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ABSTRACT

Long-term changes in the observed temperature and salinity along the southern California coast are
studied using a four-dimensional space—time analysis of the 52-yr (1949-2000) California Cooperative
Oceanic Fisheries Investigations (CalCOFI) hydrography combined with a sensitivity analysis of an eddy-
permitting primitive equation ocean model under various forcing scenarios. An overall warming trend of
1.3°C in the ocean surface, a deepening in the depth of the mean thermocline (18 m), and increased
stratification between 1950 and 1999 are found to be primarily forced by large-scale decadal fluctuations in
surface heat fluxes combined with horizontal advection by the mean currents. After 1998 the surface heat
fluxes suggest the beginning of a period of cooling, consistent with colder observed ocean temperatures.
Salinity changes are decoupled from temperature and appear to be controlled locally in the coastal ocean
by horizontal advection by anomalous currents. A cooling trend of —0.5°C in SST is driven in the ocean
model by the 50-yr NCEP wind reanalysis, which contains a positive trend in upwelling-favorable winds
along the southern California coast. A net warming trend of +1°C in SST occurs, however, when the effects
of observed surface heat fluxes are included as forcing functions in the model. Within 50-100 km of the
coast, the ocean model simulations show that increased stratification/deepening of the thermocline associ-
ated with the warming reduces the efficiency of coastal upwelling in advecting subsurface waters to the
ocean surface, counteracting any effects of the increased strength of the upwelling winds. Such a reduction
in upwelling efficiency leads in the model to a freshening of surface coastal waters. Because salinity and
nutrients at the coast have similar distributions this must reflect a reduction of the nutrient supply at the
coast, which is manifestly important in explaining the observed decline in zooplankton concentration. The
increased winds also drive an intensification of the mean currents of the southern California Current System
(SCCS). Model mesoscale eddy variance significantly increases in recent decades in response to both the
stronger upwelling winds and the warmer upper-ocean temperatures, suggesting that the stability properties
of the SCCS have also changed.

1. Introduction

A warming trend of roughly 1°C in sea surface tem-
perature (SST) from 1950 to 1999 has been observed
along the southern California coast (Bograd and Lynn
2003; Roemmich 1992). Deepening of the mean ther-
mocline, increasing stratification, and declining zoo-
plankton have been linked with this warming trend
(McGowan et al. 2003; Roemmich and McGowan
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1995). Studies of large-scale ocean variability have sug-
gested that these SST changes are part of a large- scale
Pacific Ocean decadal mode of variability (Chao et al.
2000; Lluch-Cota et al. 2001; Mantua et al. 1997; Zhang
et al. 1997). In this mode SST is coherent and in phase
along the entire United States and Canadian west coast.
However the cause of the warming and its links with
ocean dynamics are still obscure.

How are these long-term ocean temperature varia-
tions driven in the southern California Current System
(SCCS)? Are they a local dynamical response to
changes in winds? Are they a simple thermal response
to changes in local surface heat fluxes? Are remote
forcings important in driving these variations? What is
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the connection with basin-scale variability? How does
this thermocline deepening and increased stratification
affect the dynamics of the upwelling system, the distri-
bution of nutrients in the euphotic zone, and the oce-
anic ecosytem?

Previous analyses of observed surface heat fluxes
(Cayan 1992) and ocean model hindcasts of the surface
layer heat budget over the entire North Pacific Ocean
(Miller et al. 1994) suggest that along the California
coast the long-term SST signal is dominated by changes
in surface heat fluxes. However, it is still unclear wheth-
er these findings are consistent with observations in the
SCCS. The coastal portion of the warming trend be-
tween 1950 and 1999 could also be a result of a decrease
in the strength of upwelling winds, which cannot be
resolved by the coarse-resolution model used in Miller
et al. (1994). Although appealing, this hypothesis is not
consistent with the evidence that coastal alongshore
winds have increased in recent decades, which would be
expected to cool, not warm, SST (Schwing and Men-
delssohn 1997, hereinafter SM97). An increase in up-
welling-favorable winds is consistent with the ideas of
Bakun (1990) and recent regional climate modeling ex-
periments (Snyder et al. 2003), which suggest that
alongshore winds intensify as a response to warmer
ocean temperatures.

