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Abstract The Northern California Current System experiences highly variable seasonal upwelling in addi-

tion to larger basin-scale variability, both of which can significantly affect its water chemistry. Salinity and

temperature fields from a 7 year ROMS hindcast model of this region (438N–508N), along with extensive par-

ticle tracking, were used to study interannual variability in water properties over both the upper slope and

the midshelf bottom. Variation in slope water properties was an order of magnitude smaller than on the

shelf. Furthermore, the primary relationship between temperature and salinity anomalies in midshelf bot-

tom water consisted of variation in density (cold/salty versus warm/fresh), nearly orthogonal to the anoma-

lies along density levels (cold/fresh versus warm/salty) observed on the upper slope. These midshelf

anomalies were well-explained (R25 0.6) by the combination of interannual variability in local and remote

alongshore wind stress, and depth of the California Undercurrent (CUC) core. Lagrangian analysis of upper

slope and midshelf bottom water shows that both are affected simultaneously by large-scale alongcoast

advection of water through the northern and southern boundaries. The amplitude of anomalies in bottom

oxygen and dissolved inorganic carbon (DIC) on the shelf associated with upwelling variability are larger

than those associated with typical variation in alongcoast advection, and are comparable to observed

anomalies in this region. However, a large northern intrusion event in 2004 illustrates that particular, large-

scale alongcoast advection anomalies can be just as effective as upwelling variability in changing shelf

water properties on the interannual scale.

1. Introduction

In eastern boundary current upwelling systems like the California Current System (CCS), upwelled water is a

significant source of nutrients for organisms on the continental shelf (e.g., Hickey & Banas, 2003; MacFadyen

et al., 2008). Water upwelled onto CCS shelves is derived from the California Undercurrent (CUC), a warm,

salty, low-oxygen, high-inorganic carbon, and high-nutrient poleward current (Hickey, 1979; MacFadyen

et al., 2008; Pierce et al., 2000; Thomson & Krassovski, 2010). Changes in the equatorial source waters of the

CUC have been suggested to drive long-term trends in the composition of water upwelling onto the shelf

in the CCS (Bograd et al., 2015; Meinvielle & Johnson, 2013). At the same time, a number of processes on

regional and local scales have been observed or hypothesized to drive interannual variability in the water

supplied to the shelf by upwelling, from local and remote wind-driven dynamics (e.g., Battisti & Hickey,

1984; Connolly et al., 2014; Hickey et al., 2006, 2016) to large-scale alongcoast advection (e.g., Freeland

et al., 2003; Kosro, 2003). This study uses a 7 year ROMS model hindcast to directly compare the effects of

these processes in the Northern CCS (north of 428N; NCCS): in particular, the effect of variability in the depth

and composition of the CUC and in alongcoast advection on midshelf bottom water properties, in compari-

son with local and remote wind forcing, as well as an estimation of how these mechanisms may impact

midshelf bottom water chemistry.

1.1. Northern California Current System

Large-scale circulation in the NCCS includes the California Current, the California Undercurrent, and the win-

tertime Davidson Current (Hickey, 1979). The California Current is an equatorward surface current, present

year-round, that extends seaward about 1,000 km from the shelf break. It is strongest at the surface, with a

mean velocity of 10 cm s21, and offshore, it extends to about 500 m depth, and within 300 km of the coast,

it extends to about 150 m (Hickey, 1979, 1989). The California Undercurrent (CUC) is a seasonal narrow
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(usually 10–20 km wide) subsurface current that flows poleward over the upper slope (core � 250 m depth)

with mean poleward velocities of �10 cm s21, which strengthens over the upwelling season (Hickey, 1979;

Pierce et al., 2000; Thomson & Krassovski, 2010).

In the NCCS, upwelling, driven by equatorward alongshore winds, typically occurs during the summer into

the fall and downwelling, driven by poleward alongshore winds, occurs in winter. Event-scale (several days)

upwelling and downwelling can occur within each season. Both local and remote wind forcing drive upwell-

ing and downwelling, with remote wind (alongshore winds at and south of about 428N) forcing playing a

large role in upwelling due to the relatively weak local winds in the NCCS (Battisti & Hickey, 1984; Connolly

et al., 2014; Hickey & Banas, 2003; Hickey et al., 2006, 2016). In particular, Battisti and Hickey (1984) show

that off of Washington during the summer, over 35% of the energy in alongshelf currents generated from

remote forcing originates between Cape Mendocino (40.48N) and San Francisco, California (37.88N), with

the most energetic wind found at 398N.

During the upwelling season, equatorward winds drive Ekman transport offshore in the upper 10–30 m,

and equatorward flow develops over the shelf (Hickey, 1989; Lentz, 1992). The water column interior experi-

ences equatorward flow over much of the shelf, with poleward flow developing at depth over the outer

shelf and midshelf as the upwelling season progresses (Hickey, 1989). The onshore return flow, compensat-

ing the offshore flow at the surface, occurs higher in the water column as the season progresses, while in

the bottom boundary layer (bottom 5–15 m), flow is onshore in the beginning of the upwelling season, and

weakens and transitions to offshore flow later in the season (Hickey, 1989; McCabe et al., 2015). This change

in the direction of cross-shelf flow is a consequence of changing the sea level gradient from equatorward

(lower sea level in the south) to poleward (higher sea level in the south; McCabe et al., 2015). During the

downwelling season, alongshore flow over the shelf is poleward. Northward winds push the surface Ekman

transport onshore, while flow in the bottom boundary layer is offshore (Hickey, 1989).

Hickey et al. (2016) provides a thorough analysis of interannual variability and alongcoast structure of mea-

sured midshelf water properties in the NCCS from a suite of moored sensors deployed from 2000 to 2006.

Results showed that while winter subsurface water properties on the shelf were strongly correlated with

local winds, summer water properties were more strongly correlated with remote winds. Furthermore,

Hickey et al. (2016) found that the alongcoast wind gradient can drive variability within the NCCS upwelling

system. In particular, they link the unusually warm and fresh summer water properties observed in 2004 to

the loss of the alongcoast wind gradient that year, as well as weaker remote and local winds, resulting in a

shallower, warmer, and fresher CUC. The upwelling regime is further complicated by variable bathymetry,

with enhanced upwelling through canyons, particularly in the northern-most portions of the NCCS (Alford &

MacCready, 2014; Connolly & Hickey, 2014; Hickey, 1997).

1.2. California Undercurrent

As shown in previous studies (e.g., Hickey, 1979; Pierce et al., 2000; Thomson & Krassovski, 2010), the CUC is

a seasonal feature of the CCS, flowing over the continental slope between 150 and 300 m depth. The CUC

originates in the equatorial Pacific, thus carrying with it warm and salty Pacific Equatorial Water (PEW;

Hickey, 1979; Pierce et al., 2000; Thomson & Krassovski, 2010). Thomson and Krassovski (2010) tracked the

poleward extension of the CUC over several decades and found that in the NCCS it contains about 35–40%

PEW. The CUC develops at the onset of the upwelling season, strengthening through the summer into the

fall (Hickey, 1979). Once the winds transition to downwelling favorable in the winter, the CUC shoals and is

replaced by or becomes the Davidson Current, the surface-intensified poleward flow over the slope (Hickey,

1979). The CUC is affected by coastal-trapped waves, which are driven by remote winds, the baroclinic com-

ponent of the alongshore pressure gradient force, and sea level variability south of the NCCS (Connolly

et al., 2014).

Variability in the CUC manifests in its depth, strength, and composition. In addition to its seasonal

movement in the water column, the vertical position of the CUC has interannual and latitudinal variation

(Thomson & Krassovski, 2010). The CUC’s composition can change as it flows poleward losing heat and salt,

the components of PEW, through along-isopycnal stirring in part due to anticyclonic eddies (cuddies) at CUC

depth (Pelland et al., 2013; Pierce et al., 2000; Thomson & Krassovski, 2010). The composition can also vary

interannually, such as the slightly fresher composition of the CUC observed in 2004 (Hickey et al., 2016).
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1.3. Alongcoast Advection

Variability in large-scale alongcoast advection may drive water property variability in the NCCS. Typically,

water that upwells onto the shelf is from the CUC, which carries PEW from the south (e.g., MacFadyen et al.,

2008), though the source depth of water upwelled onto the shelf can vary both seasonally (typically shoal-

ing throughout the upwelling season) and interannually (e.g., Chhak & Di Lorenzo, 2007; Di Lorenzo et al.,

2008; Jacox et al., 2015; Peterson et al., 2013). However, occasional intrusions of subarctic water from the

north onto the shelf in the NCCS have also been observed, bringing water that is colder and fresher than

the typical summertime properties (Freeland et al., 2003; Grantham et al., 2004; Huyer, 2003; Kosro, 2003).

