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Abstract A historical analysis of California Current System (CCS) circulation, performed using the
Regional Ocean Modeling System with four-dimensional variational data assimilation, was used to study
upwelling variability during the 1988-2010 period. We examined upwelling directly from the vertical
velocity field, which elucidates important temporal and spatial variability not captured by traditional coastal
upwelling indices. Through much of the CCS, upwelling within 50 km of the coast has increased, as reported
elsewhere. However, from 50 to 200 km offshore, upwelling trends are negative and interannual variability is
180° out of phase with the nearshore signal. This cross-shore pattern shows up as the primary mode of
variability in central and northern CCS vertical velocity anomalies, accounting for ~40% of the total variance.
Corresponding time series of the dominant modes in the central and northern CCS are strongly correlated
with large-scale climate indices, suggesting that climate fluctuations may alternately favor different
biological communities.

1. Introduction

Upwelling off the West Coast of North America supports rich and diverse biological communities of con-
siderable ecological and socioeconomic importance in the California Current System (CCS). As such, much
effort has been expended in understanding the drivers of upwelling variability and trends, and in predicting
the evolution of the CCS in a changing climate. Bakun [1990] hypothesized an increase in upwelling favor-
able winds under atmospheric warming scenarios due to intensification of the land-sea pressure gradient,

a hypothesis supported by observational studies covering recent decades [Garcia-Reyes and Largier, 2010;
Seo et al., 2012]. At the same time, a deepening and strengthening of the seasonal thermocline [Palacios et
al., 2004; Di Lorenzo et al., 2005] reduces the efficacy of upwelling for bringing deep nutrients to the ocean’s
sunlit surface layer. Trends in stratification and equatorward winds are therefore expected to have opposing
impacts on the biological response, and it is unclear which effect is dominant on long time scales [Di Lorenzo
et al., 2005; Auad et al., 2006].

Several basin-scale climate indices have been linked to important shifts in CCS biology: El Nifio-Southern
Oscillation (ENSO) [Bograd and Lynn, 2001], the Pacific Decadal Oscillation (PDO) [Chavez et al., 2003], and
the North Pacific Gyre Oscillation (NPGO) [Di Lorenzo et al., 2008]. Recently, dominant climate modes have
been linked more specifically to interannual variability in upwelling intensity. For example, Macias et al.
[2012] found that upwelling intensity correlates with ENSO and the PDO through much of the CCS, and with
the NPGO in the central CCS. Chenillat et al. [2012] reported further that the timing of seasonal upwelling
onset in the central CCS is modulated by fluctuations in the NPGO. In both studies, due to the absence of in
situ vertical velocity time series, upwelling intensity was approximated by pressure-based wind estimates.
In this paper, we examine upwelling using a data-assimilative model to estimate the ocean circulation in the
CCS over the past 30 years. A key result is that temporal variability in upwelling is associated with coherent
cross-shore structure that is not captured by traditional upwelling proxies.

2. Numerical Model

The circulation analyses were computed using the Regional Ocean Modeling System four-dimensional
variational (ROMS 4D-Var) data assimilation system [Moore et al., 2011a, 2011b] in the dual formulation.
The present study was configured with 42 vertical levels, 0.1° horizontal resolution, and 8 day assimilation
cycles. Moore et al. [2013] provide a complete description of the configuration of the system, which uses
available observations to correct surface forcing, initial conditions, and boundary conditions. The model
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1 domain extends from northern
Washington State in the north to mid-
0.8 way down the Baja Peninsula in the
south. In a very similar model configu-
0.6 ration without assimilation, Veneziani
et al. [2009] found accurate repre-
sentation of the mean and seasonal
cycle of circulation features off the
California coast, and Broquet et al.
r 102 [2009] showed that 4D-Var further
improves the circulation character-
r 10 istics in our domain. Figure 1 shows
the coastal band of interest to this
- 4-0.2  study. We divide the model domain
into northern, central, and southern
0.4 regions with divisions at Cape
Mendocino and Point Conception,
which mark significant transitions in
both the coastline orientation and the
nature of the wind forcing [Dorman
and Winant, 1995].