Long-term changes in salinity in the SCCS, which
have not been thoroughly investigated, are also impor-
tant because they represent an independent signature
of ocean dynamical response. Are decadal temperature
and salinity variations correlated in the SCCS? Can
they be explained by similar dynamical mechanisms?

The goal of this paper is to address the preceding
questions by studying the available observations to-
gether with targeted ocean model experiments. The 52-
yr-long California Cooperative Oceanic Fisheries In-
vestigations (CalCOFI) time series of salinity and tem-
perature provides a unique dataset to address these
questions. We investigate the processes controlling
long-term changes in temperature and salinity in the
SCCS by computing a four-dimensional space-time
analysis of the 1949-2000 CalCOFI hydrography and
executing a sensitivity analysis of a primitive equation
ocean model of the California coast driven by various
forcings. Although the CalCOFT observations are lim-
ited to the Southern California Bight (SCB), the large-
scale coherence in the forcing functions and oceanic
SST response suggests that the results will be applicable
to the entire CCS.

In summary our results suggest that the temperature
changes are forced by large-scale surface heat flux
variations over the northeast Pacific combined with
horizontal advection of anomalies by the mean currents
in the SCCS. We demonstrate that the observed ther-
mocline deepening and increased stratification from
1950 to 1999, associated with upper-ocean temperature
warming, reduces the efficiency of the upwelling, de-
spite the increase in upwelling favorable winds. The
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increased alongshore winds are also found to intensify
the mean California Current and mesoscale eddy vari-
ability in the model, suggesting changes in the stability
properties of the SCCS.

Throughout the paper we will use the phrase “warm-
ing trend” to indicate the overall transition toward
warmer temperature from 1950 to 1999. This transition
has also been called a regime shift, occurring in 1976-
77, in previous literature. For the purpose of this study
the definition of trend over the period of the data fol-
lows from linearly fitting a line to the time series and
taking the difference in values at the end points. Over
the 52-yr period of CalCOFI data we cannot distinguish
a significant trend in SST that might be associated with
global warming.

In section 2 we introduce the observational data and
the analysis process. We then give a brief description of
the primitive equation ocean model and the experimen-
tal setup in section 3 and the forcing functions in section
4. In section 5 we present the observed temperature (7)
and salinity (S) variability. In section 6 we explain the
intensification of the mean currents. In section 7 we
discuss the low-frequency salinity variations. In section
8 we explain the temperature variations and the conse-
quent warming trend using simple and full-physics
models. In section 9 we identify the effects of warming
on changes in coastal upwelling and their impact on
nutrient flux to the surface layer. In section 10 we
present evidence for an increase in mesoscale eddy
variance in recent decades. Section 11 provides a sum-
mary of the results.

2. CalCOFI hydrography analysis

From 1949 to the present CalCOFI (available online
at http://www.calcofi.org) has sampled the upper 500 m
of the California coastal ocean. The data consist of in
situ measurements of temperature and salinity and also
of biological quantities such as chlorophyll-a, nitrate,
and zooplankton. The sampling grid in the early cruises
extends northward from Baja California up to the coast
of Oregon with almost monthly resolution. Starting in
1965, the grid size was reduced to cover only the south-
ern California coast and the temporal resolution be-
came seasonal, although each season is not always
sampled during the same month of the year. This in-
troduces temporal aliasing of the seasonal circulation
patterns. The data also have gaps during the 1970s and
1980s when few cruises occurred.

