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ABSTRACT

Hydrographic observations southwestward of the Southern California Bight in the period 1937–99 show
that temperature and salinity variations have very different interannual variability. Temperature varies
within and above the thermocline and is correlated with climate indices of El Niño, the Pacific decadal
oscillation, and local upwelling. Salinity variability is largest in the surface layers of the offshore salinity
minimum and is characterized by decadal-time-scale changes. The salinity anomalies are independent of
temperature, of heave of the pycnocline, and of the climate indices. Calculations demonstrate that long-
shore anomalous geostrophic advection of the mean salinity gradient accumulates along the mean south-
ward trajectory along the California Current and produces the observed salinity variations. The flow
anomalies for this advective process are independent of large-scale climate indices. It is hypothesized that
low-frequency variability of the California Current system results from unresolved, small-scale atmospheric
forcing or from the ocean mesoscale upstream of the Southern California Bight.

1. Introduction

The California Current transports cool, fresh, and
nutrient-rich waters from the North Pacific Ocean
equatorward and, together with coastal upwelling, sup-
ports a highly productive and complex ecosystem. This
system has sparked the interest of oceanographers since
the early part of the twentieth century, and today more
than 63 yr of ocean observations provide a unique op-
portunity to investigate multiyear and decadal changes
in this eastern boundary current. Here, pronounced in-

terannual to decadal variability of salinity in the Cali-
fornia Current off southern California is investigated.

The California Current system varies on multiple
time scales and reflects mesoscale processes, seasonal
forcing, and remote forcing. Variability of sea surface
temperature (SST) and sea level has been documented
in a number of studies, and consistent relationships
with local and remote forcing have been established.
Changes of salinity, however, have received only inter-
mittent attention, and no clear description of its anoma-
lies has emerged.

Interannual anomalies of SST and sea level along the
Pacific coast of North America are linked to equatorial
and North Pacific wind stress, with the tropical influ-
ence dominant south of 31°N (Chelton and Davis 1982;
Lluch-Cota et al. 2001). During El Niño, sea level along
the coast of California rises (Chelton and Davis 1982),
the thermocline deepens, and SST increases by typi-
cally 1.5°C, particularly during winter (McGowan et al.
1998; Lluch-Cota et al. 2001). During La Niña the re-
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sponse is reverse but weaker, and SST anomalies are
typically cooler by 1°C (McGowan et al. 1998). El Niño
induces SST anomalies along the coast of California
after a lag of zero to two seasons with no discernible
phase propagation from the Tropics. Regional atmo-
spheric forcing generates temperature and sea level
anomalies in the northeast Pacific (Emery and Hamil-
ton 1985) and during the 1997/98 El Niño in the Cali-
fornia Current (Schwing et al. 2002).

SST variability in the California Current is also co-
herent with anomalies in the central North Pacific at
interannual and longer time scales. The leading empiri-
cal orthogonal function (EOF) of SST in the North
Pacific, the Pacific decadal oscillation (PDO; Davis
1976; Mantua et al. 1997; Schneider and Cornuelle
2005), has large loading along the coast of California,
with signs opposite to the central North Pacific. The
“climate shift” of 1976/77 (Trenberth 1990) warmed the
California Current (Bograd and Lynn 2003) through
altered air–sea heat fluxes and Ekman advection
(Miller et al. 1994). The warming continued through the
1990s (Roemmich 1992) in concert with a depression of
the main thermocline and a marked decrease of zoo-
plankton (Roemmich and McGowan 1995). Since local,
upwelling-favorable winds had increased (Bakun 1990;
Schwing and Mendelssohn 1997), the warming and
changes in thermocline depth resulted either from
equatorial wind stress anomalies and wave propagation
along the western coast of America (Clarke and Leb-
edev 1999), or from surface heat flux anomalies (Di
Lorenzo et al. 2005) and a local wind stress curl that
affected temperatures above the top of the thermocline
and reduced the horizontal slope of the thermocline
(Roemmich and McGowan 1995).