: { - . » , In order to compute the best cir-
-126 -124 -122 -120 -118 -116 culation estimates, the model

assimilates satellite data (Advanced

Figure 1. Mean model vertical velocity (w, m/d). The grey contour indi-
cates w = 0. The domain is divided into northern, central, and southern Very High Resolution Radiome-
regions, with divisions at Cape Mendocino and Point Conception. Mean ter (AVHRR) Pathfinder, Advanced
upwelling conditions (w > 0) extend ~200 km from shore (black contour).  Microwave Scanning Radiometer-EQS

(AMSR-E) and Moderate Resolution
Imaging Spectroradiometer (MODIS) Terra for sea surface temperature (SST), Archiving, Validation, and
Interpretation of Satellite Oceanographic data (AVISO) for sea surface height (SSH)), and in situ measure-
ments of temperature and salinity (expendable bathythermographs, mechanical bathythermographs,
conductivity-temperature-depth sensors, and Argo profiling floats from version 2a of the quality-controlled
ENSEMBLES (EN3) data set [Ingleby and Huddleston, 2007]).

Surface forcing is from the European Centre for Medium-Range Weather Forecasting 40 year reanalysis
(ERA 40) for 1980-2001, ERA Interim for 2002-2010, and the cross-calibrated multiplatform (CCMP) wind
product of Atlas et al. [2011] for 1988-2010. ERA 40 was used during the initial 22 years in place of the
higher-resolution ERA Interim product in order to maintain consistency between the surface heat and fresh-
water fluxes and the CCMP wind product, which used ERA 40 as the prior. While the model integration spans
1980-2010, we focus our analysis on the 1988-2010 period in which the cross-shore profile of surface winds
is resolved by relatively high resolution (0.25°) CCMP winds.

3. Upwelling Estimation

Upwelling intensity is typically estimated by the coastal upwelling index (CUI) [Bakun, 1973], calculated from
atmospheric sea level pressure fields. A full description of the CUI methodology and important caveats is
presented by Schwing et al. [1996]. As a readily available product, the CUl is an invaluable resource that has
been used in studies on topics ranging from the dynamics of the CCS to upwelling impacts on biology at all
trophic levels from phytoplankton to whales. In the present study, however, we diagnose upwelling directly
from the three-dimensional model velocity field. This approach has several distinct advantages of partic-
ular relevance here: (i) Spatial patterns can be better resolved, including important variability along shore
(e.g., upwelling intensification downstream of capes) and cross shore (e.g., nearshore coastal divergence ver-
sus offshore wind stress curl-driven upwelling), (ii) uncertainties associated with estimating the alongshore
wind from atmospheric pressure fields are eliminated, and (iii) the model dynamics implicitly account for
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Figure 2. (left) Mean and (right) trend of upwelling transport estimated from CCMP winds (blue), ROMS vertical veloci-
ties (red), and CUI (black diamonds). ROMS transports are calculated for a 200 km wide coastal band, and a 1° latitudinal
smoothing is applied. Shaded regions (for ROMS) and error bars (for CUI) indicate the standard deviation of annual
means. Open lines indicate trends with p > 0.05. Horizontal lines mark regional divisions at Cape Mendocino (40.5°N)
and Point Conception (34.5°N).

significant discrepancies between Ekman transport and upwelling transport due to net onshore geostrophic
flow [Marchesiello and Estrade, 2010].

We calculate upwelling transport by spatially integrating the vertical velocity at 40 m depth, which is the
space-time mean mixed layer depth (MLD) in our domain. The choice of a fixed depth allows for unambigu-
ous calculation of transport budgets like those in Figure 3. While the actual MLD varies substantially, vertical
transport though 40 m is highly correlated with transport through the MLD in our study area (r = 0.95), and
both capture the same long-term trends. Model transports reported in this paper were recorded every 6 h,
monthly averaged, and spatially smoothed with three iterations of a 1-2-1 filter. Finally, as the present study
is concerned with variability on interannual-to-decadal scales, a 12 month running mean was applied to fil-
ter out the seasonal cycle in ROMS output as well as climate indices. The running mean produces time series
that are qualitatively similar to alternatives such as removing a mean seasonal cycle or the first two harmon-
ics but are less sensitive to changes in seasonal timing. For significance calculations, autocorrelation in the
smoothed monthly data was accounted for in the effective degrees of freedom N, = NAt/z, where N is the
number of data points regularly spaced in time at interval At and 7 is the time lag at which autocorrelation
crosses zero. Unless indicated otherwise, reported correlations and trends are significant at the 95% level

or higher.