Because of the spatial and temporal inhomogeneity
of the CalCOFI hydrography, we regrouped the data
from all cruises following their temporal and spatial
location rather than their cruise number. The resulting
data were then rebinned into time snapshots and the
date of the snapshot was assigned to be the average
time of all data that occur in that bin. This procedure
was not done automatically because it is difficult to
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identify a unique criterion that will ensure a correct
binning. After the binning we retained only the bins
that have both temperature and salinity data within the
range of values acceptable for this oceanic region. We
then gridded each set of binned data with an objective
map (Bretherton et al. 1976) for each depth. The along-
shore (cross shore) decorrelation length scale used in
the mapping is 110 km (100 km) as determined by
Chereskin and Trunnell (1996). Of the gridded data we
retained only the portion for which the value of the
normalized error was below 0.4. To simplify the analy-
sis and the plotting of the data, we also interpolated in
time (monthly) the various spatial maps with a tempo-
ral objective analysis using a decorrelation time scale of
4 months. This time scale was chosen because on aver-
age there are always two maps within any four months
period, except during the 1970s and 1980s, which there-
fore result in gaps.

When reconstructing the low-frequency signals (pe-
riods above 3 yr), the error associated with the time
interpolation between data gaps was estimated to be
6%-11% of the signal standard deviation (see the ap-
pendix). After taking into account the errors from the
spatial and temporal mapping, the resulting data used
for the analysis in the next sections cover the region
between 30° and 34°N with a cross-shore extent of 550
km from the coast (Fig. 1). In the following sections all
anomalies (observations and model output) are com-
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puted by removing the climatological monthly means.
This analysis of the CalCOFI hydrography is now avail-
able online at http:/horizon.ucsd.edu/calcofi.

3. Model experiment setup

a. Primitive equation (PE) ocean model

The ocean model is a regional eddy-resolving primi-
tive equation ocean model called the Regional Ocean
Modeling System (ROMS), a descendent of SCRUM
(Song and Haidvogel 1994). This model uses a gener-
alized sigma-coordinate system in the vertical direction
and a curvilinear grid in the horizontal plane (with av-
erage resolution of 9 km). The grid extends roughly
1200 km along the U.S. West Coast from northern Baja
to north of San Francisco Bay with approximately 1000
km offshore extent normal to the coast (Fig. 1). The
vertical grid has 20 levels with enhanced resolution in
the surface and bottom boundary layer (a stretching
factor of 5 was used for the surface and 0.4 for the
bottom boundary). The model bathymetry is obtained
by a smooth interpolation of the ETOPOS analysis
(NGDC 1998) and is characterized by an extended
(about 150-200 km) continental shelf in the Southern
California Bight (typical depth of 400 m) followed by a
steep continental slope offshore (typical depth of 4000
m). The model bathymetry was smoothed in order to
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keep the topographic slope below 0.2 (also referred as
the r factor). A high r factor would lead to errors in the
computation of the model pressure gradient (Mellor et
al. 1994). In the horizontal plane we do not use explicit
diffusivity and rely on implicit diffusivity associated
with the third-order upstream biased advection scheme
that is used (Shchepetkin and McWilliams 1998). In the
vertical direction the mixed layer dynamics are param-
eterized using a K-profile parameterization (KPP)
scheme (Large et al. 1994) and a vertical viscosity and
diffusivity coefficient of 10~* m? s~'. A more complete
report of the model numerics is given by Shchepetkin
and McWilliams (2005; also Shchepetkin 2003).

A modified radiation condition (Marchesiello et al.
2001), which allows for stable, long-term integration of
the model, is used at the three open boundaries to-
gether with a nudging term for relaxation to prescribed
boundary values. The nudging is stronger (time scale of
1 day) if the direction of the flow is inward and weaker
(time scale of 1 yr) if the flow is outward. Using this
model configuration, Di Lorenzo (2003) was able to
model the dynamics of the seasonal cycle in the SCCS
as inferred from CalCOFI observations and assess the
sensitivity of the circulation to different wind stress
forcing. Marchesiello et al. (2003) have also successfully
used this same model to study the long-term equilib-
rium structure of the California Current over the entire
U.S. West Coast.

b. Experiment configurations

The sensitivity experiments for the various forcing
functions are summarized in Table 1. Each row repre-
sents a separate 51-yr integration starting in January
1950 and ending in December 2000. We performed four
model experiments labeled A-D in column 1. The types
of forcing functions used for the sensitivity analysis are
mechanical surface forcing by the wind stress, buoyancy
forcing associated with surface heat fluxes, and open
boundary nudging of temperature and salinity (indi-
cated in the remaining columns in Table 1). The labels
of the forcing functions are as follows.

