JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, C08012, doi:10.1029/2012JC008016, 2012

What determines the spatial pattern in summer upwelling trends

on the U.S. West Coast?
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[11 Analysis of sea surface temperature (SST) from coastal buoys suggests that the
summertime over-shelf water temperature off the U.S. West Coast has been declining
during the past 30 years at an average rate of —0.19°C decade ™. This cooling trend
manifests itself more strongly off south-central California than off Oregon and northern
California. The variability and trend in the upwelling north of off San Francisco are
positively correlated with those of the equatorward wind, indicating a role of offshore
Ekman transport in the north. In contrast, Ekman pumping associated with wind stress curls
better explains the stronger and statistically more significant cooling trend in the south.
While the coast-wide variability and trend in SST are strongly correlated with those of
large-scale modes of climate variability, they in general fail to explain the southward
intensification of the trend in SST and wind stress curl. This result suggests that the local
wind stress curl, often topographically forced, may have played a role in the upwelling

trend pattern.

Citation: Seo, H., K. H. Brink, C. E. Dorman, D. Koracin, and C. A. Edwards (2012), What determines the spatial pattern
in summer upwelling trends on the U.S. West Coast?, J. Geophys. Res., 117, C08012, doi:10.1029/2012JC008016.

1. Introduction

[2] The eastern boundaries of major oceans are often
characterized by coastal upwelling, a significant process for
marine ecosystem and ocean biogeochemistry. The dominant
forcing for upwelling is the along-shore equatorward wind
stress [e.g., Huyer and Pattullo, 1972; Brink, 1983; Huyer,
1983; Largier et al., 2006], leading to a well-defined
co-variability (i.e., a positive correlation in the Northern
Hemisphere) in wind stress and SST over the shelf [e.g.,
Beardsley et al., 1987; Dever et al., 2006]. The associated
wind stress curls near the major coastal promontories are
important to alongshore currents [Marchesiello et al., 2003]
and upwelling through Ekman pumping [e.g., Enriquez and
Friehe, 1995; Pickett and Paduan, 2003; Capet et al., 2004].

[3] Bakun [1990] has suggested that the upwelling rate, as
inferred from equatorward wind stress, has been intensified
in these eastern boundary currents. It has been posited that
this enhanced upwelling is caused by a strengthening of the
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land-sea thermal contrast as a result of elevated greenhouse
gas concentrations, which warm the continents more rapidly
than the oceans [Sutton et al., 2007]. The associated cross-
shore surface pressure gradient then enhances along-shore
geostrophic wind and consequently offshore Ekman trans-
port. This link between the intensification in the upwelling
rate and global climate change has been widely accepted
in the literature based on instrumental data [e.g., Schwing and
Mendelssohn, 1997; Mendelssohn and Schwing, 2002,
Bograd et al., 2009; Garcia-Reyes and Largier, 2010; Foreman
et al., 2011], geological records [e.g., van Geen et al., 1992;
McGregor et al., 2007; Leduc et al., 2010; Gutiérrez et al.,
2011], and numerical models [e.g., Snyder et al., 2003,
Diffenbaugh et al., 2004; Diffenbaugh, 2005]. The modified
upwelling then impacts the biological productivity in pelagic
coastal ecosystems [e.g., Rykaczewski and Checkley, 2008;
Bakun and Weeks, 2008; Bakun et al., 2010].

[4] However, due to short data records for over-shelf
(15-25 km) SST, it is difficult to distinguish the physical
processes controlling the secular trend in near-coast SST
from those that are due to large amplitude interannual to
multidecadal variability. The SSTs off the U.S. West
Coast vary coherently with the large-scale coupled ocean-
atmosphere phenomena [e.g., Trenberth and Hurrell, 1994;
Mantua and Hare, 2002; Miller et al., 1994; Schwing et al.,
2002; Mestas-Nuriez and Miller, 2006, Macias et al.,
2012]. For example, a positive phase of Pacific Decadal
Oscillation (PDO, the leading principal component of North
Pacific SST variability [Mantua et al., 1997]) and a nega-
tive phase of the North Pacific Gyre Oscillation (NPGO, the
2nd dominant mode of sea surface height variability in the
Northeast Pacific Ocean [Di Lorenzo et al., 2008]) are known
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Figure 1. JJA SST trends in NOAA SST (contours, shaded if significant, [°C decade™']) in 1982-2010,
overlaid with those from 12 NDBC buoys (squares). The buoy number (460##) is denoted on the left. Four
buoys marked with red squares have significant trends in SST. The time series in SST and near-surface
meridional wind from these 4 buoys are shown in Figure 2.

to be associated with an anomalously warm coast-wide SST.
Thus, if only the past 30-year period (1980-2010) is con-
sidered, during which the PDO (NPGO) index has a signifi-
cant negative (positive) trend (Section 5 and Figure 6), the
coast-wide SSTs coherent with these modes of climate vari-
ability would show a multidecadal cooling trend [e.g.,
Garcia-Reyes and Largier, 2010]. What is not clear is how
correlation with such large-scale indices explains mechanis-
tically what local processes are responsible for the observed
spatial pattern in trends.