Salinity in the California Current varies on decadal
and interannual time scales. After the 1976/77 shift, sur-
face salinity within 500 km of the coast decreased by
less then 0.1 psu, and subsurface salinity offshore in-
creased by up to 0.1 psu (Bograd and Lynn 2003). Dec-
adal changes of salinity include a decrease of 0.2 psu
from 1981 to 1994 off southern California (Roemmich
and McGowan 1995), and a salinity increase by up to
0.15 psu at the 10°C isotherm due to a lateral shift of
water masses associated with a downward displacement
of isotherms. Along central and northern California
coastal stations, increases of upwelling inducing winds
(Bakun 1990) during the last decades increased salini-
ties along the coast (Schwing and Mendelssohn 1997).
It is not clear from previous studies whether the in-
crease of salinity at the 10°C isotherm comes from salty
water along the coast or lateral movement from off
shore.

Various relationships of El Niño–Southern Oscilla-

tion (ENSO) and salinity in the California Current sys-
tem have been reported. Conclusions drawn from data
before 1984 are that during El Niño a freshening of the
upper layers occurs (Hickey 1979). However, more re-
cent observations indicate that results differ between
episodes. The 1941/42, 1982/83, and 1991/92 El Niños
were associated with fresh offshore anomalies (Simp-
son 1992; Ramp et al. 1997), while during the 1997/98 El
Niño surface waters off southern California were saltier
relative to La Niña events of 1996 and 1999 (Lynn and
Bograd 2002).

Decadal salinity anomalies in the California Current
have been used to delineate the effects of upwelling and
long-shore advection on the nutrient budget and bio-
logical productivity (Chelton 1981; Chelton et al. 1982).
Upwelling and equatorward advection both supply nu-
trients to the surface layer, but upwelling brings saltier
waters from the halocline to the surface while equator-
ward advection freshens the surface layer. Since high
zooplankton concentrations are associated with low sa-
linity and southward flow anomalies, lateral advection
is the likely source of nutrient anomalies in the off-
shore, central part of the California Current.

The purpose of this study is to investigate interannual
and decadal variations of upper-ocean salinity in the
California Current system southwest of the Southern
California Bight, using observations over a 63-yr time
span. We use hydrographic data along a line southwest
from the bight that has more observations than any
other segment of the California Current. In section 2,
the data and their analysis are discussed, followed by a
comparison of temperature and salinity variations.
Next, the relationships with local and large-scale indi-
ces of Pacific climate variability are presented. We then
show that long-shore advection by anomalies of the
California Current is the most likely mechanism con-
sistent with the observations, and close with conclu-
sions and implications.

2. Data

a. Hydrography

The principal data are temperature and salinity ob-
servations along a section from Long Beach, California,
to 30°30�N, 124°W, more than 600 km offshore (Fig. 1),
from 1937 to 1999. This section is also line 90 of the
California Cooperative Oceanic Fisheries Investigation
(CalCoFI) survey that has been sampled from 1949 to
present (Bograd and Lynn 2003). Additional observa-
tions were collected during the late 1930s by H. Sver-
drup and in several intervening years by the U.S. Coast
Guard. The data typically have seasonal or higher time
resolution, but with gaps in the late 1940s, between
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1976 and 1981, and few observations in the offshore
regions from 1953 to 1958 (Fig. 2). The station pattern
has changed over time, and has samples every 30–60
km, with the finer spacing close to the coast (Fig. 3).
The CalCoFI database was available online from http://
www.calcofi.org/data/data.html.

Observations of temperature and salinity are pro-
vided at eleven standard depths in the top 500 m of the
water column, from which density and potential density
are calculated. At every vertical level, the data are then
optimally interpolated to a regular spatial grid and
3-month averages using a Gaussian covariance function
with widths of 100 km in the horizontal and 150 days in
time, and a signal-to-noise ratio of 0.1. Interpolated
points removed by more than two Gaussian widths
from the closest observation are marked as missing.
Note that this interpolation smoothes the data relative
to analyses that retain the variable station spacing (Bo-
grad and Lynn 2003). The climatological seasonal cycle

is obtained by a least squares fit of annual and semian-
nual harmonics, and anomalies are estimated as devia-
tions thereof.