1) CLIMA

A 12-month climatology is used to force repetitively
each year of a model simulation from 1950 to 2000. The
climatologies for the different surface forcings are de-
rived by taking averages of the time-dependent forcing

TABLE 1. Primitive equation model experiments. Columns 2-5
list the type of forcing data used in the experiments (see text for
details).

OBC
Expt Wind stress Heat flux  temperature  OBC salinity
A CLIMA CLIMA CLIMA CLIMA
B NCEP CLIMA CLIMA CLIMA
C NCEP COADS CLIMA CLIMA
D NCEP COADS CALCOFI CLIMA
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functions, which are described next. For temperature
and salinity climatologies we use Levitus et al. (1994)
and Levitus and Boyer (1994).

2) NCEP

The 51-yr monthly averaged winds from the National
Centers for Environmental Prediction (NCEP; Kalnay
et al. 1996) from 1950 to 2000 are used as mechanical
forcing.

3) CALCOFI

The long-term temperature changes at the model
open boundaries are represented by adding a constant
value at each vertical level, for each month. This value
is defined as the difference between the observed and
climatological mean values averaged over the CalCOFI
box (Fig. 1). This imposes the observed time-dependent
changes of vertical stratification at the open boundaries
of the model but does not change the horizontal gradi-
ents. This approach is consistent with observations that
low frequency temperature anomalies are coherent, in
phase, and of the same amplitude over the entire U.S.
West Coast. (Lluch-Cota et al. 2001; Mantua et al. 1997,
Zhang et al. 1997). Because we do not introduce any
horizontal gradients, the strength of the horizontal ad-
vection at the open boundaries remains unchanged en-
abling us to assess the role of the mean advection of
temperature anomalies in the temperature budget.

4) COADS

Net surface heat fluxes at monthly temporal resolu-
tion and 1° spatial resolution from 1950 to 2000 from an
updated Cayan (1992) analysis of the Comprehensive
Ocean-Atmosphere Data Set (COADS) are used as
thermal forcing.

To maintain consistency in the comparison of model
and observations, the model output has been sub-
sampled spatially and temporally at the same resolution
as CalCOFI and then objectively mapped. The model
analysis was also compared with the one obtained by
retaining the full model field and no significant differ-
ences were found in the low-frequency signals with pe-
riods above 3 yr. The full model fields are retained in
the discussion on changes in eddy variability, which
cannot be resolved from the current observational sam-

pling.
4. Model surface forcings

a. Net surface heat fluxes

A spatial characterization of the net surface heat flux
Q(x,y,t) over the eastern North Pacific is given by the
first empirical orthogonal function (EOF) that explains
58% of the variance (Fig. 2a). This mode is coherent
and in phase over a much larger area than the CalCOFI
data domain. The time series of the amplitude associ-
ated with this first EOF [referred to as the principal



340

Latitude N
[non dimensional]

=135 -130 =125

Longitude W

-120

Bt

-40F

W m-2

-60 F

=== PC 1 3-yr running mean
— Net 3-yr running mean

-80 | | |

-100f

-120
1950

1980
Year

1960 1970 1990 2000

FIG. 2. (a) EOF 1 for the net surface heat flux anomaly (sea-
sonal cycle removed) from D. Cayan (2003, personal communi-
cation). The black box identifies the location of the CalCOFI data
domain. (b) PC 1 (light gray lines) and domain average net heat
flux anomaly. The 3-yr running mean for PC 1 is correlated 0.9
with the correspondent domain average net heat flux anomaly
(black thick line).

component (PC)] is strongly correlated (r = 0.9) to the
time series of heat flux anomalies averaged over the
smaller CalCOFI data domain (Fig. 2b). This time se-
ries shows a period of negative fluxes during the 1960s
followed by a period of positive fluxes into the ocean in
the 1970s. The 1980s and early 1990s do not have sig-
nificant anomalies. The end of the 1990s marks the be-
ginning of a period of negative fluxes.