[5] The main objective of this study is to look for obser-
vational evidence for interlocking physical processes con-
trolling the trend and its spatial pattern in the nearshore SST
off the U.S. West Coast, using the 30-yearlong in situ and
high-resolution gridded data. The trend referred hereinafter
applies only to 1980-2010, a period with a strong negative
(positive) PDO (NPGO) trend. We are not in a position to
attribute the 30-year trend to any anthropogenic effect; this
would require a long-term high-resolution modeling study in
the future.

[6] The paper is organized as follows. Section 2 describes
the data sets analyzed in the study. Section 3 reports the
spatial pattern in the coastal upwelling trend, followed by an
analysis of coastal wind and wind stress curl in Section 4.
Section 5 explores the extent to which the trend and vari-
ability of upwelling SST are associated with the major modes
of climate variability. Section 6 is a summary and discussion
of implications.

2. Data Sets and Processing

[7] Moored over the continental shelf 15-25 km offshore
over a range of West Coast locations (Figure 1), the coastal

National Data Buoy Center (NDBC) buoys (http://www.
ndbc.noaa.gov) record hourly near-surface wind (typically
at 5 m height), air pressure (sea level), air temperature (4 m
height) and water temperature (0.6 m depth) since the 1980s
[Hamilton, 1980] (Table 1). In this study, the 0.6 m depth
temperature is treated as an SST. The over-shelf buoy-
measured SST is primarily controlled by upwelling [Dorman
and Winant, 1995], and has been in fact used as a proxy
for upwelling in previous studies [e.g., Bograd et al., 2009;
Largier et al., 2006; Garcia-Reyes and Largier, 2010]. Out
of more than 26 moored buoys maintained by the NDBC off
the U.S. West Coast, 12 were chosen that are located over
continental shelves and have continuous records with gaps
less than 35% of the boreal summer months (Table 1).

[8] To obtain a complete spatial pattern in SST, we also use
the National Oceanic and Atmospheric Administration
(NOAA) daily Optimum Interpolation (OI) of SST (hereafter
NOAA SST, http://www.ncdc.noaa.gov/oa/climate/research/
sst/oi-daily.php) [Reynolds et al., 2007]. It incorporates the
SSTs measured by the Advanced Very High Resolution
Radiometer satellites with the in situ measurements obtained
from ships and buoys based on the International Compre-
hensive Ocean—Atmosphere Data set [Worley et al., 2005].
The relatively high resolution (25 km) and long-term (1981—
2010) availability make NOAA SST a unique data set for
studying near-coast SST. NOAA SST is highly coherent
on interannual to multidecadal timescales with the NDBC
buoy SSTs (Section 3), giving us confidence that it is a useful
supplement to the buoy time series.

[s] For accurate analyses of trends in along-shore wind
stress and its curl, one needs a high-accuracy long-term
atmospheric reanalysis product that well resolves the fine-
scale coastline and orography. There are few data sets that
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Table 1. Information on the NDBC Buoys Listing the Location, the Years They Were Collecting Data in June—July—August, and the
Percentage of Total Missing Hourly SST and Meridional Wind (VWND) Data for the JJA Period®

Buoys Missing SST Missing VWND SST VWND

[NDBC 460##] Locations Years With JJA (%) (%) Trend Trends
B27 41.850 N 124.381 W 1983-2010 22 25 +0.05 +£ 0.14 —0.13 £ 0.12
B22 40.776 N 124.589 W 1982-2010 19 14 —0.08 + 0.16 +0.21 + 0.27
B14 39.235 N 123.974 W 1981-2010 14 11 —0.26 + 0.12 +0.02 £+ 0.09
BI13 38.242 N 123.301 W 1981-2010 12 10 —0.06 + 0.13 —0.07 + 0.12
B26 37.759 N 122.833 W 1982-2010 16 12 —0.25 £ 0.15 —0.31 + 0.09
B12 37.363 N 122.881 W 1980-2010 35 24 —0.23 £ 0.15 —0.39 + 0.10
B42 36.789 N 122.404 W 1987-2010 16 11 —0.02 + 0.16 —0.29 + 0.12
B28§ 35.741 N 121.884 W 1983-2010 18 12 —0.12 £ 0.11 —0.21 £ 0.14
Bl11 35.000 N 120.992 W 1980-2010 13 13 —0.30 + 0.12 —0.07 + 0.06
B23 34.714 N 120.967 W 1982-2010 5 6 —0.48 + 0.14 +0.34 + 0.13
B54 34.274 N 120.459 W 1994-2010 8 8 —0.41 £ 0.27 +0.57 + 0.26
B25 33.749 N 119.053 W 1982-2010 8 7 —0.13 £ 0.16 —0.01 + 0.07