4, Meridional Trends and Variability

Figure 2 shows the 1988-2010 mean and linear trend of model vertical transport integrated over a 200 km
wide coastal band in which long-term mean vertical velocities are positive (net upwelling) for much of the
CCS (Figure 1). Mean upwelling transport is weakest in the northern CCS, where downwelling conditions
prevail over much of the year. The greatest total upwelling is observed in the lee of major coastal promonto-
ries (Cape Mendocino, Point Arena, Point Conception). A positive upwelling trend in the Southern California
Bight (SC Bight) is equal to 2-4% of the 1988-2010 mean per year. Thus, the local change in upwelling
intensity from 1988 to 2010 is comparable to the mean value for the period. In the north of the domain,
the standard deviation of annual mean vertical transport crosses zero, indicating that some years are
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2r predominantly upwelling while oth-
ers favor downwelling. A negative
trend north of Cape Blanco (~43°N)
indicates an increasing prevalence of
net downwelling years in the latter

= 05 . o
- part of our study period. A positive
‘E/ 0 — e o upwelling trend is visible throughout
2 5 1990 1995 2000 2005 2010 much of the central CCS, though sta-
(7]
g 33N tistically significant trends emerge in
= 1.5y only a few small areas.
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Model upwelling and wind-derived
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0

...... 2\ _ region but diverge south of 39°N
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(Figure 2). Differences between the
CUI (black) and upwelling transport
(red) have two sources: (i) net onshore
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Year

Figure 3. Time series of upwelling estimates from the CUI (black), CCMP .
winds (blue), and ROMS vertical velocities (red) at (top) 39°N and (bottom) geostrc.)phlc flow th.at suppresses
33°N. The dashed line is the difference between Ekman transport (blue) upwelling [Marchesiello and Estrade,
and vertical transport (red), which is accounted for by onshore geostrophic ~ 2010] and (ii) differences between
flow (thin black line). Quantities are calculated as in Figure 2, and ROMS observation-based estimates of the
values are averaged over 3° of latitude for consistency with the CUL. wind (CCMP) and pressure-based esti-

mates. The first of these two sources is
dominant off the central California coast, where both the CUl and Ekman transport overestimate upwelling
by as much as 100%. In contrast, at 33°N Ekman transport is much less than the CUI, indicating the sig-
nificance of source (ii) in the SC Bight. Bakun [1973] anticipated this issue due to the effect of the coastal
mountain range in Southern California.

Trends in all three upwelling metrics (CUI, Ekman transport, and vertical transport) are largely consistent
north of the SC Bight (Figure 2). Figure 3 shows time series of each metric at two latitudes where the CUl is
available. At 39°N, the CUl is a good indicator of mean upwelling transport and also captures interannual
variability; vertical transport and the CUI are significantly correlated at r = 0.69. Discrepancies between
Ekman transport and upwelling transport are consistent with calculated onshore geostrophic flow, which

is variable in time but less than 20% of the upwelling magnitude. At locations where the long-term mean
CUI and model upwelling diverge (33 and 36°N), we also find that they are not significantly correlated

(r < 0.3). However, Ekman transport is strongly correlated with upwelling transport at all five locations

(r = 0.84-0.95), so interannual changes in the CUl-upwelling discrepancy are driven more by wind estimates
than by the geostrophic flow. Though onshore geostrophic flow is relatively strong off central and southern
California, it has little interannual variability. Ekman transport therefore tracks upwelling transport, but on
average is biased high by 41% at 33°N and 60% at 36°N.

The lack of a significant upwelling trend in the central CCS (Figure 2) is in contrast with prior analyses of
upwelling favorable winds and sea surface temperature that suggest increased upwelling in the region
[Schwing and Mendelssohn, 1997; Garcia-Reyes and Largier, 2010; Seo et al., 2012]. However, trends in model
upwelling shown in Figure 2 are indicative of changes across the entire width of the coastal upwelling band
and do not distinguish intense nearshore upwelling from weaker upwelling farther offshore. We therefore
expand our analysis using empirical orthogonal functions (EOFs) of vertical velocity anomaly w’ to examine
2-D patterns in upwelling variability and their evolution in time.

5. Dominant Upwelling Modes

In both the northern and central CCS, the primary mode of variability accounts for ~40% of the variance
and captures a distinct cross-shore gradient with a sign change approximately 50 km from shore (Figure 4).
Since low-pass filtering of velocities was performed prior to calculating EOFs, this pattern is representative of
interannual variability, not the seasonal cycle in coastal upwelling. In the northern region, EOF2 accounts for
11% of the variance and captures an alongshore dipole pattern in the upwelling variability nearshore, with a
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Figure 4. (first and third columns) First and second principal components (PCs) and (second and fourth columns) EOFs of
vertical velocity anomaly (m/d) for the (top) northern and (bottom) central CCS regions. Thick black lines indicate trends
significant at the 95% level or higher. Contours 50 and 200 km from shore mark the approximate location of the EOF
sign change and the offshore extent of mean upwelling, respectively. The explained variance for each mode is given in
parentheses, and grey bars mark El Nifio years.

sign change at 43°N. EOF2 for the central CCS accounts for just 6% of the variance and does not exhibit any
clear spatial coherence.