b. NCEP wind stress

A spatial and temporal characterization of the 51-yr
NCEP wind stress reanalysis within the PE model do-
main is given by the first EOF of alongshore winds and
wind stress curl anomalies for the upwelling season
(April-July) from 1950 to 2000 (Fig. 3). The first mode
for the alongshore wind stress anomaly (explaining
72% of the variance) is uniformly negative (upwelling
favorable) with a region of stronger amplitude near the
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coast north of the Southern California Bight. The cor-
responding PC for this mode (Fig. 4a) reveals strong
interannual variability and a trend toward increased up-
welling-favorable winds. The first EOF for wind stress
curl anomaly shows a pattern that is similar to the mean
wind stress curl in this region with positive curl in the
SCB and negative offshore (Bakun and Nelson 1991;
Winant and Dorman 1997). The temporal evolution of
this mode (not shown) is well correlated with that of the
alongshore wind stress anomalies (Fig. 4a).

A trend in upwelling favorable winds along the Cali-
fornia coast was also identified by Bakun (1990) and
SM97 (Fig. 4b) through analyses of raw COADS and
coastal station observations. A comparison between the
NCEP and SM97 equatorward winds in the SCCS re-
veals a remarkable correspondence after 1962 at inter-
annual to decadal time scales (Figs. 4b,c). Before 1962
the SM97 winds are more upwelling favorable than
NCEP so that the trend is stronger in NCEP winds
(0.019 N m™? over this period, which is equivalent to a
10% change with respect to the mean alongshore wind
stresses in this region). This discrepancy will yield an
uncertainty in ocean model estimates of the long-term
changes in upwelling over the last 50 years. However,
the sign of the response is not in doubt since both wind
datasets exhibit a clear positive trend.

5. Observed temperature, salinity, and
velocity changes

To provide a dynamical framework to understand the
long-term changes in the oceanic conditions of the
SCCS, we will first describe the observed mean circu-
lation patterns averaged from 1949 to 2000. We will
then proceed to characterize the spatial and temporal
variability of 7T, S, and alongshore geostrophic currents.

a. The mean circulation from 1949 to 2000

At the surface the circulation (Fig. 5a) is character-
ized by broad equatorward flow [California Current
(CC)] in the offshore region, poleward flow close to the
coast [Inshore Countercurrent (IC)], and a region of
cyclonic circulation [Southern California Eddy (SCE)]
that connects the inshore and the offshore circulation
(Chereskin and Trunnell 1996; Di Lorenzo 2003; Lynn
and Simpson 1987). At depth, below the mixed layer,
the core of the CC is still well defined and the signature
of the SCE is stronger (Fig. 5b). The coastal poleward
flow that closes the recirculation region of the SCE is
referred to as the California Undercurrent (CU) in the
literature. This current brings warm salty water from
the south into the SCB. In contrast the offshore water
masses of northern origin are cold and fresh.

b. Observed temperature and salinity variability

We now describe the observed anomalies for 7, S,
and depth of the 26.4 isopycnal (Z,c4). The anomalies



MARCH 2005

DI LORENZO ET AL.

341

38
37
36
35
— Q2

34

33

Latitude N

32

31

30

29

28

Alongshore wind stress
UPWELLING SEASON
(Apr,May, Jun, Jul)

[non dimensionall

126 -124 -122

-116

Longitude W

EOF 1

38

37

36

35

34

33

32

Latitude N

3L

30

29

28

Curl wind stress
UPWELLING SEASON
(Apr,May, Jun,Jul)

[non dimensionall

-128 -126 -124 =122

-120 -118 =116

Longitude W

F1G. 3. (a) EOF mode 1 for alongshore wind stress anomalies (seasonal cycle removed)
during the upwelling season. Alongshore is defined along the y axis of the model grid. (b) EOF
1 for wind stress curl anomalies. The data are extracted from the NCEP reanalysis and

interpolated over the PE model domain.

are computed by removing the climatological monthly
means. The depth of the 26.4 isopycnal ranges season-
ally between 180 and 220 m and is always located below
the surface mixed layer.