The JJA linear trend with standard error in SST [°C decade '] and VWND anomalies [ms ' decade '] at the 12 NDBC buoys are shown in the last two

columns. Significant trends (90%) are marked in bold.

satisfy these requirements. In this study, we used the Cali-
fornia Reanalysis Downscaling at 10 km system (hereafter
referred to as CaRD10, http://cec.sdsc.edu [Kanamitsu and
Kanamaru, 2007]), which is a dynamically downscaled
analysis of the National Centers for Environmental Predic-
tion (NCEP) / National Center for Atmospheric Research
(NCAR) Reanalysis without data assimilation, but con-
strained via spectral nudging [e.g., von Storch et al., 2000]. A
lack of assimilation of the observed data in the CaRD10
analysis is nevertheless outweighed by its high spatial reso-
lution information that much better resolves the effect of
small-scale topography, which is essential for variability in
the nearshore wind stress and curls. Indeed, the comprehen-
sive validations of the downscaled wind fields over coastal
oceans [Kanamitsu and Kanamaru, 2007; Kanamaru and
Kanamitsu, 2007] show an improved agreement with the
NDBC buoy observations on hourly to decadal time scales
over the NCEP/NCAR Reanalysis as well as the North
American Regional Reanalysis (NARR) [Mesinger et al.,
2006] with data assimilation on a 32 km grid. Given the
high horizontal (10 km) and temporal (1 h) resolutions and
the long-term availability (1948-2008), CaRDI10 is suitable
for assessing the multidecadal trend in the near-coast wind
stress and curl [e.g., Rykaczewski and Checkley, 2008].

[10] The observed net surface heat flux (positive heating of
the ocean) is obtained from the global Objectively Analyzed
Air-Sea Fluxes (OAFlux) data set version 3 [Yu and Weller,
2007] for the period of 1983-2009 (http://oaflux.whoi.edu)
onal° x 1° grid.

[11] Each daily or sub-daily data set is processed to cal-
culate monthly averaged time series. For hourly buoy data,
anomalies greater than three times the standard deviation are
not used for subsequent monthly averaging. This quality-
control procedure removes approximately 0.3% and 0.4% of
the SST and meridional wind data, respectively. No month
with more than 50% missing data is used for monthly aver-
aging, which further eliminates approximately 17% and 15%
of the total months. The climatological seasonal cycle is
estimated based on the monthly averages at each buoy, and is
subsequently removed to form interannual anomalies. If the
resultant summer-mean (June, July and August, hereafter
JJA) time series has missing values more than 35% of time,
the corresponding buoy data is not used for this study.
Finally, after 13 months’ smoothing is applied to the monthly

buoy time series, the JJA-mean linear trend is extracted. A
linear trend was fit to each of these JJA time series using a
robust multilinear regression over time [e.g., Huber, 1981].
It uses iteratively reweighted least squares with a bisquare
weighting function [e.g., Holland and Welsch, 1977], which
is particularly useful for data with gaps. Standard calculations
of the statistical significance of the fitted trend were per-
formed against the hypothesis of chance deviations from a
flat trend. Unless noted otherwise, the 90% significance level
was used. Correlations and regressions based on de-trended
and normalized time series are also performed to assess the
co-variability.

3. Trends and Variability of Coastal Upwelling

[12] Figure 1 shows the linear trends in JJA SST estimated
from the 12 NDBC buoys (colored squares, Table 1), over-
laid with the spatial pattern of the trend from NOAA SST
(contours, and shaded if significant). Both data sets show
summertime cooling along the entire Oregon-California
coast since the 1980s. The averaged JJA SST trend over the
12 buoys is —0.19°C decade™' (Table 2), which is broadly
consistent with the NOAA SST trend sampled at the buoy
locations (—0.26°C decade™"). Garcia-Reyes and Largier
[2010], analyzing 11 NDBC buoys, also found a similar
SST trend (an average of —0.22°C decade'). Assuming that
this SST trend is all contributed by upwelling, they suggest
that it is associated with stronger upwelling wind, more fre-
quent occurrences of upwelling days, and lengthening of the
upwelling season.

