) and standard deviation (right)
where positive values (red) indicate poleward flow and negative values (blue) indicate
equatorward flow. Potential density contours spaced by 0.5 σϴ are shown in grey, the 26.5 and
26.25 σϴ in bold, and the base of the surface mixed layer is highlighted by the dashed grey line.
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Figure 4 Cumulative Upwelling Index at 42N (a) and 39N (b) for each year 2010 to 2017. Years
between 2010 and 2013 are shown in black, years 2014 to 2017 are shown in red, and the mean
is shown in bold. Right-pointing triangles show the spring transition, squares show peak
upwelling season, and left-pointing triangles show the fall transition. Vertical lines delineate the
Spring Transition and Peak Upwelling and the grey box highlights when the California
Undercurrent is strongest.
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Figure 5 Seasonal climatology of temperature (top row), salinity (2nd row from top), dissolved
oxygen (3rd row from top), apparent oxygen utilization (4th from top) and geostrophic velocity
(bottom row). Seasonal ensembles are December-February (winter), March-May (spring), JuneAugust (summer), and September-November (fall). The base of the surface mixed layer is shown
by the grey dotted line. The number of ensemble months (n) used to compute the seasonal
average is shown at the top. Potential density contours spaced by 0.5 sigma-theta are in black,
and the 26.25 and 26.5 σϴ are in bold.
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Figure 6 Monthly ensemble of geostrophic velocity along the Trinidad Head Line. Positive
values (orange) indicate poleward flow and negative values (blue) indicate equatorward flow.
Potential density contours spaced by 0.5 σϴ are in black, the 26.25 and 26.5 σϴ are in bold, and
the base of the surface mixed layer is shown as the grey dashed line.
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Figure 7 Seasonal ensemble of temperature, salinity, dissolved oxygen (DO), and apparent
oxygen utilization (AOU) along the 26.5 σϴ offshore of the 200m isobath
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Figure 8 Seasonal ensemble of the depth of the 26.25 and 26.5 σϴ, the layer depth between those
isopycnal surfaces, geostrophic velocity, and background potential vorticity averaged offshore of
the 200 m isobath.
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Figure 9 Trend and p-value of temperature (top-row), salinity (middle-row), and density
(bottom-row) computed from OI mapped values. Average potential density contours spaced by
0.5 σϴ are shown in grey, the 26.5 and 26.25 σϴ in bold, and the base of the surface mixed layer
is highlighted by the dashed grey line.
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Figure 10 Chlorophyll-a and trend line within the euphotic zone (top), AOU (middle), and DO
(bottom) along the 26.5 (red), 26.7 (black), and 26.9 (blue) σϴ surfaces averaged offshore of the
200 m isobath.

48

Figure 11 Time series of the anomalies of the properties of the 26.5 σϴ surface offshore of the
200 m isobath (1st column) and climate indices (2nd column). Note, negative depth anomaly
(upper-left subplot) indicates shallower 26.5 σϴ surface.
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Figure A.1 Standard error of the objectively interpolated average temperature (left) and average
salinity (right).