The time series of anomalies for surface 7 and S, and
depth of the 26.4 isopycnal (Z,4,), averaged over the
southern California CalCOFI domain (Fig. 6a,b), dis-
play prominent low-frequency variability (periods

above 3 yr). Temperature is dominated by interannual
variability and is well correlated with indices of large-
scale climate variability such as ENSO and the Pacific
decadal oscillation (PDO) (Mantua et al. 1997). In con-
trast, salinity is dominated by interdecadal variability
and is not coherent with large-scale climate indices
(Schneider et al. 2005, hereinafter SDN). The 7 and §
signals appear to be uncorrelated on time scales longer
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and Schwing and Mendelssohn (1997) COADS analysis (gray). A
3-yr low-pass filter is applied. (c) Same data as (b) but with an 8-yr
low-pass filter applied. The increase in wind stress is computed as
the difference between year 2000 and 1950 from a linear fit to the
NCEP time series.

than a few years. The temperature signal exhibits a
warming trend of 1.3°C over the last 52 years. An 18-m
deepening of Z,¢ , is correlated with this warming. The
salinity signal exhibits a weak negative trend over the
length of the record (—0.03 psu). Such a trend is not
significant when compared with the standard deviation
of the salinity signal. However recent studies of long-
term changes in the SCCS (Bograd and Lynn 2003)
have attributed some significance to this freshening in
the nearshore where the trend is stronger and the low-
frequency modulation weaker.

The spatial structure of 7 and S variability is sum-
marized by EOF 1 of the signals averaged from the
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surface to the Z,q,. It shows that the low-frequency
variations seen in the time series are associated with
like-signed structures spanning the entire data domain
(Fig. 7). The first salinity EOF is characterized by a
core of higher variance located around the offshore
branch of the SCE in correspondence with the mean
location of the CC. The first temperature EOF has a
weak inshore—offshore gradient but smaller spatial
scales than the salinity EOF mode.

To characterize the vertical structure of these low-
frequency changes we also compute vertical EOFs
along an averaged transect, W1 in Fig. 5. PC 1 of tem-
perature captures the warming trend (Figs. 8a and 8b).
It extends to 200 m and varies weakly in the cross-shore
direction. The temporal dependence of this mode is
very well correlated with the temperature time series in
Fig. 6a. The first vertical salinity EOF (Fig. 8c) shows
that the offshore core of maximum variance (400 km
from the coast, centered at longitude —121.5°W), pre-
viously identified in the horizontal EOFs, is found to
extend to 200 m. At the coast the signal is shallower and
weaker.

Vertical sections for the difference in means for T
and S (Fig. 9) over the period E1 (1950-70) and E2
(1980-2000) show a warming (Fig. 9f) of roughly 1°C
and an isopycnal deepening of roughly 20 m. The core
of the warming is located offshore, coincident with a
core of low-salinity water (roughly —0.05 psu). The low-
salinity waters are also found inshore in the surface
layers (Fig. 9¢). A core of saltier water (roughly 0.05
psu) is evident closer to shore at depth. The same analy-
sis performed on other sections showed similar results.

c. Alongshore geostrophic current variability

The transect W1 intersects the center of the mean
location of the SCE (Fig. 5b). At this location the sig-
nature of the SCE is very strong and less affected by the
noise in the data that come from the aliasing of meso-
scale eddies, which are poorly resolved by CalCOFI. To
characterize the variability in intensity of the SCE we
perform a vertical EOF of the alongshore total geo-
strophic flow (including the mean) computed from the
CalCOFI temperature and salinity (Fig. 8e) relative to
500 m. In the computation of geostrophic velocities, 7’
and S were extrapolated by means of objective mapping
in areas shallower than 500 m. The topography is shown
in each vertical section and there are only a few points
shallower than 500 m. Vertical EOF 1 shows along-
shore velocity with equatorward flow offshore and
poleward flow inshore. The temporal evolution of this
pattern (Fig. 8f) contains a strong mean component
(the SCE) along with a positive trend from the late
1950s to the present, suggesting an intensification of the
recirculation region of the SCE. The total variance ex-
plained by this mode is 60% and the amount of vari-
ance associated with the trend component alone is
30%. The higher modes contain no evidence of a trend































