Table 2. Trends in JJA SST [°C decade '] and Meridional
Component of Near-Surface Wind (VWND, Negative Equatorward,
[ms~' decade™']) Averaged Over all 12 Buoys, Northern 6 Buoys
(from B27 to B12), and Southern 6 Buoys (from B42 to B25)*

NOAA Buoy Buoy
SST SST VWND r(SST, VWND)
All 12 buoys —026  —0.19  —0.03  0.16 (std = 0.33)
Northern 6 buoys —0.19 —0.14 —0.11 0.30 (std = 0.29)
Southern 6 buoys —0.32 —0.24 +0.06 0.02 (std = 0.33)

“The buoy-mean correlation coefficients (r) between the de-trended SST
and VWND, and their standard deviations, are shown in the last column.
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Figure 2. (a—d) JJA SST (red, [°C]) from 4 buoys marked in Figure 2a as red squares, overlaid with
NOAA SST at the buoy locations (blue), and (e~h) corresponding meridional wind speed [m s~ ']
(VWND). Trends (solid lines) in SST all are statistically significant at 90%, while those in VWND are sig-
nificant only at B26 in Figure 2f and B23 in Figure 2h (Table 1). Correlation coefficients in the de-trended
NOAA SST and de-trended buoy SST are shown in Figures 2a—2d. Also shown in Figures 2e—2h are the
correlations between VWND and SST (both de-trended) at each buoy.

[13] Figure 1 also indicates that the cooling trend is greater
south of central California than north of this region. A sig-
nificant trend is only found from Pt. Arena (39°N) to beyond
Pt. Conception, reaching 31°N. Within this area, the larger
SST trends tend to be anchored to the sheltered side of major
coastal capes, e.g., Pts. Arena, Sur and Conception. In par-
ticular, the zone of highest trend lies along 120°W in the lee
of Pt. Conception extending into the Southern California
Bight (SCB). The averaged trend increases substantially from
the northern 6 buoys (—0.14°C decade ') to the southern 6
buoys (—0.24°C decade ™). Averaging of NOAA SST at the
buoy locations yields a greater contrast in trend magnitudes
between the northern (—0.19°C decade™') and southern
coasts (—0.32°C decade ™', Table 2). According to NOAA
SST, the maximum cooling trend is located off and in the
lee of Pt. Conception (Figure 1). The next section explores
the possible causes for this observed trend and pattern in
coastal SST.

[14] Only four out of a total of 12 NDBC buoys analyzed
here have a statistically significant trend in SST (Table 1).
It is worth noting that, however, nearly all the buoys (except
for B27), do show cooling trends [ Garcia-Reyes and Largier,
2010] consistent with the trend map from NOAA SST
(Figure 1). A lack of significance in the large trend values
summarized in Table 1 tends to be associated with lengthy
gaps in the records (e.g., B12 compared to B26) and short
data length (B54 compared to B23). Five buoys show sig-
nificant trends in meridional wind (VWND, Table 1), three of
which have upwelling-favorable trends around San Francisco

in central California, while the other two have downwelling-
favorable trends adjacent to Pt. Conception farther south
(Table 1). Four buoys with significant trends in both SST,
i.e., B14 off Pt. Arena, B26 off San Francisco, B11 off Santa
Maria and B23 northwest of Pt. Arguello (these location are
marked red in Figure 1), are shown in Figures 2a-2d). NOAA
SST time series at these four buoy sites are also shown in blue
curves. SSTs recorded from these buoys reveal strong inter-
annual variability, which is highly correlated (r > 0.90) with
NOAA SST. Both data sets also show clear downward trends
in SST, with larger trends in the southern buoys than in
the northern ones. B23 has nearly twice as large a trend
(—0.48°C decade™ ") as B26 (—0.25°C decade™ '), which is
also the case in NOAA SST.

[15] The same conclusion can be reached with the differ-
ent measure of upwelling. Nykjeer and Van Camp [1994]
and Narayan et al. [2010] used the temperature difference
between coastal water and water farther offshore at the
same latitude as the index of coastal upwelling. With vari-
ous choices of offshore distance (5° ~ 20° longitudes), the
upwelling estimate based on the NOAA SST data at the
southern buoy locations tends to be stronger than those at
the northern buoys by 135% to 200% (not shown), consistent
with the results found by using SST alone.