Principal component (PC) time series show strong temporal variability in EOF1 throughout the central and
northern CCS, including clear reductions in nearshore upwelling during strong El Nifio years (discussed fur-
ther in section 6). The significant positive trend in central CCS PC1 captures a pattern that is also present
in the full upwelling signal: increased upwelling transport nearshore (consistent with prior analyses) and
decreased upwelling in a broader region from 50 to 200 km offshore. The net effect is a small positive
upwelling trend from Point Conception to Cape Blanco (Figure 2), indicating dominance of the nearshore
(<50 km) signal in determining overall upwelling transport. In the northern CCS, no significant trend
emerges in PC1; however, there is a significant positive trend in PC2, which indicates increased nearshore
upwelling south of Cape Blanco and decreased upwelling to the north.

In the southern region (not shown), the leading mode of variability accounts for 24% of the variance and
captures significantly increased upwelling throughout much of the SC Bight, consistent with Figure 2.
The increase is especially pronounced immediately south of Point Conception. As in the central and
northern regions, the nearshore increase is accompanied by a decrease farther offshore, though the
nearshore/offshore division in the south is not as clear-cut as it is elsewhere.

6. Climate Variability

Three basin-scale climate modes, the PDO, the NPGO, and ENSO, have been implicated as important controls
on CCS upwelling. ENSO variability is described here by the multivariate ENSO index (MEI), the first principal
component of six combined atmospheric and oceanic variables in the tropical Pacific [Wolter and Timlin,
1993]. The PDO emerges as the dominant mode of variability in North Pacific SST [Mantua et al., 1997], while
the NPGO is the second leading mode of SSH variability in the northeast Pacific [Di Lorenzo et al., 2008]. We
examine here their relationships with key modes of upwelling variability described in section 5.

Strong ENSO events impact the biochemical response to upwelling in the central CCS through mod-
ulation of both the seasonal thermocline depth [Chavez et al., 2002] and the strength of nearshore
upwelling-favorable winds [Schwing et al., 2002]. During El Niflo conditions, a deep thermocline and anoma-
lously weak equatorward winds reduce the efficacy of upwelling for delivering nutrients to the euphotic
zone. In our model results, the signature of El Nifio events is clearly visible in the primary mode of upwelling
variability (Figure 4). The MEI is strongly correlated with PC1 in the central CCS (r = —0.69), and less so in the
northern region (r = —0.42, p = 0.06), while correlations in the south are weaker and not statistically signif-
icant. Negative correlations in the northern and central regions imply reduced upwelling during El Nifio in a
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Figure 5. (a) PC1 of vertical velocity anomaly in the central CCS (black line) with annual means of the NPGO (red) and the
PDO (sign reversed, blue), each normalized to a maximum magnitude of one. Grey bars mark 1993-1996 and 2007-2010,
positive (negative) and negative (positive) phases of the PDO (NPGO), respectively. (b and c) Corresponding mean
vertical velocity anomalies for each of the two periods. Contours are as in Figure 4.

~50 km wide coastal band north of Point Conception, consistent with buoy observations [Garcia-Reyes and
Largier, 2012]. However, our results also indicate increased upwelling transport farther offshore (50-200 km)
when El Nifio conditions prevail, a result that to our knowledge has not been previously reported. When
integrating transport over the full width of the upwelling band, we find that the nearshore signal is domi-
nant and positive MEI periods are generally accompanied by relatively weak upwelling (Figure 3, top). Any
offshore upwelling increase is therefore obscured, consistent with a negative correlation between the CUI
and MEI [Macias et al., 2012].

In addition to an association with ENSO, we find upwelling variability to be tightly coupled to decadal-scale
climate indices. PC1 correlates significantly with the PDO in the northern CCS (r = —0.55), and with both
the PDO (r = —0.71) and NPGO (r = 0.60) in the central CCS. Again, no significant correlations were found
in the southern CCS. The correlation of PC1 with decadal-scale climate indices, and the nearshore/offshore
gradient captured by EOF1, manifest in the vertical velocity field as shown in Figure 5. Upwelling transport
from 50 to 200 km offshore is reduced during periods of increased nearshore (<50 km) upwelling intensity,
and vice versa. In our study period, the PDO and NPGO are negatively correlated with each other, so Figure 5
highlights periods of sustained positive/negative PDO, which overlap negative/positive NPGO phases. Mean
nearshore vertical transport during the PDO+/NPGO— phase is 71% (24%) less than the 1988-2010 mean

in the northern (central) region, while offshore vertical transport is 36% (23%) greater. In the PDO—/NPGO+
phase, nearshore transport is 25% (34%) greater than the long-term mean while offshore transport is 17%
(45%) less.