Variations in transport on this scale are at least in part linked to modes of ocean-climate decadal variability,

such as the North Pacific Gyre Oscillation (NPGO) and Pacific Decadal Oscillation (PDO). The NPGO is corre-

lated with geostrophic transport in the North Pacific Current (Di Lorenzo et al., 2009), and Peterson et al.

(2013) found the NPGO is a particularly strong predictor of hypoxia in the NCCS, attributing this link to

changes in advection. The PDO is also correlated with anomalies in alongcoast advection that bring subarc-

tic copepod communities into the NCCS during negative-PDO years and subtropical copepod communities

during positive-PDO years (Keister et al., 2011), though a similar relationship between PDO and hypoxia in

the NCCS was not found (Peterson et al., 2013).

This paper uses a comprehensive regional model of the NCCS developed by the University of Washington

Coastal Modeling Group to investigate the effect of variability in the depth and composition of the CUC and

in alongcoast advection from the north and south on midshelf bottom water properties. This model has

been well validated with an extensive, multiyear observational data

set as part of the PNWTOX (Pacific Northwest Toxins) study (Davis

et al., 2014; Giddings et al., 2014; Siedlecki et al., 2015). Compared to

the recent observational study of interannual variability in midshelf

water properties described in Hickey et al. (2016), the advantages of

using a model to study water property variability is that both of the

upper slope and shelf are sampled, the spatial resolution is higher,

with 1.5 km resolution over the slope and shelf, and the model covers

a somewhat longer time period (2003–2009). We will first use an Euler-

ian analysis to characterize variability in midshelf bottom water prop-

erties and CUC depth and composition, and then use Lagrangian

analysis to characterize variability in water origin on the upper slope

and adjacent shelf. Lastly, using mean oxygen and dissolved inorganic

carbon (DIC) fields from other studies, we will extrapolate our findings

to infer how variability in CUC depth and in alongcoast advection may

affect oxygen and DIC variability in this region.

2. Methods

2.1. Model Description and Validation

For this study, we used the Cascadia model developed by the Univer-

sity of Washington Coastal Modeling Group (Giddings et al., 2014;

Sutherland et al., 2011). The model was implemented using Regional

Ocean Modeling System (ROMS; Shchepetkin & McWilliams, 2005), a

free surface, hydrostatic, primitive equation model. The model domain

(Figure 1) includes the Salish Sea and coastal ocean of Washington,

northern Oregon, and southern British Columbia. The horizontal reso-

lution of the model is 1.5 km over shelf and slope, expanding out to a

maximum of 4.5 km offshore. Vertically, the model has 40 S-coordi-

nate layers with stretching parameters set to better resolve the near-

bottom and the upper water column. Ocean initial state and forcing

on the southern and western boundaries were taken from the global

Navy Coastal Ocean Model (NCOM; Barron et al., 2006, 2007). Tides

were specified by the quarter-degree TPXO7.2 inverse global tidal

model (Egbert & Erofeeva, 2002). Rivers were forced by daily discharge

Figure 1. Model domain and particle tracking release points. Colored lines indi-

cate latitudes where gridded analysis was conducted. Dots indicate particle

release points and are colored by origin, with northern (N) particles in blue,

southern (S) particles in red, and offshore (Off) particles in grey. Also plotted in

grey are the 40, 80, 150, and 200 m isobaths. The ‘‘shelf’’ (between 40 and 80 m

isobaths) and ‘‘slope’’ (between 150 m isobath and 18 longitude offshore of the

150 m isobath) regions are indicated on the figure, along with geographical

regions described in the text.
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data from the Columbia River, Fraser River, and 14 Puget Sound rivers using data from the USGS and Envi-

ronment Canada (Giddings et al., 2014). All atmospheric forcing was derived from the fifth-generation

Mesoscale Model (MM5) from Pennsylvania State University—National Center for Atmospheric Research

(transitioning to the Weather Research and Forecasting model (WRF) in April 2008) regional atmospheric

forecast model (Mass et al., 2003).

Giddings et al. (2014) used observational data to validate the physical model on event to seasonal scales.

Overall, the model’s temperature, salinity, and sea surface elevation had high Willmott Skill Scores

(WS� 0.92; Willmott, 1982), based on comparison with data from 2,264 CTD casts in 2005. Comparisons of

satellite images with monthly sea surface temperature model fields showed that spatial patterns associated

with coastal upwelling and downwelling are well represented by the model. Additionally, comparison of

velocity structure over the shelf between moored sensor data at selected sites and the model showed that

coastal-trapped waves, an important feature in this region, are well captured, with the expected event-scale

variability associated with coastal-trapped waves evident in along-stream velocity at both the surface

(WS5 0.85; correlation coefficient (R)5 0.75) and at 30 m depth (WS5 0.86; R5 0.83). Comparison of den-

sity and velocity data from 20 glider cross-sections spanning 2005–2007 with model data showed that the

location, magnitude, and seasonal variability of the model’s CUC was in good qualitative agreement with

observations, with the model consistently producing the CUC, with similar magnitude, location, and sea-

sonal development as found in observations. The model’s skill decreases beyond the shelf break where it is

poorly constrained due to sparse data. Additionally, there is insufficient mixing within the Salish Sea and

Strait of Juan de Fuca, likely because the model is unable to resolve their extreme bathymetry, leading to

warmer (�28C) summer temperatures in the Juan de Fuca eddy and Strait of Juan de Fuca, though this bias

is confined to the top �20 m. Also, there is a deep salinity bias in the model (about 0.2 psu) that is inherited

from NCOM boundary conditions (Giddings et al., 2014). More detailed validation, including specific model

skill metrics, and further model description can be found in Giddings et al. (2014). The Cascadia model also

includes a coupled biogeochemical model (Davis et al., 2014; Siedlecki et al., 2015) that has demonstrated

significant skill at predicting nutrients (nitrate concentrations, WS5 0.93) and oxygen (oxygen concentra-

tions,WS (2006)5 0.81,WS (2007)5 0.91) fluctuations on event to seasonal scales—a further indirect valida-

tion of the model physics—although the biogeochemical model is not used here because it was run for a

more limited range of years.

2.2. Eulerian Analysis

A hindcast of physical parameters, including temperature, salinity, and velocity, spanning 2002–2009 was

produced using the Cascadia model. Each individual year 2002–2009 was run in ROMS initialized from

NCOM, and then each year 2003–2009 was re-run initialized from the previous year’s ROMS run. The year

2002 was thus discarded as spin-up. The hourly output of the Cascadia model was low-pass filtered to daily

values (Godin low-pass filter; Emery & Thomson, 2004). Depth-longitude slices of salinity (S) and potential

temperature (h) were extracted along each latitude from 448N to 488N for each year spanning 2003–2009. A

30 day Hanning filter was then applied to these data, resulting in monthly values, for each of the depth-

longitude slices. In this study, we use the monthly values obtained from the 30 day Hanning filter as

monthly means. To capture midshelf bottom water, the mean was obtained over the bottom 8 S-layers of

the model domain between 40 and 80 m isobaths at each latitude slice. These depth intervals correspond

to �10 m above bottom at the 80 m isobath tapering down to �5 m above bottom at the 40 m isobath

(Figure 2a). We will refer to this section of the midshelf bottom as the ‘‘shelf’’ for the remainder of this

paper.

To capture CUC water, whose core depth changes both seasonally (Hickey, 1979) and with latitude

(Thomson & Krassovski, 2010), model output was interpolated first onto a z-position grid (23,000 to 0 m,

with 10 m intervals) and then onto a rt grid (15–30 kg m23, with 0.05 kg m23 intervals). Then, an upper

slope water box was defined as from the 150 m isobath to 18 longitude offshore of the 150 m isobath (west-

ern boundary ranging from 125.58W to 126.58W, depending on latitude; Figure 1), and from rt5 26.25 to

27.0 kg m23 (Figure 2b). This definition is based on Thomson and Krassovski (2010) (see Figure 2 in Thom-

son and Krassovski (2010)). We will refer to this section of the upper slope as the ‘‘slope’’ for the remainder

of the paper. As with the shelf water, the mean was taken over this slope water box, yielding time series at

each latitude (448N–488N), spanning 2003–2009, of potential temperature (h), salinity (S), fraction of Pacific

Equatorial Water (fPEW), and z-position of the rt5 26.5 kg m23 isopycnal (z26.5), representing the depth of
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the CUC core in the water column. However, if the overall composition of the CUC changes so that its core

lies above the rt5 26.5 kg m23 isopycnal, which happened in 2004 (Hickey et al., 2016), then z26.5 would

not represent the depth of the CUC core. The convention for z26.5 is that positive changes in its position

indicate a movement upward in the water column. The fPEW in the slope water was calculated by interpola-

tion along isopycnals between the Pacific Equatorial Water (PEW) and Pacific Subarctic Upper Water (PSUW)

end-members defined by Thomson and Krassovski (2010). Note that due to modification of water properties

by freshwater input, surface heating, and local mixing processes, fPEW on the shelf falls outside the

temperature-salinity curves of the PEW and PSUW definition (Thomson & Krassovski, 2010), precluding its

use in shelf water analysis. In the analysis below, we thus compare fPEW on the slope with salinity on the

shelf (Sshelf).