[16] In summary, the analysis of over-shelf SST reveals
a previously unidentified spatial pattern of coastal cooling
trends; i.e., amid the well-observed multidecadal cooling
trend of the U.S. West Coast in the past 30 years, there is
also a tendency for a stronger trend in central-to-southern
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Figure 3. Trends (decade™") in JJA (a) net heat flux (Que,, [W m 2], positive into the ocean, shaded if sig-
nificant, CI = 3) from the 1° x 1° OAFLUX (1983-2009) and (b) the atmospheric friction velocity cubed
(U3, 1107 m* s7%], CI = 1) estimated from 10 km CaRD10 10 m wind speed (1980-2008). Contours are

shaded if significant.

California than in Oregon to northern California. What are
the physical mechanisms for the observed SST trend, and
what determines its spatial pattern?

4. Role of Ekman Transport and Pumping

[17] The regionally distinct covariability in wind-forcing
and SST gives some insights into the dynamics responsible
for the trend pattern. At the northern buoy B26, for example,
JJA SST and VWND anomalies are highly, positively cor-
related (r = 0.72, Figure 2f), whereas the southern buoy B23
shows a negative correlation (r = —0.31, Figure 2h), indi-
cating that the cold SST anomaly at B26 (B23) is associated
with more equatorward (poleward) wind-forcing. In the area
average sense, too, the northern 6 buoys tend to have a more
positive correlation between SST and VWND (r=0.3), while
these are negligibly correlated (r = 0.02) in the southern 6
buoys (Table 2). The positive correlations in the northern
buoys suggest that the observed SST trend and variability in
the north are explained by the conventional description of
coastal upwelling [e.g., Huyer, 1983], where the offshore
Ekman transport is due to the equatorward wind-forcing
[e.g., Sverdrup, 1937; Yoshida, 1955; Smith, 1968; Pedlosky,
1978]. B26 indeed shows significant trends toward upwelling-
favorable, equatorward wind (—0.31 m s~' decade™!,
Figure 2f) and colder SST (Figure 2b). Despite a much
greater cooling trend (Figure 2d), in contrast, the southern
location B23 features a downwelling-favorable, poleward
wind trend (Figure 2h). This opposite sign in trends, together
with the fact that SST and VWND are poorly correlated,
implies that other mechanism(s) than offshore Ekman trans-
port may be at work in driving a stronger SST trend in the
southern buoys.

[18] How well would the surface heat flux and wind-
induced mixing account for the observed spatial pattern in
SST trend? Figure 3 shows two summertime trend maps for
the net surface heat flux (Qne) and friction velocity cubed
(U3, where Us = (T/p)” 2, where 7 is the wind stress magni-
tude and p the density of air) extracted from 1° x 1°
OAFLUX (1980-2009) and 10 km CaRD10 (1980-2008),
respectively. Q. has a significant positive trend around

central California, favoring an increase, not a decrease, in
coastal SST. A further decomposition of Q. reveals that
this warming effect is primarily driven by a decrease in latent
heat loss, presumably over the increasingly colder water,
with a minor contribution from decreased sensible heat loss
(not shown). This suggests that Q,. is unlikely to cause the
observed cooling trend. As for the wind-induced mixing,
Figure 3b shows that U2 has areas of maximum and mini-
mum trends off southern California straddling the area of
maximum SST trend along 120°W (Figure 3b). Although the
role in mixing cannot be ruled out in the offshore region of
the maximum SST trend at 120°W 33°N, the apparent shift
in the pattern of SST trend with respect to that in U3 also
suggests a possible role of the trend in derivatives of wind
stress, i.e., wind stress curls.