7. Discussion

We analyzed upwelling along the US West Coast from vertical velocities in a data-assimilative ocean model
that represents our best estimate of the ocean state over the past quarter century. Though mean upwelling
conditions (w > 0) extend approximately 200 km from shore, upwelling variability is not coherent across
the 200 km band. Significantly, increased upwelling transport within 50 km of the coast is consistent with
a recent cooling trend in buoy SST measurements [Garcia-Reyes and Largier, 2010; Seo et al., 2012] and is
captured by the first mode of variability in vertical velocity anomalies. However, when integrating vertical
velocities over the full width of the upwelling band, variability in the nearshore signal is partially compen-
sated by changes of opposite sign farther offshore (50-200 km). This cross-shore structure of upwelling
variability is an important and previously unreported result, suggesting that caution be exercised when
evaluating upwelling from point measurements (e.g., buoys) or integrated measures (e.g., the CUI) that are
not representative of the entire upwelling band.

Note that the nearshore/offshore bands described here are not intended to be coincident with distinct
upwelling mechanisms. The offshore extent of upwelling due to divergence at the coastal boundary is often
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estimated by the internal Rossby radius (~20-30 km in our domain), while wind stress curl-driven upwelling
is prominent up to several hundred kilometers from shore and in the lee of coastal promontories. The
nearshore band that emerges in EOF patterns must therefore contain both coastal and curl-driven upwelling
and does not imply that the two mechanisms are out of phase. The details of the cross-shore structure are
also likely to be influenced by the resolution of both the ocean model and the surface winds.

At locations in the northern half of the domain (39-45°N), the CUl is a good indicator of both the mean
(Figure 2) and variability of upwelling transport (r = 0.63-0.70). At 33 and 36°N, the CUl is too strong and is
not significantly correlated with net upwelling (r ~ 0.3) but is significantly correlated with PC1 (r ~ 0.5), indi-
cating that it represents nearshore upwelling better than total upwelling. At all latitudes, Ekman transport
calculated from model winds is strongly correlated with model upwelling transport. We therefore conclude
that while onshore geostrophic flow has a significant impact on mean upwelling transport south of 40°N, its
effect on the interannual variability is less pronounced.

All of the North Pacific basin-scale indices examined here (ENSO, PDO, and NPGO) are significantly correlated
with elements of upwelling variability along the US West Coast. In contrast with prior studies indicating such
correlations, we have shown that climate variability is associated not just with net upwelling changes but
also with specific spatial distributions of vertical transport. In particular, positive (negative) phases of the
NPGO (PDO) favor more intense upwelling within 50 km of shore, while negative (positive) phases are asso-
ciated with a larger upwelling contribution farther offshore. As weak, widespread upwelling and intense
localized upwelling each promote distinct biological communities [Rykaczewski and Checkley, 2008], the
ecological implications of such correlations are an important topic for further study. For example, positive
NPGO phases, associated with strong nearshore upwelling and presumably large nutrient flux from depth,
may support a greater abundance of large plankton types, while weak upwelling associated with nega-
tive NPGO phases may support more small plankton. However, upwelling is just one driver of a complex
biological response, and upwelling intensity, the focus of the present study, does not entirely govern the
upwelled nutrient supply. Also important are the upwelling source depth and subsurface nutrient concen-
tration. Source depth is modified by changes in stratification and surface wind structure [Jacox and Edwards,
2011, 2012] and is related to the PDO and NPGO [Chhak and Di Lorenzo, 2007; Di Lorenzo et al., 2008], while
nutrient depth profiles may be affected by local (e.g., wind) as well as remote (e.g., ENSO) forcing.

Finally, the question of whether trends observed here are indicative of multidecadal fluctuations or of
long-term trajectories is clouded both by the length of the time series and by an increasing (decreas-
ing) trend in the NPGO (PDO) during our study period. Extension of the current analysis to longer time
scales, with appropriate atmospheric forcing and observational data, will help to clarify these issues
and to distinguish the individual influences of the PDO and NPGO during periods when they are not so
strongly correlated.
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