Interannual anomalies were calculated from each of these time series by removing the seasonal cycle

(monthly means) of each property on the shelf and slope. Mean seasonal cycles of salinity and temperature

on the shelf and slope (Figure 3) are consistent with observed seasonal cycles, with cold, salty water present

on the shelf (Figures 3a and 3c) during the upwelling season (e.g., Hickey, 1989; Hickey et al., 2016; Huyer,

1977), though the shelf water is fresher in the model than in observations (about 0.5 psu) due to the salinity

bias inherited from NCOM (Giddings et al., 2014), as well as differences between measurement locations in

observations and method of averaging with the model output. There was a smaller seasonal cycle in slope

water salinity and temperature, with slightly colder and fresher water during the upwelling season. While

the expected trend of warmer and saltier slope water during the upwelling season (due to PEW present

over the slope; e.g., Hickey, 1979; Pierce et al., 2000; Thomson & Krassovski, 2010) is not evident in the

model, this departure is likely due to the method of capturing the CUC by density rather than by depth,

resulting in a slope water box with a constant density and seasonal variability in its vertical position.

Figure 2. Example of (a) midshelf bottom water at 448N and (b) upper slope water definitions at 448N. The midshelf bot-

tom water box encompasses the bottom 8 S-layers in the model between 40 and 80 m isobaths, corresponding to 10 m

above the 80 m isobath and 5 m above the 40 m isobath, and this definition is depicted on top of salinity contours

(S; psu). The upper slope water box is based on density and spans rt5 26.25–27.0 kg m23, from the 150 m isobath to

18 longitude offshore of the 150 m isobath (varies with latitude, ranging from 125.58W to 126.58W; z�100 km), and this

definition is depicted on top of fraction of Pacific Equatorial Water (fPEW) contours. In this paper, ‘‘shelf’’ refers to the

midshelf bottom definition and ‘‘slope’’ refers to the upper slope definition.
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Additionally, compared with the interannual anomalies, the seasonal variation in the model slope water

properties is small (Figures 3b and 3d), and whether or not it is removed from the record has a negligible

effect on the analysis (change in R2< 0.01). Moreover, the deep salinity bias due to NCOM in turn biases the

calculated fPEW of the slope water by �0.05. However, because this analysis addresses interannual anomalies

rather than mean fields, this bias will not have a significant impact on our results.

2.3. Wind Stress

Meridional wind stress (sy) was used in this analysis to represent the strength of upwelling. Wind stress was

derived from MM5/WRF model winds (Mass et al., 2003), which were also used in the atmospheric forcing

of the model. The MM5/WRF model winds generally reproduce observed winds well in the study domain,

including high correlation with moored sensors (0.66–0.93), little bias in wind direction in summer, and

good agreement with model and observed wind magnitude in fall (ratio model/observed wind

strength5 0.996 0.13; Tinis et al., 2006). However, the model winds have a 358 clockwise bias in wind direc-

tion in fall and the magnitude of summer model winds is higher than observed (ratio model/observed wind

strength5 1.566 0.65; Tinis et al., 2006). Local meridional wind stress was calculated from meridional and

zonal wind speed at each latitude (448N–488N) at 1258W. Remote wind forcing was represented by meridio-

nal wind stress at 408N, 1258W: near the region of maximum forcing of coastal-trapped waves (Battisti &

Hickey, 1984). Meridional wind stress was calculated from 3 hourly meridional and zonal wind speeds, and

the resulting stresses were averaged to daily values. Then the same 30 day Hanning filter used with Casca-

dia model output was applied to the wind stress data to derive monthly values. As above, the mean sea-

sonal cycle was removed from the time series to obtain interannual anomalies.

2.4. Lagrangian Analysis

Within the Cascadia model run, 3 million particles were released at 38 points along the model boundaries

(see Figure 1) at every tenth of the full water column depth, once daily from January 2002 to November

2008. For the purpose of this study, we only used particles that were released in the top 600 m of the water

column. To avoid double counting, particles that exited the domain within the first 3 days of their release

Figure 3. Seasonal salinity for the (a) shelf (Sshelf; psu) and (b) slope (Sslope; psu), and seasonal temperature for the (c) shelf

(hshelf; 8C) and (d) slope (hslope; 8C) with color denoting latitude. Note difference in vertical scales for the shelf and slope

water properties.
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were excluded, as well as particles that were released when flow at the model boundary was outward. After

application of these criteria, about 203,500 particles remained for use in this analysis, an average of 70 par-

ticles per day. Each particle’s position in latitude, longitude, and depth was tracked each day until it moved

outside the model boundaries or was ‘‘beached’’ on land, defined as being close enough to land that a bilin-

ear interpolation of the ROMS land mask (1 for ocean, 0 for land) at its location was less than 0.5 (Banas

et al., 2015). Based on these criteria, average particle lifetime was 616 78 days. Vertical motion includes a

random-displacement scheme for vertical diffusion (Banas et al., 2009; Visser, 1997).

Analysis included particles that were found on the shelf or over the slope at any time during the 2003–2008

record. In this context, the shelf was defined as the bottom half of the water column over the region

between 40 and 80 m isobaths. We included the bottom half of the column, rather than just the bottom 1/

8 of the water column as was used in the Eulerian analysis, to ensure that there would be enough particles

to produce statistically significant results. The slope was defined as the water column between 150 and

500 m over the region between the 150 m isobath and 18 longitude from the 150 m isobath (ranging from

125.58W to 126.58W, depending on latitude; Figure 1). The shelf and slope were divided into 18 latitude

bands for analysis centered on the sections in the previous analysis, e.g., with 448N represented by the

region between 43.58N and 44.58N. On average, there were 426 19 particles in each 18 shelf band and

1,7836 550 particles in each 18 slope band at each time step. Once any particle moved into the Salish Sea

(eastward of 1248W in the Strait of Juan de Fuca; see Figure 1), it was eliminated from analysis. Analysis of

these ‘‘Salish Sea’’ particles showed that inclusion of outflow from the Salish Sea results in more particles of

deep origin (�14% more) on the shelf near the Strait of Juan de Fuca (488N); however, they have very little

(<1%) influence on water origin in the rest of the domain. All particles were then divided into categories

based on where they entered the model domain. These categories are ‘‘Southern’’ (at 438N, between the

Figure 4. Tracks of Deep particles (released below 150 m depth) that were found on the slope at 478N (between 46.58N

and 47.58N; 1268W to the 150 m depth; white box) during 1 week (a) in mid-September 2004 and (b) in mid-September

2007. Particle tracks are colored by source: ND, Northern Deep water (blue); SD, Southern Deep water (red). Release loca-

tions of particles are indicated in Figure 1.
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coast and 125.58W: Figure 1), ‘‘Northern’’ (at 1278W, between 48.58N and 508N: Figure 1), and ‘‘Offshore’’

(everywhere else on the model boundary: Figure 1). The Northern and Southern particles were also divided

into ‘‘Shallow’’ particles (entering above 150 m depth) and ‘‘Deep’’ particles (entering below 150 m depth).

Figure 4 depicts an example of deep particle tracks colored by water origin for particles that end up within

the slope box at 478N for 12–18 September 2004 and 2007.

From here, the fraction of particles (f) from each origin in each region was calculated at every time step

(daily). These daily values were integrated over 30 day periods. The seasonal cycle and interannual anoma-

lies for the particle origin fractions in each region were calculated as described above in the Eulerian analy-

sis. Note that the particle release, originally performed for a different application, does not include 2009 and

therefore comparisons between the gridded and Lagrangian analyses only span 2003–2008.