[19] As upwelling along the central-to-southern California
coast is strongly controlled by wind stress curl [Bakun and
Nelson, 1991; Koracin et al., 2004; Dorman and Koracin,
2008], we ask if the significant trend in wind stress curl
could come into play in the observed SST trend pattern. As
the wind stress curl cannot be estimated confidently based on
the buoy-measured wind stress, we instead focus on the
CaRD10 model wind stress curls. Figure 4 shows the maps
of trends in summertime wind stress and wind stress curls.
All along the coast, the upwelling-favorable wind stress
(reddish contours in Figure 4a and southeastward vectors in
Figure 4b) has been intensified in 1980-2008, but far more
significantly well offshore of southern California. In partic-
ular, the significant trend in southeastward wind stress in the
lee of Pt. Conception seems to be critical in generating the
region of the maximum positive trend in wind stress curl
there, which then extends toward the SCB. Although not
significant, the prevalent southeastward trends in wind stress
between Cape Blanco and Cape Mendocino and from Pt. Sur
through Pt. Conception (Figure 4b) are conducive to a sig-
nificant positive nearshore curl due to a drop-off in the wind
near the coast [Capet et al., 2004]. For this reason, hydraulic
flow features, often observed with an upwind compression
bulge and a downwind expansion fan off the main capes [e.g.,
Dorman, 1985; Winant et al., 1988; Edwards et al., 2002],
are manifested in the trend map. The spatial correspondence
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Figure 4. Trends in (a) CaRD10 JJA wind stress magnitude (contours, and shaded if significant,
[107>Nm 2 decade '], CI=0.2) and (b) wind stress vectors (arrow lengths denoting the wind stress mag-
nitudes) in 1980—-2008. Figure 4b shows the trends in JJA wind stress curls (shaded, [N m 2 per 10* km
decade™']). Shading in Figure 4b indicates the area of significant trend in wind stress curl, while the
non-significant trends are not displayed for clarity. The reddish shades/contours in Figure 4a, along with
the vectors in Figure 4b, denote the trend for upwelling favorable (southeastward) wind stress. Likewise,
the negative trend (bluish shades/contours) off the central CA and SCB indicates the trend for less upwell-
ing favorable (northwestward) wind stress. The lateral sponge layers (27 grid points, roughly 13% of the
domain width) from the northern, southern, and western boundaries of the CaRD10 domain are not shown.

in the trends between wind stress curl and SST strongly
implies the potentially important role of the wind stress curl
in the pattern of upwelling trend through Ekman pumping.
[20] Since wind-driven upwelling is due to the along-coast
wind stress and also the wind stress curl, which are limited
to different geographical regions, can we quantify their rel-
ative roles in the identified trend pattern? The two factors are
presented here side by side to examine if the trends in the two
different processes are significant. In Figure 5, we calculate
the latitudinal distributions of the JJA mean and trend of
offshore volume transport (m* s~ per 100 m coast) due to
Ekman transport and Ekman pumping from the CaRD10
model, following the method by Pickett and Paduan [2003].

Ekman transport is computed as EkT = (1/p,,f) T % k, where
7 is the summer-mean equatorward along-shore wind stress
(ASW) estimated at the first three ocean grid points off the
coast (the result is not sensitive to choice of grid points used),

P, the density of seawater, f'the Coriolis parameter, and k
the unit vertical vector. ASW is obtained by projecting
coastal wind stress vectors parallel to the coast, an orientation
obtained by fitting a straight line through a 50-km segment of
coastline. We thus have the Ekman transport at every 10 km
coastal grid point. The vertical transport by Ekman pump-
ing is computed using EkP = (1/p,,f) V x 7, which is then
integrated over the cross-shelf distance d where the wind
stress curls remain positive, which varies from 50 km in Cape
Mendocino to 250 km in SCB. The use of a constant cross-
shelf distance such as 200 km [Pickett and Paduan, 2003] or
300 km [Castelao and Barth, 2006] produces essentially the
same result. The vertical transport estimated from the inte-
grated Ekman pumping is also available at every coastal grid
point and hence can be directly compared with the Ekman
transport [e.g., Castelao and Barth, 2006].

[21] All along the coast, the integrated Ekman pumping
tends to be comparable to or larger than the Ekman transport
(Figures 5a and 5b). The relative magnitude and latitudinal
distribution of both (shown in Figures 5a and 5b) are

consistent with the analysis of both transports by Pickett and
Paduan [2003] from a high-resolution atmospheric model.
They suggested that the curl-driven Ekman pumping is larger
than the Ekman transport all along the coast, except within
the SCB where the upwelling transport is nearly entirely due
to Ekman pumping. The peaks in the mean Ekman pumping
tend to be located off the large coastal capes [Koracin et al.,
2004; Dorman and Koracin, 2008], hinting that they may be
topographically forced.

[22] The trends for the computed wind driven upwelling by
ASW and curl are both independently increasing north of
Cape Mendocino, but mostly not significantly (Figures Sc
and 5d). South of San Francisco (38°N), the greater and
more significantly increasing trend is in the wind stress curl.
The trends in Ekman pumping tend to peak downstream of
the major topographic features. For example, the trend value
in Ekman pumping doubles from 0.76 to 1.54 m> s~ per
100 m from Pt. Conception (34.44°N) to 1° latitude south-
ward. The trend over the entire coast by both aspects favors
increased upwelling, which is consistent with other trends in
the SST and winds.