Pressure and geostrophic velocities across line 90 are
calculated relative to 500 m. In the following, we will
use estimates of the anomalous, long-shore geostrophic
flow in the center of the section from 122.5° to 120°W.
To achieve a robust estimate that takes advantage of as
much of the data as possible, the geostrophic flow
anomalies are estimated from the regression of the
pressure field to pressure indices averaged inshore and
offshore of 121.5°W and in the top 50 m of the water
column.

b. Climate indices

Conditions in the eastern North Pacific are charac-
terized by climate indices of the ENSO, the PDO, and
alongshore wind that produces upwelling along the
west coast of North America. Three-month averages of
all indices are formed to match the time resolution of
the ocean observations with the center month shifted to
explore correlations with monthly lags.

ENSO is measured by the average sea surface tem-
perature in Niño-3.4, an area in the eastern equatorial
Pacific (5°S–5°N, 170°–120°W). Its time series is pro-
vided by the National Centers for Environmental Pre-
diction of the National Oceanic and Atmospheric Ad-
ministration, and was obtained online from http://
www.cdc.ncep.noaa.gov/data/indices/index.html.

The PDO indices are based on the leading empirical
orthogonal function (EOF) of SST in the Pacific north
of 30°N (PDO/SSTPDO/SST; Mantua et al. 1997;
Zhang et al. 1997) and on the North Pacific sea level
pressure averaged from 30° to 65°N and 160°E to
140°W (PDO/AP; Trenberth and Hurrell 1994). For

FIG. 2. Total number of hydrographic stations per year. Shading
shows the stations in three areas: east of 120°W (dark shade),
between 122.5° and 120°W (medium shade), and west of 122.5°W
(light shade).

FIG. 1. Climatological surface (left) salinity (psu), (center) temperature (°C), and (right) density (kg m�3). Data are from the Levitus
et al. (1998) climatology. Symbols mark the station locations of CalCoFI line 90. The white line shows the position of the nominal
line 90.

AUGUST 2005 S C H N E I D E R E T A L . 1423



interannual time scales, these two indices are highly
correlated, and will be reported together. PDO/SST
were available online from http://jisao.washington.edu/
pdo/PDO.latest, and PDO/AP was obtained from
http://www.cgd.ucar.edu/�jhurrell/np.html.

Upwelling in the California Current region is char-
acterized by the long-shore component of the wind

stress, with positive values of the index corresponding
to increased upwelling. This index (CCUP) is calcu-
lated from the National Centers for Environmental
Prediction (NCEP)–National Center for Atmospheric
Research (NCAR) reanalysis (Kalnay et al. 1996) as
the average, long-shore wind stress from 33° to 38°N
within 300 km of the coast of California (the first grid

FIG. 3. Salinity (psu) at the surface along line-90 data as a function of longitude and time. Scale of salinity is given in color scale on
the right. Dots mark positions of observations. Original data have been optimally interpolated onto a nominal line as shown in Fig. 1.
White areas have insufficient data coverage.
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point fully in the ocean). A trend to stronger winds
(Schwing and Mendelssohn 1997) is removed to avoid
spurious correlations in the subsequent analysis. CCUP
and the curl of the wind stress on line 90 are correlated
at 0.7, and CCUP is therefore an index for coastal and
offshore upwelling.

3. Climatology of CalCoFI Line 90

a. Large-scale context

Line 90 crosses the Southern California Bight and
continues through the equatorward-flowing California
Current to the offshore waters of the eastern Pacific
(Fig. 1). The region around line 90 experiences a net
upwelling of cool and salty water at a rate of 3.4 � 10�4

cm s�1, with large variability, a net mean heat gain of
70–90 W m�2, and a net loss of freshwater through
evaporation of more than 100 cm yr�1 (Roemmich
1989; Bograd et al. 2001).