As mentioned previously, the entire bottom half of the water column rather than the bottom 1/8 of the

water column was included over the shelf to ensure that there were enough particles at each time step to

generate statistically significant results. However, due to the dynamics of flow over the shelf, the bottom

half of the water column includes both the bottom boundary layer (offshore flow developing later in the

upwelling season) and a portion of the interior flow (onshore flow developing over the upwelling season),

rather than only the bottom boundary layer as in the Eulerian analysis of shelf water. While the alongshelf

flow dominates the cross-shelf flow, this definition leads to a bias in the fraction of ‘‘Southern’’ particles (fs)

of about 20% in the bottom half compared to the bottom 1/8 of the water column. Over the entire record,

on average, the fs of the bottom half of the water column was 0.43 while the fs of the bottom 1/8 of the

water column was 0.52. The effect of this bias on our results is reduced by removal of the mean seasonal

cycle when calculating interannual anomalies, and its effect on the R2 of correlations found in this study is

<0.05 in all cases.

3. Results

3.1. Eulerian Analysis

3.1.1. Shelf Water

As expected for any Eastern Boundary Current System, the shelf (bottom 1/8 of the water column between

40 and 80 m isobaths) water experienced a seasonal cycle in its water properties. During the upwelling sea-

son, salinity (Sshelf) was at its highest, with a mean seasonal high of 33.57 psu (Figure 3a), and temperature

(hshelf) was at its lowest, with a mean seasonal low of 6.998C (Figure 3c). The standard deviation of the sea-

sonal variation for Sshelf was 0.32 psu and 0.838C for hshelf. The interannual anomalies in salinity (S0shelf) and

temperature (h0shelf) in shelf water had standard deviations �0.8 of their seasonal variation (Figure 5). Addi-

tionally, there was little difference across latitudes in either salinity or temperature anomalies. Hickey et al.

(2016) also found similar anomalies in near-bottom shelf water both seasonally and interannually across a

similar latitudinal range using observational data. However, the interannual anomalies observed by Hickey

et al. (2016) differed significantly between the summer and winter over their observed time period, with

very little variability among summer months and high variability in winter months. This pattern was also evi-

dent in the model (Figure 5), with standard deviations during winter months nearly twice those during sum-

mer months. All variable symbols and their definitions are outlined in Table 1.

In general, the anomalies in shelf salinity and temperature were inversely correlated (R25 0.726 0.05), i.e.,

with cold and salty conditions coinciding (Figure 6a). (All correlations mentioned in this paper are significant

at the 95% confidence level, with the degrees of freedom (df) calculated using the autocorrelation method,

and all significant cross-correlations among variables are outlined in Table 2.) The delayed upwelling in

2005, described by Hickey et al. (2006) and Pierce et al. (2006), is apparent in the transition from negative to

positive salinity anomalies and from positive to negative temperature anomalies in late May 2005 (Figure 5).

In addition, the unusually warmer and fresher water found on the NCCS shelf in July through October 2004

(Figure 5) was also observed in moored array data at several sites by Hickey et al. (2016).

3.1.2. Slope Water

As expected, the slope (rt5 26.25–27.0 kg m23 isopycnals, between 150 m isobath and 18 longitude off-

shore of the 150 m isobath) water properties did not show as pronounced a seasonal cycle as did the water

on the shelf (Figures 3b and 3d). The standard deviation of interannual anomalies in slope salinity (S0slope),

temperature (h0slope), and fraction of PEW (f 0PEW) were about 1.6 times as large as the standard deviation in
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their seasonal variation (Figure 7). Over the record, the mean f 0PEW over all latitudes is about 0.31, which is

about 0.05 less than observations by Thomson and Krassovski (2010). This difference can be attributed to

the salinity bias in the model, as described in section 2.2. Both slope salinity (Sslope) and temperature (hslope)

decreased in the summer, as well as with latitude, with a greater seasonal decrease in temperature (Figures

3b and 3d), and S0slope and h0slope are significantly correlated (R25 0.306 0.07; not significant at 458N or 488N;

Figure 6b). Thus, cold and fresh conditions generally coincide on the slope, indicative of advection or

Figure 5. Time series of interannual anomalies in modeled shelf water properties: (a) salinity (S0shelf; psu) and (b) potential

temperature (h0shelf; 8C), and (c) meridional wind stress (s0y; Pa). Color denotes latitude, with remote wind stress at 408N plot-

ted in dashed black in Figure 5c. Ticks mark the beginning of each year.

Table 1

Definitions of All Analyzed Eulerian and Lagrangian Variablesa

Variable symbol Description

Eulerian

sy
local Meridional local wind stress: measured at each latitude (448N–488N), 1258W (Pa)

sy
remote Meridional remote wind stress: measured at 408N, 1258W (Pa)

z26.5 Depth of the rt5 26.5 kg m23 isopycnal (m)

fPEW Fraction of Pacific Equatorial Water (PEW)

Sshelf Salinity (psu) on the shelf (bottom 1/8 of the water column between 40 and 80 m isobaths)

hshelf Potential temperature (8C) on the shelf (bottom 1/8 of the water column between 40 and 80 m

isobaths)

Sslope Salinity (psu) on the slope (rt5 26.25–27.0 kg m23 isopycnals, between 150 m isobath and 18

longitude offshore of the 150 m isobath)

hslope Potential temperature (8C) on the slope (rt5 26.25–27.0 kg m23 isopycnals, between 150 m

isobath and 18 longitude offshore of the 150 m isobath)

Lagrangian

f shelfS Fraction of southern water (released at 438N, between coast and 125.58W) on the shelf (bottom

half of the water column between 40 and 80 m isobaths)

f shelfSh Fraction of shallow water (released above 150 m depth) on the shelf (bottom half of the water

column between 40 and 80 m isobaths)

f
slope
S Fraction of southern water (released at 438N, between coast and 125.58W) on the slope

(150–500 m depth, between 150 m isobath and 18 longitude offshore of the 150 m isobath)

f
slope
Sh Fraction of shallow water (released above 150 m depth) on the slope (150–500 m depth, between

150 m isobath and 18 longitude offshore of the 150 m isobath)

aIn text, anomalies are indicated by 0 .
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change along isopycnals, in contrast to the shelf where cold and salty conditions coincide, indicative of

advection or change across isopycnals, as mentioned above (Figure 6). Note that the scale of these anoma-

lies on the shelf is an order of magnitude larger than on the slope, and the anomalies in slope water proper-

ties are contained within the scatter in anomalies of shelf water (small box embedded in Figure 6a).

Figure 6. Interannual anomalies in shelf salinity (S0shelf; psu) plotted against interannual anomalies in shelf temperature

(h0shelf; 8C; a; R
2
5 0.726 0.05, degrees of freedom (df)5 66.8), and interannual anomalies in slope salinity (S0slope; psu) plot-

ted against interannual anomalies in slope temperature (h0slope; 8C; b; R
2
5 0.306 0.07, df5 23.2; not significant at 458N or

488N). Circles denote values at 478N,1denote all other latitudes, and the isopycnals (anomalies from the record mean

shelf and slope density) are plotted in grey. R2 and df are the mean for all data at 95% confidence. The box on the shelf

anomalies plot depicts the range of the slope anomalies within the range of the shelf anomalies.

Table 2

Significant Cross-Correlations of Interannual Anomalies in All Analyzed Variables

s0y
local s0y

remote z026.5 f 0PEW S0shelf h0shelf S0slope h0slope f 0S
shelf f 0Sh

shelf f 0S
slope f 0Sh

slope

s0y
local

s0y
remote 0.37

z026.5
f 0PEW 0.21a

S0shelf 0.44 0.34 0.18b

h0shelf 0.35 0.25 0.22c 0.11d 0.72

S0slope 0.59

h0slope 0.36d 0.83 0.16 0.30e

f 0S
shelf

f 0Sh
shelf 0.19f

f 0S
slope 0.43e

f 0Sh
slope 0.21g 0.10h 0.36h

Note. Local wind stress (s0y
local), remote wind stress (s0y

remote), depth of the 26.5 kg m23 isopycnal (z026.5), fraction of

PEW (f 0PEW), shelf salinity (S
0
shelf), shelf temperature (h0shelf), slope salinity (S

0
slope), slope temperature (h0slope), fraction of

southern source water on the shelf (f 0S
shelf), fraction of shallow source water on the shelf (f 0Sh

shelf), fraction of southern

water on the slope (f 0S
slope), and fraction of shallow water on the slope (f 0Sh

slope). Correlations are significant at the 95%

confidence interval and apply to all latitudes unless otherwise indicated.
aSignificant at 95% confidence interval for 458N, 468N, and 488N.
bSignificant at 95% confidence interval for 448N, 458N, and 488N.
cSignificant at 95% confidence interval for 448N–468N, and 488N.
dSignificant at 95% confidence interval for 458N–488N.
eSignificant at 95% confidence interval for 448N, 468N, and 478N.
fSignificant at 95% confidence interval for 448N and 458N.
gSignificant at 95% confidence interval for 468N–488N.
hSignificant at 95% confidence interval for 458N, 468N, and 488N.
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Throughout most of the time series, S0slope, h
0
slope, and f 0PEW vary similarly at all latitudes. However, in 2004,

there is an unusual poleward gradient in water properties over the slope, with anomalously cold, fresh, and

low fPEW in the north (Figure 7). This cold, fresh, and low fPEW water could be indicative of an intrusion of

subarctic water from the north (e.g., Kosro, 2003) and could explain the poleward gradient in water proper-

ties over the slope. Lagrangian analysis corroborates this interpretation, indicating an anomalously

high fraction of water from the north over the slope during the late upwelling season in 2004 (Figure 4;

section 3.2).