5. Role of Large-Scale Modes of Climate
Variability

[23] As discussed in the Introduction, the period of 1980—
2010, during which the significant cooling trend in buoy and
NOAA SST is observed, also corresponds to the period of
strong negative (positive) trend in PDO (NPGO). Hence it is
natural to ask if and how well such modes of climate vari-
ability correlate with the observed spatial structure in the SST
trend. This is addressed in Figure 6, where the left column
shows the normalized JJA mean PDO and NPGO indices.
The PDO has a clear negative trend in 1980-2010 (Figure 6a),
while the NPGO has an upward trend (Figure 6¢). The right
column of Figure 6 displays the corresponding simultaneous
regression coefficients of JJA SST from NOAA SST data and
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Figure 5. (a and b) Latitudinal distribution of JJA mean offshore volume transport [m> s~ per 100 m of
coast], and (c and d) the trend in 1980-2008 [m? s~ per 100 m of coast decade '] by Ekman transport by
alongshore wind stress (left column) and Ekman pumping by wind stress curl (right column). The trends
that are statistically significant at 95% are marked with a thick cross. Standard error is shown in error bars
for each coastal location.
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Figure 6. (a and c) Bar plots showing the normalized JJA PDO and NPGO index from 1980 to 2010.
Overlaid are the linear trends (solid black lines) for 1980-2010. The respective trend values are displayed
at the bottom of each panel (marked in red if significant). (b and d) Maps of regression coefficients in JJA
SST [°C per unit index change] from NOAA SST (shaded) and from buoys (filled squares) against the PDO
and NPGO index in 1980-2010. The zero contours are shown in thick black lines (CI = 0.25). The reg-
ression coefficients of the near-surface buoy winds [m s ™' per unit index change] are also shown in green
vectors at each buoy location. Before regression, each variable is de-trended to remove the linear trends.

buoys. The regression coefficients of the measured surface
winds at the buoys against each index are also displayed as
green vectors. The time series are all de-trended prior to the
regression analysis, so the regression coefficients multiplied
by the trend of each index can be inferred as the portion of the
total trend that is driven by large-scale climate patterns.

[24] As for PDO (Table 3), the U.S. West Coast SST
anomalies exhibit the positive phase of the canonical PDO
pattern resembling a horseshoe, with cold temperature
anomalies in the central North Pacific surrounded by anom-
alously warm SST off California (Figure 6b). The positive
PDO phase is generally associated with less upwelling-
favorable wind (green vectors in Figure 6b), indicating that
the near-coast warm SST anomalies are associated with the
weaker upwelling condition [e.g., Chhak and Di Lorenzo,
2007]. Associated with NPGO, the California SST has neg-
ative regression coefficients coast-wide with, in general,
equatorward alongshore winds at the buoys, indicating an
upwelling-favorable condition when they are in a positive
phase [e.g., Chenillat et al., 2012]. The negative trend in
PDO together with positive regression coefficients in SST,
and also the positive trend in NPGO together with nega-
tive regression coefficients, suggest that the cooling trends
observed at the west coast buoys in 1980-2010 are all
strongly related to the climate modes of variability being
considered. The coast-wide summertime SST trends, inferred
as the product of area-averaged regression coefficients from
buoys (Table 3) with the 1980-2010 trend of each index

(Figure 6), all exhibit cooling trends of —0.29 ~ —0.42°C
decade™! (Table 3), which is broadly consistent with the
mean trend from buoys (Table 1).

[25] While the coast-wide SST trend is associated with
the large-scale modes of climate variability, it is less clear
how well the specific pattern in the trend, i.e., the southward
intensification of negative SST trend, is associated with
them. The SST trends inferred from the regression coeffi-
cients and the trends in PDO and NPGO are comparable in
the southern 6 buoys and the northern 6 buoys (Table 3). This
is unlikely to explain the more than 70% increase in observed
trend values from north to south. Similarly, the analysis of

Table 3. The Simultaneous Regression Coefficients (°C per Unit
Index Change) of the JJA Buoy SST (°C) Averaged Over All 12
Buoys, the Northern 6 Buoys, and the Southern 6 Buoys Against
the PDO and NPGO Indices®

PDO NPGO

Regression Inferred Regression Inferred
Coefficients Trend Coefficients Trend

All 12 buoys +0.88 —0.42 —0.69 —0.29
Northern 6 buoys +0.87 —0.41 —0.73 —0.30
Southern 6 buoys +0.90 —0.42 —0.66 —0.27

Also shown are the inferred trend values (°C decade™') obtained
by multiplying the regression coefficients by the trend in each index in
1980-2010 shown in Figures 6a and 6c.
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near-coast wind stress curl shows no significant regression
coefficients against these indices (not shown), suggesting the
trend in the near-coast curl is not significantly associated with
the large-scale climate patterns either. Whether wind stress
curls are independent of the direct influences of large-scale
forcings, indirectly modulated by them via coastal topogra-
phy, and/or associated with anthropogenic greenhouse gases
forcings [Bakun, 1990] needs modeling and further study.