The core of the California Current transports low-
salinity subarctic waters into the higher-salinity sub-
tropics. Because the rate of southward transport, and
the rate of coastal upwelling of higher salinity are larger
than the rate of horizontal mixing by ocean mesoscale
eddies (Swenson and Niiler 1996; Cornuelle et al. 2000)
or cross isopycnal diffusion, a surface salinity minimum
is located several hundred kilometers offshore (Fig. 1,
left). The southward advective convergence of salinity
in a distribution of mean salinity in Fig. 1 by a current
of 4 cm s�1 (Miller et al. 1999) distributed over 50 m of
the upper layer is about 20 times larger than the surface
flux of salt caused by evaporation of 100 cm yr�1. Thus,
we anticipate that changes in evaporation are not as
effective in producing surface salinity anomalies, as are
changes in southward advection. Because there is a sig-
nificant equatorward gradient of salinity, an increase of
the strength of the southward flow would result in a
decrease of salinity at line 90. Because there is an in-
crease of salinity toward the coast, increased offshore
flow would result in an increase of salinity simply be-
cause of the changes in the advection of the mean dis-
tribution of salinity.

SST decreases toward the north, and north of Point
Conception, decreases toward the coast (Fig. 1, center).
The SST distribution is produced by the combined ef-
fects of net heating by the atmosphere, equatorward
advection, coastal upwelling, and horizontal mixing by
ocean mesoscale and cross isopycnal diffusion (Mar-
chiesiello et al. 2003).

Density (Fig. 1, right) varies little in the long-shore
direction, since the density tendencies of poleward de-
creasing temperature and salinity balance. The cross-
shore density gradients, in contrast, are substantial in-

shore of the salinity minimum, since temperature and
salinity both contribute to an increase the density to-
ward the upwelling regions. Offshore of the salinity
minimum, salinity and temperature increase and bal-
ance in their contribution to density, leading to small
density gradients.

b. Temperature, salinity, and velocity sections

In the context of the large-scale structure of the Cali-
fornia Current system, line 90 crosses through the
coastal northward flowing currents, the Point Concep-
tion upwelling plume, and the offshore branch of the
California Current. The thermocline (Fig. 4, top) is lo-
cated between 100 and 200 m, with an upward bulge at
119°W that marks the center of the cyclonic circulation
relative to 500 m around the Southern California Bight.
The thermocline also coincides with a halocline that
varies in depth between 170 m offshore, and 120 m
close to the coast, with low-salinity waters at the surface
and a salinity minimum centered between 123° and
120°W (Fig. 4, center). The 500-m relative geostrophic
velocity normal to line 90 (Fig. 4, bottom) is northward
in the Southern California Bight with a maximum speed
at the surface of 3.0 cm s�1. Offshore of 119°W, flow is
equatorward with multiple cores. Centered at 120°W is
a strong jet with a maximum equatorward speed of 4.9
cm s�1 and farther offshore are secondary, weaker jets
with maxima of 2.4 and 2.9 cm s�1. The salinity mini-
mum is associated with the offshore jets because the
stronger southward flow core closer to shore contains
saltier waters from the Southern California Eddy as
well as from the upwelling plume at Point Conception
(Di Lorenzo et al. 2005).

These results are qualitatively consistent with Bograd
et al. (2001) description of a section approximately 50
km further south using observations from 1984–97.
Bogard et al.’s upper-ocean temperatures are approxi-
mately 1°C higher than in the 63-yr average shown in
Fig. 4, and the maximum normal velocity components
were 9 cm s�1 at the 12°W core, and 6 cm s�1 in the
offshore region. This reflects the warming of the Cali-
fornia Current since 1977 (Roemmich and McGowan
1995) and is consistent with the observed acceleration
of the California Current by 3–4 cm s�1 in the period
1980–90 relative to earlier decades (Di Lorenzo et al.
2005).

4. Interannual and decadal variability

The time series of the anomalies of line-90 salinity
and temperature have different characteristics where
salinity variance is dominated by decadal time scales
and temperature by interannual time scales and a
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