The 26.5 kg m23 isopycnal represents the core of the CUC (Thomson & Krassovski, 2010); thus z26.5 repre-

sents the z-position of the CUC and suggests the vertical movement of the CUC in the water column. Sea-

sonally, z26.5 varied by about 26 m, with a shoaling of z26.5 during the upwelling season (not shown). The

mean z26.5 over all latitudes ranged from 2210 to 2184 m over the seasonal cycle. However, the standard

deviation in interannual anomalies in the depth of the 26.5 kg m23 isopycnal (z026.5) was about three times

as large as the standard deviation of its seasonal variation.

3.1.3. Relationships Between Water Properties and Wind Stress

Interannual anomalies in shelf salinity (S0shelf) were significantly correlated with interannual anomalies in

local wind stress (s0y
local; Figure 8a and Table 2) and remote (408N) wind stress (s0y

remote; Figure 8b and

Table 2). The correlations suggest that, over all latitudes, on average, local wind variability accounted for

about 446 10% of shelf salinity variability, while remote wind variability accounted for about 346 9% of

shelf salinity variability (Table 2). August values are displayed in these figures to highlight the upwelling sea-

son, although the local and remote wind stress correlations include the entire year.

Likewise, interannual anomalies in shelf salinity (S0shelf) were significantly correlated with interannual anoma-

lies in CUC z-position (z026.5; Figure 8c and Table 2). For 448N, 458N, and 488N, variability in z026.5 accounted

for 186 5% of S0shelf variability, such that when the CUC is shallower, the shelf water is saltier. Correlations of

S0shelf and z026.5 at 468N and 478N were not significant (Table 2).

Similar to shelf salinity anomalies, temperature anomalies (h0shelf) were significantly correlated with s0y
local

(R25 0.356 0.07; Table 2) and s0y
remote (R25 0.256 0.04; Table 2) and with anomalies in z026.5 (R25 0.226

0.09, excluding 478N; Table 2). Additionally, h0shelf was weakly, but significantly, correlated with fraction of

PEW (f 0PEW, R
2
5 0.116 0.01, excluding 478N; Table 2). As expected, s0y

local and s0y
remote were significantly cor-

related, with an average R25 0.376 0.11 (Table 2).

Figure 7. Time series of interannual anomalies in modeled slope water properties: (a) Pacific Equatorial Water (PEW) frac-

tion (f 0PEW), (b) salinity (S
0
slope; psu), (c) potential temperature (h0slope; 8C), and (d) z-position of rt5 26.5 kg m23 isopycnal

(z026.5; m), representative of CUC core depth. Color denotes latitude. Ticks mark the beginning of each year.
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Slope temperature anomalies (h0slope) were also significantly correlated with z026.5 (R
2
5 0.366 0.09, excluding

448N; Table 2) and f 0PEW (R25 0.836 0.07; Table 2). Similarly, slope salinity anomalies (S0slope) were correlated

with f 0PEW (R25 0.596 0.11; Table 2). Also, interannual anomalies in z026.5 and f 0PEW were correlated at 458N,

468N, and 488N, with an average R25 0.216 0.01 with a deeper undercurrent carrying a greater PEW frac-

tion (Table 2). No other significant correlations were found among shelf water properties, slope water prop-

erties, or wind stress.

To better account for cross-correlation among the three forcing variables discussed above (local wind stress

(s0y
local), remote wind stress (s0y

remote), and CUC core depth (z026.5)), a Generalized Linear Model (GLM; Nelder &

Wedderburn, 1972) was constructed for the interannual shelf salinity anomalies (S0shelf) record at each lati-

tude, based on anomalies in the three forcing variables. The interannual variability in shelf salinity was rea-

sonably well reconstructed by the GLM, with an average R25 0.586 0.08 for all latitudes. The best fit was at

488N with R25 0.69 (Figure 9).

3.2. Lagrangian Analysis

3.2.1. Shelf

The shelf (bottom half of the water column between 40 and 80 m isobaths) experienced high variability in

water origin both seasonally (Figures 10a–10e) and interannually (Figures 11a–11e). The standard deviations

in interannual anomalies in water origin were about 1.4 times the standard deviations in the seasonal varia-

tion. Throughout the entire record, shelf water was mostly composed of shallow water (NSh and SSh, Fig-

ures 11a–11e), although there were occasional intrusions of northern deep water (ND, Figures 11a–11e)

that are consistent with the timing of deep northern water intrusions on the slope (ND, Figures 11f–11j). At

northern latitudes, northern water (ND and NSh, Figures 10a–10e) dominated the water on the shelf during

the upwelling season, consistent with the equatorward coastal jet associated with upwelling. At southern

Figure 8. Interannual anomalies in shelf salinity (S0shelf; psu) plotted against (a) interannual anomalies in local wind stress

(s0y
local; Pa), (b) interannual anomalies in remote wind stress (s0y

remote; Pa), and (c) interannual anomalies in CUC core depth

(z026.5; m). For Figures 8a and 8b, open circles denote August values at 448N, filled circles denotes August values at

488N,1denote all latitudes during all months of the year, and the trend line is plotted in grey. R2 and df are the mean for

all data at 95% confidence. For Figure 8c, open circles denote values at 448N,1denote values at 458N, filled circles denote

values 488N, and the trend line is plotted in grey. R2 and df are the mean for 448N, 458N, and 488N at 95% confidence.
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latitudes, southern water (SD and SSh, Figures 10a–10e) dominated the water on the shelf, with a small

increase in northern water during the upwelling season. There are also small amounts of southern deep

water present on the shelf during the late summer into fall (SD, Figures 10a–10e), and this pattern is more

evident in some years, like 2005, than in others, like 2004 (SD, Figures 11a–11e). During the winter shelf

water transitioned to mostly southern water (SD and SSh, Figures 10a–10e), consistent with the poleward

flow associated with downwelling, as well as the larger-scale Davidson Current.

3.2.2. Slope

On the slope (150–500 m depth; between 150 m isobath and 18 longitude offshore of 150 m isobath), water

origin varied more interannually (Figures 11f–11j) than it did seasonally (Figures 10f–11j). The standard

Figure 9. Time series of interannual anomalies in shelf salinity (S0shelf; psu) at 488N (gray) plotted with time series of GLM of

interannual anomalies in shelf salinity (S0shelf; psu) at 488N (black), recreated using interannual anomalies in local wind

stress (s0y
local; Pa), remote wind stress (s0y

remote; Pa), and CUC core depth (z026.5; m). R2 50.69 (significant at 95% confidence),

degrees of freedom5 80.

Figure 10. Seasonal fraction (a–e) of shelf water and (f–j) of slope water for each latitude (448N–488N) colored by origin.

ND, Northern Deep water (blue); NSh, Northern Shallow water (cyan); SD, Southern Deep water (red); SSh, Southern Shal-

low water (orange); and Off, Offshore water (grey). Deep and shallow releases were divided by the 150 m depth contour.

Release locations of particles are indicated in Figure 1. Ticks mark the beginning of each month.
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deviations in interannual anomalies in slope water origin were about 1.8 as large as the standard deviations

in their seasonal variation. Throughout the entire record, the slope was mostly composed of deep water

(ND and SD) as compared to shallow water (NSh and SSh, Figures 11f–11j). Southern deep water (SD,

Figures 10f–10j) increased over the upwelling season, ultimately dominating the water on the slope,

while northern deep water increased during the winter into the spring when the CUC is absent (ND,

Figures 10f–10j). This seasonal pattern is expected, and suggests the CUC gradually flushing out northern

water over the upwelling season as it develops each year. The increase in northern deep water on the slope

during winter into spring (ND, Figures 10f–10j) could be indicative of the Washington Undercurrent, a deep

equatorward current that sometimes flows over the Washington slope during winter months (Hickey, 1989).