6. Summary and Discussions

[26] This study presents observational evidence of inten-
sified coastal upwelling in the U.S. West Coast since the
1980s. NDBC coastal buoys suggest that the entire Oregon-
California coastal SST has been declining at —0.19°C
decade™', which is consistent with the analysis of NOAA
SST data as well as previous studies [e.g., Garcia-Reyes and
Largier, 2010]. Furthermore, a significant cooling trend is
observed that manifests itself more strongly over the southern
part of the California-Oregon Coast than the northern part.

[27] The trend pattern in coastal SST is due to two different
wind-driven Ekman processes acting independently in the
north and south, rather than due to surface heat flux and
wind-induced mixing. North of Pt. Reyes, the intensified
along-shore wind stress is responsible for stronger offshore
Ekman transport, since both the trend and the co-variability
(i.e., a positive correlation) in meridional wind and SST
are consistent with the conventional description of coastal
upwelling. Off the southern coast, variability in meridional
wind is negligibly correlated with that of SST, and the trends
are of opposite signs. Curl-driven Ekman pumping, often
associated with topographically forced wind stress curls,
appears to be a dominant player in the trend in offshore
upwelling transport. While the coast-wide cooling trend
is highly associated with the large-scale coupled ocean-
atmosphere phenomena, none predicts the specific trend
patterns both in upwelling and wind stress curls. Further
modeling study is necessary to elucidate the relative role
of direct and indirect influences of remote forcings and the
local wind stress curls in the observed trend and pattern in
upwelling.

[28] In a future study, the alongshore advection of
upwelled water from the north needs to be examined to see if
it could contribute to the SST trend pattern. Figure 1 suggests
an increased cross-shore SST gradient, which would favor
a stronger southward geostrophic current advecting the
upwelled water southward. This possibility cannot be tested
in the present study however, due to lack of long-term high-
resolution ocean current data.

[29] Finally, the buoy-measured temperature trends, while
consistent with the study by Garcia-Reyes and Largier [2010],
are in marked contrast to findings by Roemmich [1992] and
Bograd and Lynn [2003] based on the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) hydrography
data. These authors observed a significant upper ocean
warming near Pt. Conception and in SCB in 1950-1991 and
1950-1999 respectively, with the warming being asso-
ciated with a deepening thermocline, increasing stratification
and declining zooplankton [Roemmich and McGowan, 1995;
McGowan et al., 2003]. Di Lorenzo et al. [2005] further
suggest that most of this observed warming in 1950—-1999
can be explained by decadal variations in the PDO-driven
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surface heat flux and horizontal advection. In contrast,
Narayan et al. [2010] reported, from the same CalCOFI data
set [Bograd et al., 2003], that compared to the offshore area
(e.g., station numbers between 80 and 52), the near-coast
SST and upper 100-m temperature east of station number 52
both have been significantly cooling from 1949 through 2006
[see Narayan et al., 2010, Figure 8]. There is evidence that
the observed trends in upwelling-favorable winds [Bakun,
1990; Schwing and Mendelssohn, 1997] would cause a
decreasing trend in SST through upwelling [Snyder et al.,
2003; Auad et al., 2006]. The warming trends are consistent
with the role of PDO-modulated surface heat flux and asso-
ciated stratification changes, while the cooling trend high-
lights the role of wind-driven upwelling. What actually
causes such conflicting results from data and models, and
how the different data stratifications (e.g., geographical
areas: near-coast versus offshore, northern versus southern
California) and modeling approaches (e.g., global versus
regional and forced versus coupled) contribute to this, is not
clear. Considering the strong association of the trend estimate
with the climate indices (Figure 6), the different periods of
analysis used in these studies could be at least partially
responsible for the discrepancies in the sign of the trend. In
order to clarify the dependence of short-term trend to natural
climate variability and anthropogenic change, one would
need to use a high-resolution regional coupled climate model
that represents the small-scale upwelling processes in the
context of large-scale climate variability and change. Of
course, clarifying the processes that control past changes
in the coastal climate is necessary for improved understand-
ing of the range of possible future climate changes at the
regional-to-local scale.
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