The increase in northern water present on the slope with latitude is consistent with hydrographic results

from Thomson and Krassovski (2010).

3.2.3. Relationships Between Water Sources

Interannual anomalies in the fraction of southern water (shallow (SSh) and deep (SD) combined) in the

slope water (f 0S
slope) and over the shelf (f 0S

shelf) were significantly correlated over most of the model domain

(458N–488N), with average R25 0.436 0.10, although the correlation at 448N was not significant (Figure 12

and Table 2). The intrusions of northern water on the slope (Figures 11f–11j) coincided with intrusions of

northern water on the shelf (Figures 11a–11e). The strong intrusion of northern deep water of 2004 (ND,

Figures 4 and 11f–11j) may have been responsible for the unusual poleward gradient in water properties,

with colder, fresher water to the north, over the slope in 2004 (Figure 7). The difference in water origin on

the slope in the anomalous 2004 year as compared to a typical year like 2007 is especially apparent in the

tracks of particles colored by water origin in Figure 4.

The anomalies in the fraction of southern water (f 0S) represents north and south water masses since the off-

shore fraction (f 0Off) has a smaller interannual variation on both the shelf and slope (standard

deviation5 0.05, 0.07, respectively) as compared to the southern fraction (f 0S; standard deviation5 0.20,

0.17, respectively) and northern fraction (f 0N; standard deviation5 0.21, 0.15, respectively) on the shelf and

Figure 11. Full monthly averaged time series of fraction of (a–e) shelf water and (f–j) slope water for each latitude (a–e;

448N–488N) colored by origin, colors as in Figure10. The seasonal cycle was not removed. Deep and shallow releases were

divided by the 150 m depth contour. Release locations of particles are indicated in Figure 1. Ticks mark the beginning of

each year.

Journal of Geophysical Research: Oceans 10.1002/2017JC013174

STONE ET AL. DRIVERS OF PNW SHELF WATER VARIABILITY 14



slope. So, any loss in southern water is largely replaced by northern

water, as expected. Weaker correlations that were significant within

some, but not all, of the model domain between f 0S and anomalies in

fraction of shallow water (f 0Sh) are outlined in Table 2. The Lagrangian

metrics f 0S and f 0Sh were not significantly correlated with any variable

from the Eulerian analysis discussed previously, for either the slope or

the shelf, for a combination of numerical and dynamical reasons, as

discussed below.

4. Discussion

4.1. Upwelling System Dynamics

Interannual anomalies in shelf (bottom 1/8 of the water column

between 40 and 80 m isobaths) salinity (S0shelf) and temperature (h0shelf)

were significantly correlated with each other (R25 0.726 0.05), with

an inverse relationship, aligned approximately orthogonal to isopyc-

nals (Figure 6a). This relationship suggests that variation in the

strength, vertical structure, and apparent source depth of upwelling

largely drives the relationship between salinity and temperature on

the shelf. Slope (rt5 26.25–27.0 kg m23 isopycnals, between 150 m

isobath and 18 longitude offshore of the 150 m isobath) water proper-

ties, including salinity (S0slope), temperature (h0slope), and fraction of PEW

(f 0PEW), did not vary nearly as much as properties on the shelf: the vari-

ance in shelf water properties was about 10 times the variance in

slope water properties, and variance in slope water properties are

contained within the scatter of shelf water properties (Figures 5–7).

Additionally, while S0slope and h0slope were weakly correlated (R25 0.306

0.07; not significant at 458N or 488N), they display the opposite rela-

tionship, varying from cold, fresh water to warm, salty water (Figure 6b). This relationship suggests that

variation in slope water properties is driven by changes in water origin or advection along-isopycnal surfa-

ces, like alongcoast advection or changes in the composition of the CUC. This incompatibility in

temperature-salinity relationships between shelf and slope water would explain why neither S0slope nor f
0
PEW

were significantly correlated with S0shelf (R
2
5 0.046 0.04, R25 0.016 0.01, respectively), while h0shelf and h0slope

were significantly correlated (R25 0.166 0.04; Table 2). Therefore, interannual variability in slope water

composition does not appear to be the primary driver of variability in shelf salinity and temperature. This is

not necessarily the case for other tracers with different vertical and alongcoast gradients, however, and we

consider the implications of these temperature/salinity patterns for dissolved oxygen and dissolved inor-

ganic carbon in section 4.3.

From the results of the Generalized Linear Model recreation of the shelf salinity record, it can be concluded

that together, interannual variability in both local and remote alongshore wind stress and in depth of the

CUC core account for more than half of the interannual variability in shelf water salinity. Variability in local

and remote wind stress represent the variability in the strength and persistence of upwelling, with stronger

upwelling leading to saltier shelf water. The vertical position of the CUC in the water column might also

reflect variability in the alongshore wind patterns because the CUC is, in part, driven by the gradient in

alongshore wind stress. Hickey et al. (2016) highlight 2004, a year with warmer and fresher shelf water and

a shallower, warmer, and fresher CUC, and link these anomalies to weaker remote and local winds along

the coast and a loss of the alongshore wind stress gradient. Thus, we conclude that variability in shelf water

properties is largely caused by variability in local and remote wind stress, both directly and through the

wind’s role in setting the vertical position of the CUC.

As discussed previously, there is a significant, though weak, correlation between CUC core depth and shelf

salinity in most, but not all, of the model domain. This correlation is strongest near the boundaries and

weakens in the model interior, with no significant correlation at 468N and 478N (R25 0.08 and 0.03, respec-

tively). The lack of significant correlation at 468N and 478N may be due to local topography, including shelf

Figure 12. Interannual anomalies in fraction of southern water on the shelf

(f 0S
shelf) plotted against interannual anomalies in fraction of southern water on

the slope (f 0S
slope). Open circles denote values at 448N, filled circles denote val-

ues at 488N,1denote other latitudes, and the trend line is plotted in grey. R2

and df are for all data excluding 448N at 95% confidence.
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break canyons, or other local shelf processes. While canyons in the region, specifically the Quinault Canyon

(468N) and Astoria Canyon (478N), enhance upwelling to the shelf, the development of the CUC can shut

down this enhancement later in the upwelling season, except during periods of wind relaxation (Connolly &

Hickey, 2014; Hickey, 1989, 1997), to an extent that we speculate could depend on CUC core depth. This

complicated interaction between the CUC and enhanced canyon upwelling, as well as the highly three-

dimensional circulation in the region overall, makes it difficult to isolate the exact cause of the reduced

correlation.

While anomalies in shelf salinity (S0shelf) are significantly correlated with variability in the depth of the CUC

core (z026.5), they are not significantly correlated with anomalies in slope water composition, in particular,

fraction of PEW (f 0PEW) and salinity (S0slope). This lack of correlation is consistent with the fact, as noted above,

that temperature and salinity anomalies have incompatible relationships on the shelf and slope (Figure 6).

Consequently, on the interannual timescale, the vertical position of the CUC might matter more to shelf

water properties than its composition. However, it is possible that other local processes could be obscuring

the direct influence of slope water, a possibility supported by the link between slope and shelf water origin

through large-scale advection, as discussed in the next section.

4.2. Large-Scale Alongcoast Advection

The correlation of slope (150–500 m depth; between 150 m isobath and 18 longitude offshore of 150 m iso-

bath) and shelf (bottom half of the water column between 40 and 80 m isobaths) water shows that both

are affected by large-scale advection of water through the northern and southern boundaries (f 0S
slope and

f 0S
shelf, R25 0.436 0.10, excluding 448N; Figure 12). Furthermore, slope and shelf water properties are more

strongly linked interannually through large-scale advection processes north and south (f 0S
slope and f 0S

shelf,

R25 0.436 0.10; excluding 448N; Figure 12) than they are directly linked to each other through their com-

position (S0slope and S0shelf, R
2
5 0.046 0.04, not significant).

Freeland et al. (2003) measured colder and fresher water between 30 and 150 m depth in summer 2002

along both the Newport Hydrographic Line and Line-P, suggesting an intrusion of subarctic water at depths

spanning both the midshelf and part of the upper slope. They attribute this invasion of northern water to a

stronger equatorward California Current and weaker poleward Alaska and Davidson Currents during spring

2002, although variability in downwelling and mixing during the winter, as well as enhanced flow of the

North Pacific Current, may have also played a role.

At more northern latitudes (47–488N), northern water is evident in both shelf and slope water, but at the

southern end of the domain (448N), Lagrangian results showed that northern water is more present on the

shelf than on the slope (Figure 11). Nevertheless, on the slope, intrusions of northern water can extend

south to 458N so that in some years, the WA slope water is not composed of southern water. For example,

there is much more northern deep water present on the slope at 478N in September 2004 than there was in

September 2007, when southern water dominates the region (Figure 4). Similarly, Rivas and Samelson

(2011), using a Lagrangian analysis in a different model, found that north of Cape Blanco (�438N), there is

more water of northern origin in the Oregon upwelling zone (water column east of the 200 m isobath) than

water of southern origin.

Interannual anomalies in shelf salinity and the fraction of southern water on the shelf were not significantly

correlated at the 95% confidence level (S0shelf and f 0S
shelf, R2< 0.07), nor were interannual anomalies in wind

stress and fraction of southern water on the shelf or slope (s0y
local, s0y

remote, f 0S
shelf, and f 0S

slope, R2< 0.06). Some-

what surprisingly, interannual anomalies in fraction of PEW and fraction of southern water over the slope

were also not significantly correlated (f 0PEW and f 0S
slope, R25 0.116 0.06), despite the fact that both statistics

attempt to represent the same feature: variations in the California Undercurrent. Changes in fPEW might

occur through processes like mixing and eddy shedding since fPEW is calculated from temperature and salin-

ity. When Thomson and Krassovski (2010) mapped the CUC by its PEW signature from Oregon to Alaska,

they saw a steady, poleward decrease in fPEW through along-isopycnal mixing. Pierce et al. (2000) describes

examples of eddies shedding from the CUC, and Pelland et al. (2013) estimates that this generation of anti-

cyclonic eddies, or ‘‘cuddies,’’ accounts for about 44% of heat and salt loss as the CUC moves poleward.

However, f
slope
S on the slope cannot be altered through these processes due to the methods of particle

tracking: when ‘‘southern’’ model particles mix with other water, they are not transformed into ‘‘northern’’

particles. Likewise, if PEW is advected north with the CUC and then re-enters the model domain from the
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north during a subarctic intrusion, the Lagrangian analysis would not

count this PEW as ‘‘southern’’ in the calculation of fS.

4.3. Applications to Biology and Chemistry

As seen in the GLM analysis, variability in local and remote wind stress

and in CUC depth contribute to anomalies in the density of water

over the shelf. These processes are all part of upwelling variability,

which includes strength, vertical structure, and apparent source depth

of upwelling, and may lead to changes in shelf water chemistry. The

mean change in upwelling variability and its subsequent effects on

salinity, oxygen, and dissolved inorganic carbon (DIC) concentrations

are summarized in Table 3. We denote anomalies associated with

upwelling variability, or across-isopycnal or vertical variation, with a subscript z, in contrast to anomalies

associated with alongcoast variations (subscript y). Because the variation in shelf salinity is almost entirely

across-isopycnal, DSz is approximately equal to the magnitude of standard deviation of shelf salinity

(DSz5 0.23 psu; Table 3). The scale of variation in shelf oxygen (DOz) associated with across-isopycnal salin-

ity/temperature variation can be estimated as follows:

DOz5
@O

@z
Dz

where @O/@z is the gradient of oxygen with depth and Dz is the variation in depth of upwelling source

water reflected in DSz. Rewriting in terms of the vertical salinity gradient @S/@z,

DOz5
@O

@z
2
@S

@z

� �

21

DSz

Using mean dissolved oxygen profiles along the Newport Hydrographic Line (44.658N) in Pierce et al. (2012)

and salinity profiles from the model, DOz � 228 mmol kg21, with a decrease in oxygen concentration with

stronger upwelling, which might include deeper apparent depth of upwelled water, stronger upwelling-

favorable winds, or shoaling CUC (Table 3). This value is comparable to observed and modeled interannual

anomalies in dissolved oxygen on the Washington shelf (Connolly et al., 2010; Siedlecki et al., 2015).

Likewise, the scale of anomalies in DIC associated with observed anomalies in shelf salinity can be estimated

as

DDICz5
@DIC

@z
2

@S

@z

� �

21

DSz

Combining mean profiles of DIC along the Newport Hydrographic Line (44.658N) from Feely and Sabine

(2011) with model salinity, DDICz � 29 mmol kg21, with an increase in DIC concentration with stronger

upwelling (Table 3). These results suggest that depending on the vertical structure of the water column,

stronger upwelling could raise the hypoxic boundary (DO< 60 mmol kg21) and the aragonite saturation

horizon (Xarag< 1) higher in the water column than is tolerable for native organisms.

Interannual variability in the north-south source of water over the slope and shelf may also translate into

changes in chemistry. Scales of variation in alongcoast lateral advection and its subsequent effects on salin-

ity, oxygen, and DIC concentrations are estimated in Table 3. Because the variation in slope salinity is con-

tained within the scatter of the shelf salinity, we estimate DSy on the shelf as the standard deviation of

slope salinity (DSy5 0.01 psu; compare Figures 6a and 6b). By analogy with the DOz calculation above,

DOy5
@O

@y
2
@fPEW

@y

� �

21

DfPEWy

where @O/@y and @fPEW/@y are the gradients in oxygen and fPEW with latitude and DfPEW is the scale of varia-

tion in fPEW observed in the model. Using mean oxygen fields along the rt5 26.5 kg m23 isopycnal from

the World Ocean Atlas (Garcia et al., 2014), we find that DOy � 26 mmol kg21, with southern water carrying

less dissolved oxygen than northern water (Table 3). This value represents the expected variation in oxygen

Table 3

Change in Salinity (S) and Inferred Change in Oxygen (O2) and Dissolved

Inorganic Carbon (DIC) due to Vertical Advection (Dz) and Alongcoast Advection

(Dy)

Dz (stdev) Dy (stdev) Dy (2004 event)a

S (psu) 0.23 0.01 0.03

O2 (lmol kg21) 228 26 2166 6

DIC (lmol kg21) 29 9 256 9

Note. Signs reported are for positive change in Dz and Dy.
aGradient in slope water across affected latitudes (458N–488N).

Journal of Geophysical Research: Oceans 10.1002/2017JC013174

STONE ET AL. DRIVERS OF PNW SHELF WATER VARIABILITY 17



concentrations in upwelling source water associated with the alongcoast advection anomalies observed in

the model analysis.

Accordingly, on average over the time series, the expected variation in oxygen due to along-isopycnal

advection (DOy) is small compared to that due to upwelling variability (DOz), but this is not necessarily the

case for individual events. The northern intrusion event in 2004, evident in negative fPEW anomalies from

458N to 488N (Figure 7), corresponded to an increase in dissolved oxygen of about 166 6 mmol kg21, as

well as decrease in salinity by about 0.03 psu (Table 3). This change in oxygen is similar to the interannual

variations in source water oxygen concentration (12 mmol kg21) observed at Newport, Oregon by Peterson

et al. (2013), and is comparable to the effect (DOz) of weaker upwelling, such as shoaling of apparent source

depth of upwelled water or deepening of the CUC by 50 m. Note that the effect of the 2004 intrusion event

on salinity is still quite small compared to the typical DSz (Table 3).

Similarly, the scale of anomalies in DIC associated with alongcoast lateral advection can be estimated as

DDICy5
@DIC

@y
2

@fPEW

@y

� �

21

DfPEWy

Using mean DIC fields along the rt5 26.5 kg m23 isopycnal from Feely and Sabine (2011), we find that

DDICy � 9 mmol kg 21, with southern water carrying more DIC than northern water (Table 3). Like DOy, on

average DDICy is smaller than DDICz, but individual events can yield DDICy of similar scale as DDICz. In the

case of the 2004 intrusion of northern water, the negative fPEW anomalies from 458N to 488N (Figure 7) cor-

responded to a decrease in DIC by about 256 9 mmol kg21 (Table 3).

Thus, while on average, DOz and DDICz are greater than DOy and DDICy, large-scale intrusion events, such as

the northern intrusion event in 2004, can yield DOy and DDICy of similar scale as mean DOz and DDICz. Fur-

thermore, the scale of DOy of these intrusion events is of similar size as interannual variation in source water

oxygen concentrations described in Peterson et al. (2013). The interannual anomalies in oxygen in Peterson

et al. (2013) were statistically linked to changes in NPGO, with positive oxygen anomalies in years with posi-

tive NPGO values. The NPGO is driven by changes in the North Pacific Current, with more northern water

transported into the region in positive NPGO years. This mechanism is consistent with the idea that there is

more oxygen present in the NCCS when there is more northern water advected into the region (Table 3).

Overall, the model supports the statistical relationship found by Peterson et al. (2013) and provides a

model-based map of what changes in advection by the NPGO might look like.

While the length of the time series from the model prohibits systematic comparison with indices of climate-

ocean decadal variability, the mechanisms described in this analysis, particularly changes in the depth of

the CUC and alongshore advection, are likely important mechanistic links between climate-ocean decadal

modes and the shelf. With the positive phase of the Pacific Decadal Oscillation (PDO; Chhak & Di Lorenzo,

2007), North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al., 2008), and El Nino-Southern Oscillation (ENSO;

Jacox et al., 2015; Schwing et al., 2002), the depth of source water to the shelf is shallower, and thus (we

might expect in general) poorer in nutrients and oxygen. With the negative phase of each of these indices,

the opposite is true. With PDO (Keister et al., 2011) and ENSO (Kosro, 2002), the positive phase of each

would lead to more southern source water in the region, with El Nino leading to enhanced poleward flow

over the slope and shelf, as observed in Huyer and Smith (1985). However, with NPGO, the positive phase

leads to more northern source water in the region, as well as more oxygen (Peterson et al., 2013). Therefore,

with respect to nutrients and oxygen, the vertical and alongshore effects of the NPGO reinforce each other,

while with both PDO and ENSO the effects on source water depth and advection are likely to counteract

each other. The reinforcement of these effects by the NPGO is likely the reason for the statistical link

between oxygen concentrations and NPGO, but not oxygen and PDO, described by Peterson et al. (2013).

Longer model or observational time series are required to test this conceptual picture.

5. Conclusions

Using an ROMS hindcast model spanning 2003–2009, as well as intensive particle tracking, we studied the

interannual variability of shelf water properties with the goal of understanding how the composition and
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depth of the California Undercurrent, alongcoast advection, as well as local and remote wind stress, influ-

ence this variability. The main conclusions for this analysis are:

1. Alongcoast interannual variability in both midshelf bottom water and upper slope water properties vary little

across 800 km of latitude.

Over the whole study domain, there is very little variance between latitudes in temperature and

salinity of shelf water, with standard deviation across latitudes in temperature of 0.706 0.048C, and in

salinity of 0.236 0.02 psu (Figure 5), with more variance in winter than in summer. This result is consis-

tent with the results of Hickey et al. (2016) based on data from sensors moored midshelf across a simi-

lar range of latitudes. Similarly, temperature, salinity, fraction of PEW, and depth of the 26.5 kg m23

isopycnal on the slope also experienced very little variance in their interannual anomalies between

latitudes, with average standard deviation across latitudes in temperature of 0.086 0.028C, in salinity

of 0.016 0.003 psu, in fraction of PEW of 0.016 0.002, and in depth of the 26.5 kg m23 isopycnal of

246 3 m (Figure 7). There is an exception to this pattern on slope in 2004. Lagrangian analysis on the

slope suggests that the poleward gradient of cold, fresh water on the slope was due to an intrusion of

northern water (Figures 4 and 11f–11j).

2. Together, interannual variability in local and remote wind stress and in depth of the CUC explain more than

half of the interannual variability in midshelf bottom water salinity.

Interannual anomalies in local wind stress and in remote wind stress are significantly correlated with

interannual anomalies in shelf salinity, with stronger wind stress leading to saltier shelf water (s0y
local and

S0shelf, R
2
5 0.446 0.10; Figure 8a; s0y

remote and S0shelf, R
2
5 0.346 0.09; Figure 8b). Interannual anomalies

shelf salinity was also correlated with interannual anomalies in the depth of the 26.5 kg m23 isopycnal

(z026.5 and S0shelf, R
2
5 0.186 0.05 for 448N, 458N, and 488N; Figure 8c). To account for cross-correlation

among the local and remote wind stress, and in depth of the 26.5 kg m23 isopycnal, a generalized linear

model (GLM) was constructed using the interannual anomalies in these three variables to reproduce

interannual anomalies in shelf salinity. The resulting GLM suggests that together, interannual anomalies

in local and remote wind stress and in depth of the 26.5 kg m23 isopycnal account for more than half

the variability in shelf salinity (Generalized Linear Model mean over all latitudes: R25 0.586 0.08). The

best fit for this GLM was at 488N (Figure 9).

3. The midshelf bottom and upper slope have incompatible relationships between temperature and salinity

anomalies.

Interannual anomalies in salinity and temperature on the shelf are significantly correlated with an inverse

relationship (S0shelf and h0shelf, R
2
5 0.726 0.05; Figure 6a), while on the slope, salinity and temperature

interannual anomalies are significantly correlated with a direct relationship (S0slope and h0slope, R
2
5 0.306

0.07 for 448N, 468N, and 478N; Figure 6b). Furthermore, the magnitude of variation in slope water proper-

ties is about one tenth that of shelf water properties, with the scale of slope variation (Figure 6b) fitting

into the scatter around the primary axis of variation on the shelf (Figure 6a). The relationship on the shelf

suggests cross-isopycnal variation associated with upwelling dynamics, while the relationship on the

slope suggests along-isopycnal variation in water origin.

4. The vertical position of the CUC might affect shelf water properties more than variations in its composition

on the interannual timescale.

As discussed above, the patterns of temperature and salinity on the shelf and slope have opposite rela-

tionships. Furthermore, changes in CUC properties appear to have a minor effect on shelf water proper-

ties (f 0PEW, S
0
slope, and S0shelf, R

2
5 0.036 0.03), as compared with the vertical position of the CUC (z026.5 and

S0shelf, R
2
5 0.186 0.05 for 448N, 458N, and 488N; Figure 8c).

5. The origins of both midshelf bottom water and upper slope water are affected by large-scale alongcoast

advection.

Lagrangian analysis of origin of shelf and slope water show that both are affected by large-scale along-

coast advection of water from the north and south (f 0S
slope and f 0S

shelf, R25 0.436 0.10, excluding 448N;

Figure 12). Intrusions of northern water are evident on both the shelf and slope, and the frequency of

these intrusions varies interannually. These changes in water origin can be indicative of the characteris-

tics of that water, with warm, salty water carried from the south and cold, fresh water carried from the

north. In particular, the poleward gradient in cold, fresh water over the slope in 2004 found in the
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Eulerian analysis (Figure 7) coincides with an intrusion of northern water in the Lagrangian analysis

(Figures 4 and 11f–11j).

6. Particularly large northern or southern intrusion events can cause changes in shelf water chemistry of the

same magnitude as those caused by typical upwelling variability.

On average, changes in oxygen concentration (228 mmol kg21) and in dissolved inorganic carbon concen-

tration (29 mmol kg21) through upwelling variability (i.e., variability in strength, vertical structure, and appar-

ent source depth of upwelling) are larger than changes in oxygen concentration (26 mmol kg21) and in

dissolved inorganic carbon concentration (9 mmol kg21) through along-isopycnal advection (i.e., north-

south lateral alongcoast advection). However, unlike the effect these processes have on salinity, large-scale

intrusion events, like the intrusion of northern water during 2004, can have an effect on oxygen concentra-

tions and on dissolved inorganic carbon concentrations similar to that of upwelling variability. During the

intrusion event in 2004, oxygen concentrations increased, on average by 166 6 mmol kg21, which is similar

scale to the change in oxygen concentration associated with typical upwelling variability, while dissolved

inorganic carbon concentrations decreased by about 256 9 mmol kg21. Furthermore, the magnitude of this

intrusion event is similar to the interannual variation in oxygen concentrations (12 mmol kg21) of source

water that are linked to NPGO variability, as measured by Peterson et al. (2013).

Thus, it is through event-scale alongcoast advection and typical upwelling variability, including strength,

vertical structure, and apparent source depth of upwelling, rather than the composition of the slope water

itself, that upper slope water properties and midshelf bottom water properties are primarily connected on

longer-than-seasonal scales. While on average, upwelling variability is expected to have a greater impact on

oxygen and dissolved inorganic carbon concentrations than does alongcoast advection, large-scale along-

coast intrusion events can have an effect comparable to that of typical upwelling variability. This suggests

that event-scale alongcoast advection and upwelling variability can have comparable effects on shelf and

slope water chemistry. The precision of this conclusion is limited by a relatively short record. Future investi-

gation into longer-term variability and trends in the northern CCS must carefully consider both the vertical

structure and large-scale alongcoast transport of waters over the linked shelf-slope system.
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